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Abstract:
Intention and background
The treatment of allocation in LCA of wood-based products has been discussed for a long time and different solutions have been presented. In general it is accepted, that the influence of different allocation procedures on the results of LCA of wood-based products can be very significant. This paper is a result of the COST Action E9 "Life cycle assessment of forestry and forest products". It represents the experience of COST E9 delegates and mainly addresses descriptive uses of LCA.

Objective

Wood is a renewable material that can be used for wood products and energy production. Consistent methodological procedures are needed in order to correctly address the twofold nature of wood as material and fuel, the multi-functional wood processing generating large quantities of co-products (e.g. bark, wood chips), and reuse or recycling of paper and wood. 10 different processes in LCAs of wood-based products are identified, where allocation questions can occur: forestry, sawmill, wood industry, pulp and paper industry, particle board industry, recycling of paper, recycling of wood-based boards, recycling of waste wood, combined heat and power production, landfill. 

Methodology

Following recommendations of ISO 14 041 a step-wise procedure for system boundary setting and allocation are outlined. As first priority allocation should be avoided by system expansion, thus adding additional functions to the functional unit. Alternatively, the avoided-burden approach can be followed by subtracting substituted functions of wood, that are provided additionally. If for the goal of the study allocation cannot be avoided, allocation procedures have to be applied to distribute the environmental loads of multi-functional processes. As examples, different allocation procedures are presented throughout the wood chain. 

Recommendations

The following recommendations for allocation in LCA of wood-based products are given. 1) Energy and carbon content are characteristics of the wood and reflect the material and energy aspects of wood. A balance of the biological carbon and energy is necessary. Carbon uptake and the embodiment of energy as inherent material characteristics should always be allocated on a mass basis to avoid artefacts. The biogenic carbon neutrality does not necessarily mean greenhouse gas neutrality, as C emissions can occur as methane or derive from non sustainable forestry. 2) Avoid allocation by extension of system boundaries by combining material and energy aspects of wood. This means a combination of LCA of wood products and of energy from wood (bioenergy) with a functional unit for products and energy (e.g. 1 m3 particle boards + 3 kWh energy). 3) Substitute energy from wood with conventional energy (e.g. energy from coal) in LCA of wood products to get the functional unit of the wood product only (e.g. 1 m3 particle boards), but identify the criteria for the substituted energy (e.g. kind and quality of energy, state of technology). 4) Substitution of wooden products with non-wooden products in LCA of bioenergy is not advisable, because the substitution criteria are too complex. 5) If avoiding allocation is not possible the reasons should be documented. 6) If an allocation between different co-products is necessary for a certain process (e.g. sawmill) all upstream environmental effects have to be allocated too (e.g. upstream effects of sawmill can be transport and forestry). 7) Different allocation procedures must be analysed and documented. In many cases it seems necessary to make a sensitivity analysis of different allocation procedures for different environmental effects. It can also be useful to get the acceptance of the chosen allocation procedure by external experts. 8) For allocation in forestry it is necessary to describe the main function of the forest where the raw material is taken out. In some cases different types or functions of forests must be considered and described. The main function often indicates the allocation procedure. 9) Regarding the experiences from the examples, the following most practical allocation for some specific processes are identified: forestry: mass and volume; sawmill: mass and market price; wood industry: mass and market price. 
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1 Introduction

The treatment of allocation in descriptive LCA of wood-based products has been discussed for a very long time and different solutions have been presented. It is accepted that the influence of different allocation procedures on the results of LCA of wood-based products can be very significant. That is why the chosen allocation procedures must be described and justified in detail, but they still remain a point for controversial discussion in each case study. This paper outlines recommendations for the treatment of allocations for LCAs of wood-based products. 

The paper is a result of the COST Action E 9 “Life cycle assessment of forestry and forest products” and reflects the experience of COST E9 delegates. 

First the inherent linkage of wood products and energy from biomass (“bioenergy”) is shown. After some methodological remarks on allocation procedures, an approach for solving the allocation problem relatd to wood and its products is discussed based on a limited number of relevant processes. From that a list of preferences for different allocation situations is derived, which are illustrated in some case studies. Finally, the experiences are summarised for LCA practitioners in the field of LCA of forestry, wood, bioenergy and wooden products.

2 Problem description

One of the basic characteristics of wood is its twofold nature as widely used material and as energy carrier. Due to this fact different LCAs have been made concentrating on one of the two aspects, namely LCA on:

· wood-based products (e.g. particle boards, timber, paper) and on

· bioenergy (e.g. wood chips for heat supply).

A closer look at the two groups of LCAs of wood-based products shows that an LCA of wood products usually consists of three main phases (example newspaper in Figure 1): 

1. production (e.g. industrial wood to pulp and paper production and printing of a newspaper), 

2. use (e.g. reading of newspaper) and 

3. end of life (e.g. combustion of newspaper).

In LCA of wood-based products, the infrastructure of the production facilities is usually not taken into account. It is assumed that the infrastructure for the production of different wood products or for products from other materials with the same functions are similar and that the differences are negligible compared to the over-all environmental impacts of the product's life cycle (see, e.g. Werner et al. 1997).

The infrastructure can have more significant influence when comparing energy systems (see, e.g. Frischknecht et al. 1995).

An LCA on bioenergy is normally structured according to the following three phases (example electricity from wood chips in Figure 2): 

1. construction (building the facilities for energy production, e.g. a power plant is mainly made of steel and concrete), 

2. operation (supply of biomass and fuel preparation, combustion of fuel to generate energy, e.g. combustion of wood chips) and

3. dismantling (decommissioning of the facilities).
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Figure 1: Material use of biomass: LCA of newspaper from industrial wood
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Figure 2: Energy use of biomass: LCA of electricity from wood chips

Within both types of LCA the twofold nature of wood is a key aspect which has to be dealt with in an adequate manner. Figure 3 shows the linkage between the material and energetic use of biomass:

· forestry provides biomass for both the production phase of wood products and for the operation phase of the bioenergy generation,

· production and end of life phases of wood products can provide biomass for the operation phase of the bioenergy generation,

· operation phase of bioenergy generation can provide energy for the production phase of wood products (e.g. wood drying).

The close linkage between the material use and the use for energy production of wood causes one of the main allocation problems for LCAs of wood and its products. As allocation should preferably be avoided (see also ISO 14 041, chap. 6.5.3) it seems reasonable to combine the material and the energetic aspects of wood in a LCA whenever possible by expanding the system under study. With this whole-system approach all the wood related material flows are internalised while the system provides various products (at least a wooden product and one form of energy) (see Figure 3).

There can be at least two mayor drawbacks which require other solutions to the multifunctionality problem of wood: a) if the whole system is not determinable, and b) if the goal and scope of the LCA study require single functionality (e.g. comparative studies). 
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Figure 3: Linkage between the material flows of wood products and of bioenergy

Another characteristic of the wood chain is the generation of high amounts of co-products during the different production steps. This is especially true for products of solid wood where the material yield for a solid wood product lies at around 50% of the sawn log. Thus, the generation of various co-products in a production process results in another typical and crucial allocation problem for the wood chain. Examples in chapter 4 will be dedicated to this situation.

Up to now, little consideration has been given to further situations requiring allocation in the wood chain. One example would be the allocation of methane emissions of landfills and possible energy recovery from burning it to all the products dumped into it. Another example would be adequate procedures for how to deal with recycling issues of wood.

3 Methodological considerations

First, general options for dealing with allocation problems are shown and then processes which need allocation in LCA of wood-based products are discussed in detail. Reference is made to the family of standards ISO 14 040ff as a minimal consensus on LCA methodology. Afterwards two procedures – first and second priority - to avoid allocation are favoured (according to ISO 14 041, chap. 6.5.3) and then different allocation procedures applied for the comparison of wood products to non-wooden products are demonstrated. 

3.1 Allocation overview

According to ISO 14 040 (chap.3.1) allocation is defined as partitioning the input or output flows of a unit process to the product system under study. Allocation means that the environmental aspects (like emissions, land use, energy consumption, waste generated) are partitioned among the different products and/or among subsequent product systems. 

Three generic processes for allocation can be distinguished that are also relevant in LCA for the wood chain of wood-based products:

· multi-output processes providing e.g. sawn timber, side-cuts and sawdust from the sawmill, where the material flows of the process and its up-stream processes have to be allocated to the various outputs,

· multi-input processes, e.g. the combustion of different fractions of waste wood or of recycled particle boards, where the emissions and the energy recovered have to be allocated to the different products or product systems,

· recycling and reuse, where besides the recycling process itself, primary production and final disposal can have to be allocated to several subsequent product systems (see also ISO 14041, chap. 6.5.4).

As a guiding principle, allocation procedures should (...) approximate as much as possible (...) fundamental input-output relationships and characteristics (ISO 14 041, chap. 6.5.2). As a procedure for modelling situations where a process could possibly be shared by several products or product systems ISO 14 041 (chap. 6.5.3) recommends the following steps:

Step 1: avoid allocation by

a) a subdivision of the process or 

b) an extension of the system boundary.

Substitution as avoided-burden approach is mentioned in literature as further option to avoid allocation (see, e.g. Tillmann et al. 1994; Lindfors et al. 1994).

Step 2: allocation of the process and of its preceding up-stream processes based on fundamental input-output relationship and characteristics (ISO 14 041, chap. 6.5.2). This causal relationship should be based on physical relationship reflecting the physical, chemical or biological interdependence of processes and their products.

Step 3: use other relationships, such as pure mass allocation or economic value.

Based on ISO 14 041 (chap.6.5.3) and for further considerations of the wood chain, three types of products in LCA of wood-based products are characterised according to their relative market price:

· co-products with a high market price,

· co-products with a low market price and

· waste with a “negative” market value.

Following ISO 14 041 (chap. 6.5.3) environmental burdens of a process shall be allocated to the co-products part only. 
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Figure 4: : Example of allocating upstream environmental impacts to particle board. 

with : 
Eij
Environmental impact of process j


Fn
Output of process Forestry (F), expressed in value, mass or other relations


Sn
Output of process Sawmill (S), expressed in value, mass or other relations


Wn
Output of process Window production (W), expressed in value, mass or other relations

If all outputs of different products (either with a low or high market value) are considered as co-products, the upstream environmental load must be taken into account when calculating, for example, the environmental load for the particle board as in the formula in Figure 4. The allocation can be done either on a mass basis, value or other relationship that is appropriate for the goal and scope of the study. All decision concerning allocation must be documented in detail. 

This procedure for co-product allocation must be reconsidered in LCAs involving recycling. In this case forestry processes and final disposal processes can be shared not only by the product system directly involved, but possibly can have to be allocated to several subsequent product systems. For instance, production processes of virgin paper fibres can be allocated to all product systems on the number of subsequent uses.

3.2 Allocations in LCA of wood-based products

After outlining some fundamental principles about carbon and energy treatment in LCA of wood-based products, all relevant processes in LCA of wood-based products are identified, where allocation problems can occur.

3.2.1 Principles for carbon- and energy treatment

Wood is a biogenic material, which grows by the uptake of solar energy and CO2 from the atmosphere - beside other factors - via photosynthesis. Energy and carbon are fixed in the wood. Therefore, the energy and carbon content are chief characteristics of wood. 

In LCA application, it has often been discussed where to draw the border between technosphere and nature. Of special interest is the system boundary problem of wood biomass formation as a natural process and as a technically supported production process. On the other hand natural degradation processes of wood have to be taken into account when handling technical end-of-life processes of wood, such as landfilling or incineration. 

The extraction of wood from forests effects a variety of natural elementary flows (such as C, O, H2O, N, S, P, K etc.). In LCA, the flows of carbon and the energy content of wood are of main interest for allocation. As wood is given an important role to achieve political aims for greenhouse gas reduction, they effect the results of LCA significantly.

Wood is built from the assimilation of CO2 and other nutrients from soil. The uptake of CO2 is released again as carbon dioxide (CO2), carbon monoxide (CO), methane (CH4) or other carbohydrates (CxHy), when wood is decomposed and/or burnt. The accounting rules for the biotic C-uptake and C-release have a significant influence on the balance of greenhouse gases attributed to wood products (see, e.g. De Feyter 1995).
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Figure 5: Balancing of carbon and energy neutrality of wood

In Figure 5 a scheme for the treatment of carbon and energy in wood products and co-products is shown. The following guidelines are important:

1. The solar energy is fixed in wood products and co-products and is released via combustion or decomposition again. That means in principle that the energy balance from the solar energy flow to the technosphere and the energy flow from the system of wood combustion and/or decomposition is zero (ΔE=0).

2. The biogenic carbon is fixed in wood products and co-products and is released again via combustion or decomposition. That means in principle that the biogenic carbon balance from carbon-flow to the technosphere and the carbon flow from the system of wood combustion and/or decomposition is zero (ΔC=0)

3. 1) and 2) are valid for each subsystem within an LCA of wood-based products, e.g. particle board from wood chips (left side in Figure 5) and wooden window (right side in Figure 5).

4. The only exception for ΔE=0 and ΔC=0 in 1), 2) and 3) is, if the carbon storage pools are changed via the life cycle of a forest product. Two cases are possible: change of carbon storage pools in forestry and long term biogenic carbon and energy storage by landfilling of wood (further details see Jungmeier et al. 2000).

In addition it should be mentioned, that the “C neutrality” of wood cannot be assumed a priori. Balancing the carbon flows over a product system also requires looking at a possible closure of the biogenic carbon cycle and the use of fossil energy. Even wood from non-sustainable managed forests causing deforestation should result in net carbon emissions. C neutrality of wood does not necessarily mean neutrality concerning greenhouse gas potential. Greenhouse gas potentials can be positive, if C is released as CH4, e.g. from landfill.

For the allocation issues it has to be considered that the C content and the embodied energy content of wood are materially inherent properties of wood. The C uptake and C release of wood as well as its embodied energy content are intrinsically related to the mass of wood. Allocating the CO2 uptake to just one of several co-products generates artefacts that do not consider the causal, biological relationships of wood (see, e.g. De Feyter 1995). A “warning” example is given in chapter 4.6 on parquet flooring.

3.2.2 Processes with allocation 

Three generic processes for allocation, described in chapter 3.1, are also relevant for the wood chain in LCA of wood-based products. 

In LCA of wood-based products usually more than one product leave a system or process, e.g. in lumber production, waste wood from sawn wood can be used for bioenergy or pulp- and paper industry. On a closer look at all possible processes in the wood chain, at least 10 processes can be identified as multi-output processes. These multi-output processes in LCA of wood-based products are shown in Figure 6.

Apart from multi-output processes, processes with multi-inputs are also encountered in LCA of wood-based products. The allocation problem consists in partitioning single environmental impacts - such as airborne emissions - to several inputs. Multi-input processes are typical end-of-life situations. The multi-input processes in LCA of wood-based products are shown in Figure 7.

The third generic process requiring allocation is related to reuse and recycling, which may imply that the inputs and outputs associated with unit processes for extraction and processing of raw materials and final disposal of products are to be shared by more than one product system (ISO 14 041, chap. 6.5.4). Note that the recycling issue has to be considered under different aspects of multi-functionality:

a) the recycling process itself as bi-functional process serving as waste treatment process as well as for secondary material extraction, and

b) the aspect of open/closed loop recycling which may require allocating primary production and final disposal as shared processes to several subsequent product systems. 

Much methodological effort has already been made to properly address recycling of paper (e.g. Ekvall 2000; Plätzer et. al 1996; Reichart et al. 2001; ISO 14 049, chap. 8.3.3). For wooden products the recycling issue has commonly been solved by the cut-off procedure (see, e.g. Consoli et al. 1993) - thus mainly by system boundary setting.

Remark
The so-called “other functions” of forestry, like recreation and bio-diversity, are not further treated in this paper.

Figure 6: Multi-output processes with their co-products in LCA of wood-based products

Name of process
subtitle of process
co-products (multi-outputs)

biomass production
forestry
1) round wood

2) fibre wood

3) tops and branches

4) other functions (recreation, bio-diversity etc.)



wood products manufacturing
sawmill a)
1) timber

2) bark

3) wood chips

4) saw dust

5) side-cuts


wood industry a)
1) wood products

2) saw dust

3) shavings


pulp and paper industry a)
1) paper products

2) bark

3) black liqueur

4) sludge

5) acetic acid, turpentine, resin, fatty acids (tall oil) b)


particle board industry/fibre board industry a)
1) particle boards

2) wood waste

wood and paper recycling
recycling of paper a)
1) recycled paper fibre

2) paper waste


recycling of wood-based boards a)
1) wood fibres

2) wood-based board waste


recycling of waste wood a)
1) solid wood

2) wood fibres

3) shavings

4) wood chips

5) sawdust

end of life
heat and power production
1) electricity

2) heat

a) co-product heat and/or electricity from wood manufacturing is in process “heat&electr. production” in end of life

b) these co-products can derive from evaporation of black liqueur for recycling of chemicals for chemical pulp (sulphate process). Because of this “side effect” of recycling and the comparable small amounts produced per t of pulp (turpentine 10 kg/t, tall oil 40-50 kg/t), they are excluded for further considerations in this paper

Figure 7: Multi-input Processes in LCA of wood-based products

Name of process
subtitle of process
multi-inputs

end of life
heat and power production
· tops and branches

· bark

· chips

· saw dust

· side-cuts

· shavings

· black liqueur

· sludge

· wood waste

· paper waste

· wood-based board waste

· other non-wood fuels


landfill
· bark

· chips

· saw dust

· side-cuts

· shavings

· sludge

· wood waste

· paper waste

· wood-based board waste

· other non-wood waste

Figure 8: Processes with open and closed loop recycling in LCA of wood-based products

Name of process
subtitle of process
issues

reuse and recycling
paper recycling
-
bi-functional character of recycling processes, covering waste disposal and secondary material

-
multi-functional character of primary material production processes and final waste disposal, which may require allocating primary production processes and final disposal to several subsequent product systems




recycling of waste wood into particle board/fibre board



recycling of waste paper as insulation material
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Figure 9: Allocations in LCA of wood-based products (transportation and other upstream environmental aspects of processes are not shown)

Figure 9 illustrates the whole wood chain with its different interlinkages of material and energy flows. It demonstrates, that forestry provides the raw material for a variety of different products, such as particle boards, paper, wood products, heat and/or electricity for consumption. This means for the functional unit of LCA of wood-based products, that allocation can be avoided by system expansion taking all these different products into account. As a consequence of the system expansion a variety of functions is added up to the "functional unit", as is shown in the following example:

· CH4 emission is 6 t for the consumption of 1 wooden table, 0.5 t of paper, 13 m³ particle boards, 1 GWh electricity and 2 GWh heat [g t CH4/(1 table + 0.5 t paper + 13 m³ particle boards + 1 GWh electr. + 2 GWh heat)]. 

Of course, this "functional unit" is not very manageable, especially in comparative studies. Also the data requirements of this approach are high. Depending on the goal and scope of the study, this extensive functional unit can be reduced by allocation concentrating on one type of material use and energy from the wood combustion. This leads, e.g., to the following functional units:

· LCA particle boards: 1 m³ particle board + y kWh electricity + z kWh heat

· LCA paper products: 1 t paper (if all energy is use as internal energy) or 1 t paper + y kWh electricity + z kWh heat (if not all energy is use as internal energy)

· LCA wooden products: 1 wooden product + y kWh electricity + z kWh heat (if wood chips and saw dust from sawmill are only used for energy) 

· LCA bioenergy for heat and electricity: y kWh electricity + z kWh heat

· LCA sawmill: 1 m³ timber + y kWh electricity + z kWh heat (if wood chips and saw dust from sawmill are only used for energy)

As system expansion and substitution are first priority strategies for dealing with multifunctionality situations, their application in specific LCAs of wood-based products are presented in the following chapter. 

3.3 First priority procedures: avoiding allocation by system expansion or substitution

3.3.1 System expansion

The comparison of wooden products to non-wooden products must be based on equal functional units. An example is given in (Figure 10) illustrating system expansion to avoid allocation: Two tables made of wood and aluminium are compared on the basis of the functional unit „per table“. During the production of the wooden table co-products originate, which - used for energy generation - can substitute other energy generating systems (e.g. systems bsed on fossil fuels). The allocation problem can be avoided if the system boundary is expanded to include energy production. This is associated with a change of the functional unit „per table“ into „per table and x kWh of heat“. Now, the LCA of a wooden table and x kWh of bioenergy can be compared to an aluminium table and x kWh of fossil energy (Jungmeier et al. 1998a). This is the ideal situation referring to the linkage of material and energetic use of biomass.
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Figure 10: Comparison of wood-based products with non wooden products in a LCA by system expansion

3.3.2 Substitution

Substitution can be seen as a special case of system expansion, but substitution follows another reasoning: On the right side in Figure 10 the supply of a non-wooden product and of fossil energy can be considered independent. This means that in LCA of wooden product the energy generated substitutes other energy carriers (e.g. fossil fuels). Therefore, the equivalent process of the fossil energy supply can be given as credit to the wooden product as avoided environmental effects. The equivalent process is the supply of fossil energy that is substituted by bioenergy. In this case, the functional unit is only the wooden product (Figure 11). But for the substitution of conventional energy (e.g. coal) certain criteria have to be taken into account, which must be documented in the LCA study (see Jungmeier et al. 1998a):

· kind of energy output (e.g. fuel, electricity, heat, electricity and heat)

· quality of energy output (e.g. temperature, voltage, ratio between electricity and heat)

· energy supply/demand characteristic (e.g. base load, peak load, summer, winter)

· state of technology (e.g. average substitutes average, new/old, new/new, new/average)

· kind of fossil fuel substituted (e.g. coal, lignite, natural gas, fuel oil)

· costs (e.g. low substitutes high, high/high, medium/high, high/low!)

· socio-economic and other factors (e.g. available potential, market conditions, employment, tradition, comfort of fuel handling)

There are also relevant interactions between these criteria. For example costs can limit the realisation of the fossil energy substitution or the introduction of new technology can influence employment. The consideration of these criteria for the substitution can lead to a substitution rate of less than 100%. In many cases not all criteria are completely fulfilled or the criteria can be arranged in different ways. Thus, it is necessary to add a sensibility analyis on the results of LCA with different assumptions for the substitution criteria. 
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Figure 11: Comparison of wood-based products with non wooden products in a LCA by substitution of energy

In LCA of bioenergy, a substitution of the wood product is not advisable or possible. Substitution of wooden products in LCA of energy seems not practicable, because substitution criteria for wooden products and non-wooden products are very complex to define. As an example, in LCA of bioenergy, what are the non-wooden products that could be substituted by paper?

These methodological difficulties are possibly the main reasons why substitution as strategy to achieve equal functional units is not mentioned in ISO 14 041.

Depending on the goal and scope of the study (or for general considerations) it can not be advisable to calculated "mixed" functional units by system expansion or substitution. This can be the case for the establishment of public data bases or if unit processes of the wood chain are considered to provide more than one product. In these cases allocation procedures are required which are outlined in the following chapter as second priority procedure.

3.4 Second priority procedure: allocation of unit processes

The second priority for dealing with the multi-functionality problem of LCA is to allocate unit processes to the various products. It is generally agreed upon that only products that have a positive economic value, which are the "aim of the process" or the "intended output" shall carry environmental burdens related to this process (see, e.g. ISO 14 041, chap. 6.5.3; Robson and Esser 1999:1). These aggreement certainly has a subjective and case specific component depending on the goal and scope of the study. Even outcomes of low market price such as shavings can be considered co-products of the wood processing industries, if the structure of the acquiring industrial sector (e.g. the fibre board  or particle board industry) depends and relies on these outflows and would otherwise have to substitute this material by virgin material (see chapter 3.1).

For the multifunctional processes in LCA of wood-based products (see Figure 9) different allocation procedures are discussed, which are shown in. As one main recommendation for the choice of a certain allocation procedure, it is generally agreed that the option chosen must be proven, by discussing the assumptions made. This procedure is outlined in the examples in the next chapter.

Figure 12: Allocation factors discussed for multifunctional processes in LCA of wood-based products
Process
no allocation
(all to “intended” product)
mass
price (proceeds)
others

forestry
+
+
+


sawmill
+
+
+


wood industry

+
+


pulp and paper industry
+
+
+


particle board industry/fibre board industry
+
+
+


recycling of paper
+

(+)
number of subsequent uses

recycling of wood-based boards
+




recycling of waste wood
+

(+)
number of subsequent uses

heat and power production
+

+
energy/exergy 

+.....discussed among experts on LCA of wood-based products

In general it is possible to use different allocation factors in one LCA as long as the reasons are documented properly. An example is given in Figure 13 for the window LCA, where in sawmill the allocation 1 is based on mass and in window production the allocation 2 is made based on the price (in fact the relative share of proceeds). 
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Figure 13: Different allocations – mass and price -  in LCA of windows are possible

4 Examples

In this chapter examples from different case studies are outlined.

4.1 Overview

The outlined examples are taken from recently finished LCA studies, in which COST E9 delegates were involved. The chosen examples are given in Figure 14, where the order follows the wood chain. 

In two examples only - recycling of particle boards as well as combined heat and power production - an allocation is avoided. In all the other examples one or more specific allocations are chosen following the first and second priority procedure described above.

Figure 14: Processes with co-products (multi-output) in LCA of wood-based products

Process relevant for allocation
Example


forestry
saw- mill
paper
window frame
parquet flooring
bio-energy
combined heat and power
recycling

forestry
+
+
+
+
+
+



sawmill

+
+
+
+
+



wood industry



+
+
+



pulp and paper industry


+


+



particle board industry





+



recycling of paper





+



recycling of wood-based boards





+

+

recycling of waste wood





+



heat and power production


+


+
+


landfill


+


+
+


+.....relevant example

4.2 Forestry

Introduction

Allocation in forestry means to allocate the environmental effects from forest management to the different co-products of forestry. Forest management means operations from planting of trees to harvesting wood, e.g.:

· clearing of harvested area, harrowing, mechanical seeding, planting and plant transportation, nursery, restoring of young forest, fertilisation, ditching, 

· building and restoring forest roads,

· all transports of machines in the forest during harvesting operations, hauling and transports of employees,

· manual harvesting (chain saw) and

· mechanical harvesting (harvester).

Environmental effects from forest management can be emissions to air, water and soil, but also on biodiversity and others. These impacts derive from, e.g., petrol, diesel, chain saw oil or hydraulic oil consumption for forest operations. Co-products from forestry can be roundwood, fibre wood, sawlogs, veneer logs, recreation etc., to which the environmental effects should be allocated to. 

In LCA of wood-based products three main types of forestry are distinguished:

· option 1: The aim of the forest is the production of roundwood fibre wood and veneer logs. Therefore, they are the co-products with high market price, whereas, fuelwood and forest residues are defined as waste. Therefore all environmental effects are allocated to the amount (m³) of roundwood,, pulpwood and veneer logs. All the other functions (e.g. recreation) of the forest are not considered.
· option 2: The aim of the forest is the production of raw materials for wood products and energy, as all theses co-products have a positive economic value. All the environmental effects are allocated to the amount (tdry) of all co-products. All the other functions (e.g. recreation) of the forest are not considered.

· option 3: All different functions of a forest are main goals of forest management besides wood production. This can be recreation, welfare, protection, hunting etc. beside the main function of timber production. Then, the environmental effects related to forest management are allocated for all different functions of the forest (e.g. on an economic basis).

Therefore as a starting point for allocation in forestry the main function(s) of the forest under consideration has to be specified in detail in LCA of wood-based products. 

Furthermore, there are examples given from Austria, Finland and Sweden reflecting different approaches and different system boundary setting. Beside the function of the forest the following (modelling) approaches are discussed:

1. approach 1: investigation of 1 ha of forest from planting (1. year) to final felling (after 70 – 100 years)

2. approach 2:annual investigation of a forestry system with linerar distribution of age classes, which means 1 ha for each age class, where the number of ha is determined by the year for final felling (e.g. 100 ha in a system where final felling takes place after 100 years)

3. approach 3: investigation of a real existing forestry system with no linear distribution of age classes and inventoried annual expenses and emissions.

The different options and approaches applied in the examples are shown.

Table 1: Options and approaches applied in the examples
Examples
option No.
approach No

Austria
1, 2
1, 2

Finland
1
3

Sweden
1, (2)
3

Austria:

Description

As an example for option 1 and 2 the typical Austrian situation is outlined, where a forest management system for spruce is described from the planting of trees until the final felling after 100 years for 1 ha (approach 1) and for a 100 ha system (approach 2, normal distributed age classes) for 1 year (Table 2). 

The considered co-products of the forest are

· industrial roundwood: sawlogs and veneer logs

· fuelwood and forest residues

Sawlogs and veneer logs are defined as wood stems with a minimum diameter of 20 cm and an average length of minimum 4 m. Forest management includes mainly the planting of trees, three thinnings and the final felling. As environmental effect, the allocation of CO2 emissions from fossil energy consumption for forest management is shown.

In Figure 15 the cumulated CO2 emissions for the 1 ha system over 100 years and in Figure 16 the annual CO2 emissions for the 100 ha system is shown. Both modelling approaches result in the same total CO2 emission and the same amount of different co-products.

The allocation on a mass basis of the CO2 emissions from total forest management for both modelling systems are

· 49 kg/tdry following option 1 allocation to the saw logs and veneer logs only, 

· 33 kg/tdry following option 2 allocation to all the co-products. 

Table 2: Austrian example for allocation in forestry: 1 ha forest system for 100 years and 100 ha forest system for 1 year

Forest management
CO2 emission
sawlogs, veneer Logs
fibre wood
fuelwood, forest residues
sum co-products

1 ha system, 100 years
kg/ha
tdry/ha
tdry/ha
tdry/ha
tdry/ha

100 ha system, 1 year
kg/a
tdry/a
tdry/a
tdry/a
tdry/a

planting, year 1
500
-
-
-
-

1st thinning, year 20
500
0 (0%)
0 (0%)
20 (100%)
20

2nd thinning, year 35
6,000
25 (25%)
65 (50%)
40 (30%)
130

3rd thinning, year 55
8,000
125 (60%)
65 (30%)
20 (10%)
210

final felling, year 100
20,000
560 (80%)
105 (15%)
35 (5%)
700

total
35,000
710 (67%)
235 (22%)
115 (11%)
1,060

Assumptions: 

a) planting: 2,000 – 3,500 trees/ha; 1st thinning: 700 – 1,700 trees/ha, 2nd thinning: 500 – 700 trees/ha; 3rd thinning 300 – 400 trees/ha; final felling 500 – 700 trees/ha

b) year 20, diameter 8 cm, weight of tree ~15 kg dry matter / tree above ground biomas

c) year 35 diameter 18 cm, equation of Denzin: ~0.324 m³ * 1.69 Expansion factor *0.8 above ground biomass: 0.438m³ *500 kg dry matter: ~220kg dry matter / tree above ground biomass

d) year 55, diameter 30 cm, equation of Denzin: ~0.90 m³ * 1.64 Expansion factor *0.8 above ground biomass: 1.18m³ *500 kg dry matter: ~ 590kg dry matter / tree above ground biomass

e) year 100, diameter 45 cm, equation of Denzin: ~2.025 m³ * 1,53 Expansion factor *0.75 above ground biomass: 2.324m³ *500 kg dry matter: ~1,162kg dry matter / tree above ground biomass
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Figure 15: Cumulated CO2 emissions for the 1 ha system over 100 years
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Figure 16: Annual CO2 emissions for the 100 ha system

Discussion

The allocation following option 3 causes the difficulty of determining a market price for the social and environmental functions of the forest. Furthermore, the stability of the relation of the market prices over time for the products and function from forestry msut be considered when using market prices as allocation factor. Under swedish conditions, allocation based on market prices seems to be not adequate for allocation in forestry.

Recommendation

It is necessary to describe the main function of the forest where the raw material is taken out. In some cases different types or functions of forests must be considered and described. Where timber production is the main function of the forestry system, in a LCA of wood-based products the mass allocation seems practicable and brings reasonable results.

Finland

Description

In Finland the aim of forestry is mainly to produce logs and fibre wood, which are defined as the two co-products of forestry. Approximately 65% of the wood residues in the forest from harvesting operations – 1st thinning, 2nd thinning and regeneration felling - are used for energy production and the remaining 35% (e.g. stubs) is left in the forest. Wood residues used for energy production are called energy wood. So this example reflects option 1 and approach 3.

In Finland the 1st thinning occurs after approximately 30 - 50 years, the 2nd thinning after 50 – 80 years and regeneration felling (called also final felling) for trees older than 80 years. The share of all harvesting operations in Finland in 1999 is shown in Figure 17, whereas the harvesting methods used are 

· 1st thinning: chain saw 19%, harvester 81%.

· 2nd thinning: chain saw 8.5%, harvester 91.5%.

· regeneration felling: chain saw 3.7%, harvester 96.3%.
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Figure 17: Harvesting operations in Finland 1999

The annual fuel consumption from harvesting operations is inventoried and emissions are further calculated by using common emission factors. The collected data are specific for 

· different species (e.g. birch, spruce and pine),

· different harvesting methods (e.g. chain saw, harvester) and 

· different co-products (e.g. logs and fibre wood).

This means that very detailed data are available e.g. the energy consumption for 1st thinning with a harvester for fibre wood from birch, CO2 emissions for final felling for logs from spruce with a chain saw. These data are available in relation to the annual wood production (m³ or t) in Finland. So emissions are calculated for each harvesting type by using the felling data as m3 of each wood product. 

Energy wood gets the emissions which occur from handling (e.g. collection, chipping) the residual wood, which is otherwise left in the forest. In other words, energy wood gets only the emissions from actual operations, when handling wood for energy purposes.

Discussion

The data used is the average Finnish data which is collected per specific year, the actual year available now is 1999. The comparison with a previous year (1995) shows that the results did not differ significantly; certain emissions have decreased because during recent years, the share of manual harvesting and harvester harvesting has changed. 

Of course following the described procedure, the data expresses the situation well in the specific year, it is collected, but it can be used in other cases, too. The bigger problem is the site-specificity. The forestry data are Finnish data expressing Finnish conditions. The results are also depending on the actual or annual structure (age-classes) of the forest and the details of the age structure of certain forest stand are not always well known 

Recommendations

It should be remembered that forestry data is always site specific. Even the density of trees varies in Finland depending on what part of Finland (north or south) they are growing. Additionally, it has been noticed that there are many ways for collecting forestry data, even in national bases and unfortunately misunderstandings are most common. Harmonisation of data on emission factors from chainsaws, harvesters etc. will help for future applications. 

Summing up the allocation in forestry based on mass in m³ or t of wood gives reasonable and practicable results in Finish LCA applications. 

Sweden

Description/discussion

In Sweden all activities during one year are inventoried (Berg 2001), e.g., the consumption of fuel, oils is measured yearly and data of good quality exist. Emissions from different activities e.g. mechanised harvesters are measured. The environmental burdens caused by these activities are allocated by mass basis on the actual wood yield per year. The actual wood yield is the physical harvested and extracted round wood that reaches the mill. The yield is measured in solid cubic metre fresh wood, whereas the volume is approximately the same regardless, fresh or dry. It is possible to separate fibre wood from timber today but it is questionable since all products taken from the forest are depending on each other. The LCI data from forestry are divided into the different activities, which makes it possible to separate the different wood products. The mix of wood products from forestry is depending on the industrial structure and the trade.

Recommendation

By making an inventory of the forestry it is important to structure the information so that it is possible to use the basic data in different ways. The different activities for forestry should therefore be divided in separate modules to make it possible to localise the actual environmental burden that is connected to a certain wood product (e.g. timber, fibre wood, wood for biofuel). In this way the allocation approach for forestry can be dynamic and practical with changes in the industrial sector, trading of wood from forestry, even different allocation bases can be used. 

4.3 Sawmill

Description

Three different approaches for the allocation of energy consumption and CO2 emissions at a sawmill are shown. The model of the process chains is shown in Figure 18. In the first method, all products are considered as co-products and the physical relationship based on volume is used for allocation. The sawmill is subdivided in separate processes like barking, sawing etc. (left side in Figure 18), with the aim to avoid some allocations. In the second approach the sawn timber is decided to be the only product and all environmental burdens are allocated to sawn timber. Therefore, the different sawmill process are aggregated into one process (right side in Figure 18). The third allocation example is based on market prices (in fact the relative share of proceeds) of the co-products. The sawmill processes must be modelled as one single process (right side in Figure 18) to enable value-based allocation, because there are no market prices for intermediate products available. 

These three allocation factors are applied to energy consumption and CO2 emissions. The use of electricity and heat is shown in MJ/m3f and the CO2 equivalents in kg CO2/m3f for sawmill only (Table 3). The influence for the three approaches of allocation in sawmill on the upstream CO2 emissions from forestry is shown in Table 4. The basic data used in the example is collected from background data for environmental declarations for sawn timber (Andersson 1996, Jarnehammar 2000). Data were recalculated for this example.

The first process chain shows the volume-based approach where the sawmill process is subdivided into the different activities where a co-product is an output. In the second chain the sawmill is considered as only one unit process, which is used when sawn timber is considered as the only co-product and when value-based allocation is used. The effect of forestry is shown in , Table 4.
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Figure 18: Process chain and system boundaries for sawmill with allocation based on volume (left side) and for allocation based on price and allocation “all to sawn timber” (right side)

Table 3: Comparison of the three different allocation approaches for sawmill only

Allocation approach
physical relation
all to sawn timber
value (market price)

electricity use at the sawmill 
MJ/m3
MJ/m3
MJ/m3

bark
4
0
0.3

raw chips, particles
39
0
4

dry chips and cuttings
189
0
0.3

sawn timber
232
286
280

heat use at the sawmill
MJ/m3
MJ/m3
MJ/m3

bark
11
0
1

raw chips, particles
28
0
19

dry chips and cuttings
1,160
0
1

sawn timber
1,199
1,294
1,269

CO2 emissions at the sawmill
kg CO2/m3
kg CO2/m3
kg CO2/m3

bark
0.094
0
0.010

raw chips, particles
0.741
0
0.159

dry chips and cuttings
4.41
0
0.010

sawn timber
9.3
10.6
10.4

Table 4: Comparison of the three different allocations approaches for upstream CO2 emissions from forestry

Allocation approach
physical relation
all to sawn timber
value (market price)

allocation of upstream CO2 emissions from forestry to the different co-products
kg CO2/m3
kg CO2/m3
kg CO2/m3

bark
1.0
0
0.01

raw chips, particles
5.9
0
0.2

dry chips and cuttings
0.7
0
0.01

sawn timber
5.5
12.3
12.1

Discussion

The three different allocation approaches demonstrate their significance on the results when different methods are used.

In the original LCI (Andersson 1996, Jarnehammar 2000) the allocation was done by first subdividing the different processes of the sawmill, and then relating them to the different co-products. When two co-products were sharing a process, which always is the case in a sawmill, a physical relationship was used (mass or volume). The reason for this was that all products with a market were treated as co-products since they all are of great importance for the economic result of the sawmills. But as you can see in Table 3 the results for sawn timber are not affected that much by the different methods. On the contrary, the influence on the dry co-products - chips, side-cuts, particles - are more important. The reason for this is that most of the low value co-products are leaving the sawmill before the drying operation, and the drying process causes the biggest environmental load in terms of energy and emissions. 

The allocations of upstream emissions from forestry to the co-products of a sawmill are of greater importance to the outcome for the co-products in this case. Therefore it is important to decide when a co-product should carry any environmental burdens of the upstream emissions (see methodology chapter also). 

Recommendation

· Greatest environmental load occurs from the drying operation at the sawmill and most of the low value co-products are leaving the sawmill before the drying process. If only the sawn timber is of interest for the goal and scope of the study, either mass- or value-based allocation can be used. Alternatively, to get a rough, but quite reasonably accurate figure, allocate all burdens to the sawn timber.

· The allocation to the different co-products from the sawmill of the upstream environmental load from the timber (e.g. forestry, transport) can be of greater importance than the allocation of the burdens from the sawmill. Considerations must be given to how the upstream environmental burden should be treated and how this corresponds to the goal and scope of the study.

· If mass is used as allocation factor, the sawmill should first be subdivided into the different processes like debarking, drying etc. It is recommended that the upstream environmental burden of the timber should be allocated by mass. 

· If economic value-based allocation is used, the sawmill is modelled as one process, because market prices are not available for intermediate products. Otherwise, internal prices for intermediate products must be estimated from the cost structure of the sawmill under investigation (Werner 2002)

4.4 Pulp and paper

Description

In a LCA of wood-free paper, different allocation factors are applied to a sawmill, which supplies 30% of wood chips for kraft pulp production. The sawmill emissions are allocated “mass-based” and “market price-based” to timber and the chips. For comparison all emissions are allocated to the chips (“no allocation”). 

The reason for choosing the second priority procedure was, that the functional unit of, e.g., x kg paper + y kg sawn timber was not adequate in this case study, because the functional unit should be 1,000 kg wood-free paper for comparison with other paper products.

The allocated emissions were CO2, NOx, SO2 and COD, which are measured at all stages of the life cycle. 

In Figure 19 the process chain for wood free paper is shown, where only the emissions of the sawmill were allocated. The emissions of forestry, where different kinds of harvesting methods are all calculated separately, are allocated mass-based between the sawmill and the pulp and paper production. The pulping process has many outputs (e.g. energy), but they are all utilised in the integrated paper production (inside the system boundaries). The examples reflect a simplified LCA of paper with reasonable figures. 
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Figure 19: Process chain of wood free paper production (simplified)

In the sawmill about 42% of the total emissions are caused by drying of timber and about 58% by barking and chipping. The emissions from drying are allocated to the sawn timber. The other 58% must be allocated to timber and wood chips. All data used are Finnish averages from 1998.

The relation of timber and wood chip mass is 55% to 45%. This means for allocation on mass basis that the share of emissions allocated to the chips was 45% of the 58%, which was 26% of the total emissions. The market price of wood chips was about 250 mk/tdry and the market price of sawn timber about 1,000 mk/tdry. When allocating based on market price, the emissions allocated to the chips were only 20% of the 58%, which was 12% of the total emissions. If no allocation is done, than 58% of the sawmill emissions are allocated to the wood chips. In Table 5 the influence of different allocation factors for the wood free paper is shown. The same allocation options were also done for another example, LWC paper (magazine paper), and the results are shown in Table 6.

Table 5: Emissions for wood free paper with different allocation procedures for sawmill


Allocation procedure [kg/t wood free paper]

Emissions
mass-based
market price-based
no allocation

CO2
501
496
521

NOx
3.67
3.7
3.83

SO2
2.99
2.98
3.02

COD
18
18
18

Table 6: Emissions for LWC paper with different allocation procedures for sawmill


Allocation procedure [kg/t LWC paper]

Emissions
mass-based
market price-based
no allocation

CO2
762.5
761.6
768.8

NOx
2.44
2.41
2.58

SO2
1.29
1.28
1.35

COD
12.3
12.3
12.3

Discussion and recommendation

The differences between mass and price allocation for the sawmill are not significant for the emissions of paper products. There are no remarkable differences between the various allocation procedures for sawmill processes for wood-free paper and LWC paper. For the wood-free paper the CO2 emissions were most affected by allocation. For the LWC, the NOx and SO2 emissions were affected as well, because the share of chips used is larger for LWC paper than for wood free paper. 

The selection of an allocation procedure for the sawmill processes has no significant influence on the overall emission for paper, as most fo the emissions derive from pulp and paper production. In this example the emissions of CO2, NOx and SO2 originate mainly from energy production. The COD emissions were not affected at all by the allocation in the sawmill, because they derive from paper production processes only. 

Eventhough the differences are small, it is still advisable to allocate the sawmill emissions. This allocation in the sawmill should be done in countries where the chips are used as a product e.g. input for paper production. Only in countries where the wood chips are considered to be waste, emissions shall not be allocated for them. 

The allocation should be based on market price as the market prices of products from sawmill are the reason, that the products are  considered as products and not as waste. One of the main reasons for the choice of market price allocation instead of mass allocation is because the price of the product and not the amount of mass of the product is the economic background for production. 

4.5 Windows

Description

Wood windows were inventoried as an example for out of ground wood products in the Life Sys Wood project (Esser 1999; Richter 1999). As for furniture and other highly manufactured wood products, the material yield of wood window production is very low. A material flow analysis performed as a basis for the life cycle inventory proved that more than 65% of the wood biomass harvested for a standard window frame leaves the window production line. This fact makes allocation of harvesting and processing processes to the different wood streams an essential topic of LCA on wood windows, and highly manufactured wood products in general. 

Within the project group, it was decided that environmental burdens should be allocated only to those products which are the 'aim' or the 'intended output' of a process. Thus, inventory data was allocated to co-products only. All residues produced along the material chain were regarded as by-products, thus leaving the product system without any burden. The distinction between co-product, by-products and waste was made based on the relative economic shares of the outputs of a process.

Discussion and recommendation

The results of the inventory assessment for this standard version of the solid wood window are presented in the second line of Table 7, whereas the impact categories are selected and limited in this example to greenhouse potential and acidification for illustrative reasons. 

The highly negative global warming potential of the wood frames results mainly from the renewable CO2 that is embodied onto the wood residues that are produced along the window production chain. According to the allocation rule, the wood residues are treated as by-products, so all upstream interventions including the CO2 uptake are not allocated to these by-products. Although 90% of the final window frame is incinerated in the disposal processes, thus emitting the bound CO2, the GWP score remains negative.

The acidification potential is mainly related to NOx (65%) and SO2 emissions (35%). Significant impacts in this score result from the wood drying process (biomass energy, 30%), road transports (30%) and the production of aluminium billets (20%).

In a sensitivity study, it was analysed how these results change when another allocation rule is selected. If residues produced in the forestry (thinnings), sawmilling and profiling processes are regarded as co-products instead of by-products, the upstream interventions can be allocated between the timber used in the window frame and the residues used outside the window production (e.g., as wood composites, pulp and paper). Allocation is made based on mass for the forestry and sawmill processes and on economic value for the wood window profiling process (estimating a price ratio of 5:1 between the rough window sections and the residues. The same allocation procedure was also applied to the carbon uptake. The results of the sensitivity analysis are shown in the third line of Table 7. 

The figures show that the categorisation of the process outputs influences the LCIA results significantly. The CO2 potential of the window is reduced to 17% because the carbon stored in the residues is now allocated to the product systems that use the residues as input material. Acidification, which is linked mostly to NOx and SO2 emissions, is reduced to 57%, because the transports and energy demand is partitioned between the main and the co-product flow.

Table 7: Selected LCIA results of standard wood window modelled with different allocation premises

Wood window frame LCIA when modelling
GWP 100

kg CO2/window
acidifica​tion

kg SO2/window

residues as by-products 
-24,000
1.85

residues as co-product 
-4,130
1.07

The different allocation premises underline that allocation is of considerable importance for wood products whose manufacturing processes are causing a relatively low material yield. The big and unrealistic discrepancy in the global warming potential of the presented calculation supports the recommendation that the embodied CO2 as well as the heating value are part of the material mass and thus need to be allocated in multi product systems on a mass basis.

4.6 Parquet flooring

Description

This example is collected from a study of a multi-layer parquet flooring within the European research project Life Sys Wood (Jarnehammar 2000). The overall goal was to conduct a Life Cycle Assessment for multi-layer parquet and to compare the results with results from a literature study of an alternative floor covering, whereas sensitivity analysis was carried out for transportation, waste-management and lifetime of the flooring. The functional unit was defined for comparison of different floor coverings: To provide 1 m2 flooring in a residential building in Sweden for a period of 50 years. The aim of this example is to show how the treatment of carbon uptake and CO2 emissions affect the results of an LCA. 

For wood products, the uptake of CO2 during forestry is included according to a decision in the Life Sys wood project about inherent CO2 (Esser and Robson 1999). For biological production, a model by VTT was used (Mali 1999), that is based on the elementary composition of wood. The uptake of CO2 in the raw material from oak, sawn timber and veneer to the floor-manufacturer where 65 kg.  The input of wood to the floor-manufacturer about 36% becomes parquet flooring, 39% by-products and 25% is used internally for energy-use. The flows of CO2 during the life cycle are shown in Table 8.

Table 8: CO2 flows during the life cycle of wood flooring to fulfil the functional unit of 1 m2 parquet flooring   [kg CO2/m² flooring]

Life-cycle phase
Biological
fossile
fossil+biological

CO2 uptake in the raw-material to the floor-manufacturer
-64
-
-64

Manufacturing of flooring (raw-material extr.,heating, drying etc.)
16
1
17

Construction
<1
1
1

Use (cleaning)
-
3
3

waste-management (energyproduction)
23
-1
22

total emissions
39
4
43

total emissions+uptake
-25
4
-21

Discussion/Recommendation

This example just shows the importance of making sure that the biogenic carbon should be considered as a material-inherent property of wood. The CO2 uptake and CO2 emission of wood are related to the carbon content of wood. Therefore it is necessary to make a balance of biogenic carbon for the products and by-products separately (see methodology chapter), to avoid misleading results. This is true for highly manufactured products as floorings, windows etc where a lot of  by-products are produced along with the main-product. If the CO2 content that is connected to the by-products not is balanced the result of the LCA of parquet flooring in this example could be –21 kg CO2 / functional.  

4.7 Bioenergy

Description

The aim is a comparison of greenhouse gas emissions from bioenergy systems and fossil energy systems (Jungmeier et al. 1999). The analysed biomass fuels are

1. wood chips and wood logs from thinning and clear cut in forestry, 

2. bark and wood chips from sawmill,

3. wood waste from wood industry, p&p industry and particle board industry,

4. wood waste from wood and particle board recycling and 

5. waste paper from paper recycling.

The comparison is based on the functional unit of greenhouse gas emissions per 1 kWh of heat (g CO2-equivalent/kWh). Within the scope of this goal an extension of system boundaries by including the material use of wood for different wood products is not practicable. This means that allocations cannot be avoided and therefore an allocation procedure must be used. Further on, it is assumed that the wood product (e.g. round wood from forestry, sawn timber from sawmill) is the co-product with the higher market price and wood for energy is the co-product with the lower market price. So all wood used for energy (e.g. tops and branches from thinning, bark from sawmill, waste paper from collection) is regarded as waste with no environmental burdens from previous processes. But all effects directly caused by the energy wood like chipping, transportation or  change of carbon storage pool are included in the overall environmental effects. This allocation procedure was discussed and fixed at the very beginning of the project by an external review by other experts and the customers of the project. Some selected results of this allocation are shown for greenhouse gas emissions in Figure 20.
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Figure 20: Greenhouse gas emission factors of heat from bioenergy compared to fossil energy (Jungmeier et al. 1999)
Discussion

This allocation is not tested with other environmental effects like loss of nutrients or biodiversity. This allocation can not be appropriate for comparisons of material and energetic use of wood (e.g. wood chips from sawmill for particle boards or energy production).

Recommendation

From the experience with this example it can be recommended that the acceptance for the chosen allocation procedure be obtained from an external expert group or other involved/interested stakeholders during the first phase of an LCA. This allocation is useful for LCA of energy production systems especially if the wood for energy is available from an increasing production of wood-based products, where the economic purpose is the material use of wood.

4.8 Combined heat and electricity production

Description 

An LCA is made for the comparison of different technologies for combined heat and power production, whereas a specific heat and electricity demand is defined. Each technology for a combined heat and power plant has a certain relation between the co-products electricity and heat. First the electricity demand is satisfied with a specific technology and then the corresponding supply of heat is calculated. 

· If the supply of heat is higher than the demand of heat, the “extra” heat is considered as waste heat. 

· If the supply of heat is lower then the demand of heat an additional system for heat production only is added, that uses the same fuel as the combined heat and power plant. 

The necessary amount of fuel and the kind of combined heat and power system determine the environmental effects for comparison. 

An example is shown in Figure 21 with the particle emission from heat and electricity production in a typical combined heat and power (CHP) plant run with biomass. The extension of system boundaries means, that the functional unit is a "package" of 0.14 kWh electricity plus 0.86 kWh heat, which reflects the ratio of electricity to heat of 1:6. This allocation leads to emissions of 27 mg/(0.14 kWh electricity and 0.86 kWh heat). This can be compared to any other energy system that supplies the same amount of electricity and heat.
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Figure 21: Example of combined heat and electricity production

Discussion

With this functional unit of heat and electricity it is not possible to have a separate value for heat and electricity. Combined heat and power production offers a rise in fuel efficiency, leading to a decrease of environmental burdens emitted per unit useful energy. The comparison of different allocations options between electricity and heat are outlined in detail in Jungmeier (2000). This allocation procedure was also successfully applied in a LCA study, where different bioenergy systems are compared to fossil energy systems for the combined supply of heat and electricity (Jungmeier et al. 1999).

Recommendation

It is possible to avoid allocation with combined heat and power production. In the case of a different relationship of the co-products heat and electricity, an additional system should be added instead of giving credits for substitution. The additional system must be specified. In many cases the relationship of heat and electricity depends on the demand (demand driven) and therefore no credits/benefits should be given to systems that supply more heat or electricity than predefined by the demand.

4.9 Recycling

Description

The aim is a comparison of different end-of-life options for 1,100 kg of waste particle boards (Frühwald 1999). The two compared options are: 

· recycling and 

· incineration with co-generation of heat.

In order to avoid allocation the functional unit for the comparison is 1,190 kg particle boards and 17,100 MJ of energy produced (Figure 22). The resource consumption - fresh wood and fresh water - and the environmental aspects - waste water - of the energy generation and the fresh fibre production is lower (Figure 23). Therefore, in the incineration with co-generation of heat is preferable to the recycling of old particle board.
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Figure 22: Comparison of particle board recycling (above) and energy generation from particle board (adopted from Frühwald 1999)
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Figure 23: Comparison of environmental effects of particle board recycling and energy generation from particle boar

Discussion

The comparison of recycling of particle boards and energy production is a typical example where allocation can be avoided by extension of system boundary. It is demonstrated that even a “complex” functional unit of material and energy for comparison can lead to very clear results, where one option has significantly lower environmental burdens. 

Recommendations

For each LCA application in the field of wood-based products it should be proved in detail if an avoidance of allocation is manageable, following the first priority procedure outlined in this paper.

5 Recommendations

Summing up, the following recommendations and conclusions for LCA of forestry and wood-based products can be given. 

· The energy and carbon content are characteristics of the wood and reflect the material and energetic aspects of wood. A complete balance of the biological carbon and energy is advisable. Carbon uptake and the embodiment of energy as inherent material characteristics should always be allocated on a mass basis to avoid artefacts. Note that biogenic carbon neutrality does not necessarily mean greenhouse gas neutrality, as C emissions can occur as methane or derive from non-sustainable forestry (e.g. deforestation).

· 10 different processes in LCAs of wood-based products are identified, where allocation questions can occur: forestry, sawmill, wood industry, pulp and paper industry, particle board industry, recycling of paper, recycling of wood-based boards, recycling of waste wood, combined heat and power production, landfill. 

The following priorities for allocation are given. 

1. Avoid allocation by expansion of system boundaries by combining material and energy aspects of wood, because this reflects the characteristics of wood. This means a functional unit combining wood products and energy (e.g. 1 m3 particle boards + 3 kWh energy). 

2. Substitute energy from wood with conventional energy (e.g. energy from coal) in LCA of wood products in order to get the functional unit of the wood product alone (e.g. 1 m3 particle boards), but identify the criteria for the substituted energy and document the assumptions for the choice of the substituted energy (e.g. kind and quality of energy, state of technology). For transparency reasons of the results the documentation should also contain the procedure following 1). 

3. Substitution of wooden products with non-wooden products in LCA of bioenergy is not advisable, because the substitution criteria are very complex (e.g. which non-wooden product is substituted by particle boards or paper?)

4. In some cases it is not possible to avoid allocation, for which the reasons should be documented.

5. If an allocation between different co-products is necessary for a certain process (e.g. sawmill) all upstream environmental effects have to be allocated too (e.g. upstream effects of sawmill can be transport and forestry).

6. In general different allocation factors, e.g., mass and economic values (in fact the relative share of procees) are possible within the same LCA.

7. The different allocation procedures must be analysed and should be documented. In many cases it seems necessary to make a sensitivity analyses on different allocation options for different environmental effects. It can also be useful to get the acceptance of the chosen allocation procedure by external experts or stakeholders in the starting phase of the LCA.

8. For allocation in forestry it is necessary to describe the main functions of the forest where the raw material for the LCA is taken out. In some cases different types or functions of forests must be considered and described. Where forestry is a timber production system in a LCA of wood-based products, allocation based on mass is practicable and brings reasonable results.
9. Regarding the experiences from the examples, the following most practical allocation for some specific processes are identified:

· forestry: allocation based on mass or volume

· sawmill: mass or volume and market price (relative share of proceeds)

· wooden industry: mass and market price (relative share of proceeds)
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