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Abstract

In LCA, the attribution of material and energy flows out of the complexity of our techno-economic system to a product to be assessed with LCA is no unambiguous task. This is especially true for modelling end-of-life options in the life cycle inventroy (LCI). This article establishes a set of general and wood-specific requirements a LCI has to fulfill in order to give proper decision support. Then, wood-specific guidelines for the conduct of a LCA are reviewed and discussed with special emphasis to end-of-life modelling of wood products. Recycling or incineration of a creosote-treated railway sleeper are modelled according to various methodological propositions on how to solve the allocation problems related to recycling and final disposal. The different allocation procedures are evaluated according to general and wood-specific requirements on LCIs derived previously. A partial life cycle model of the railway sleeper allows to demonstrate the over-all effects of different allocation procedures applied. Conclusions summarise the experience of the example and add further results from Werner (2002a) where also particle board production using post-consumer furniture or used particle board is modelled.

1 Introduction

Establishing the life cycle inventory (LCI) of a product is no unambiguous task. Although guidelines for con​ducting a LCA are available (e.g. ISO 14'040ff), there still remains a variety of decisions dur​ing the setting up of the life cycle inventory (LCI) that implicitly or explicitly rely on purely subjective elements. This is particularly true for modelling end-of-life options such as recycling or incineration with co-generation.

The influence of subjective elements cannot only be explained by the scope and goal dependency of a LCA. Subjective choices are necessary in LCI whenever material and energy flows cannot be attrib​uted to a product based on fundamen​tal physical, chemical, biological or technical relationship in an unambiguous way. In unambiguous decision situations, decision-maker's cognitive models and his/her value system finally guide the setting up of the life cycle inventory of a product. 

Decisions during LCI that require the implicit or explicit use of cognitive models or values are, e.g.:

· system boundary setting between nature and technosphere,

· demarcation of life cycle stages, modules, submodules, and finally unit processes,

· selection of a level of insignificance that allows to cut off (ignore) material and energy flows,

· distinction between products, co-/byproducts, and waste when allocating coproduction processes,

· choice of an allocation factor for joint co-production processes in the descriptive approach to LCA,

· selection of an open-loop allocation procedure,

· selection criteria for substituted or additionally caused processes in the marginal approach to LCA,

· handling of the (structural) ignorance about future processes, e.g. related to reuse & recycling.

It has often been analysed that methodological choices in LCA can have significant impact on the overall result and on the ranking of products assessed
. A sensitivity analysis is recommended in unambiguous decision situations during the conduct of a LCA (e.g. ISO/EN 14'041, chap. 6.5.2, dot 3). But sensitivity analysis can only provide insight into the relevance of a methodological choice compared to the overall result. For decisions with far reaching consequences on the result, criteria have to be applied in order to determine the preferability of meth​odological options. Only these crite​ria allow statements and conclusions that support decision-making.

For wood, no systematic research has been conducted so far on the influence of different cognitive models on allocation related end-of-life options in LCA. Further on, no systematic evaluation of dif​ferent allocation procedures regarding their suitability for LCA of wooden products has been made so far. Also almost no experience exists with value-based approaches to the allocation problems in LCAs of wooden products. These gaps are addresed in Werner 2000a; some of the findings are reported in this paper.

2 General requirements on life cycle inventories

If there is no unambiguous (objective) way of modelling a life cycle of a product in LCI, then there is at least a subjectively best way.

In this sense, LCA and the LCI step in particular must be seen as an optimisation problem. LCA as a decision support tool is chosen by a decision-maker, because he/she considers the procedure and resulting models as adequate and because he/she encounters his/her value system properly addressed.

On the other hand the descriptive power of each tool has its limitations, especially in a complex con​text. Thus the optimisation problem consists in describing the life cycle of a product and its environ​mental relevance as appropriate as possible in the eyes of the deci​sion-maker and other stakeholders of an LCA under the particular constraints inherent to LCA as decision sup​port tool.

The requirements on the LCI of a product within LCA can be summarised as follows
:

A LCI of a product that supports best the process of rational decision-making – and thus the most descriptive and most adequate LC-model of a product:

· is complete, operational, decomposable, non-redundant, minimal, and comparable,

· is as simple, as manageable, as transparent, as cheap, as quick but still as 'adequate' as possible under the given economic constraints depending on goal and scope of the study,

· is actor-based, i.e. reflects the space for action and the decision-maker's cognitive model of his/her range of responsibility in view of the management rules of sustainable development,

· is as site- and case-specific as possible, i.e. uses as much site-specific information as possible,

· respects material- and market characteristics of the materials involved in the definition of the life cycle model of a product,

· respects the decision-maker's cognitive model of the organisational principle of the socio-eco​nomic sys​tem,

· respects the decision-maker's attitude towards risk when modelling future processes,

· provides improvement options that are in line with the sustainable management rules referring:

a) to the material- and energy flows within technosphere, and

b) to the environmental consequences of the environmental interventions on ecosphere.

Decisions in the LC-inventory step related to the attribution (and "allocation") of environmental inter​ventions to the product under study shall be made in accordance to the above stated characteristics. Only by this the outcomes of a LCA – and thus its underlying models – become relevant for the deci​sion-maker in a way that they influence his/her action. Indeed, this is the real challenge for LCA prac​titioners and the final arbiter on any methodo​logical proposition for LCA.

The following Chapter 3 outlines the wood-specific aspects of modelling end-of-life options in LCI. The above general requirements and the reasoning of Chapter 3 will provide the basis for the evalua​tion of different allocation procedures under investigation.

3 Post-consumer used wood and sustainability

Based on the concept of sustainability, a reduced use of virgin natural resources and a relative shift from virtually non-renewable to renewable resources has to be fostered
. The sustainable use of wood requires its more effective and efficient use including optimised process technology, products with longer service life and products that are apt for repair, material recycling, and finally thermal disposal
. In this context handling of post-consumer wood is located between waste treat​ment/disposal and exploitation of a secondary material resource for material or energy purposes.

Due to the material characteristics of wood and its twofold nature as material and energy car​rier, a variety of reuse & recycling options of used wood are possible. The size of the used wood, par​ticle or fibres, their homogeneity, and their content of contaminants (e.g. from wood preservatives, coatings, foils, etc.) restrict them.

In dependency of the area of application and the technical effort of reprocessing, the guideline VDI-2243 by Verein Deutscher Ingenieure
 distinguishes four options of reuse & recycling of wooden products
 (Table 3.1). 

Principle
Technical effort for reprocessing
Inherent material properties
Area of application
product 1 ->
                 product 2
Example

Reuse in same application


small
(repair, renovation)
unchanged
same
returnable pallets,

secondary use markets

Recycling in different application


reprocessing necessary
slightly changed
same
solid wood beam -> laminated wood beam

particle board -> particle board

Reuse in different application


small
unchanged
different


railway sleepers, utility poles in landscape architec​ture

Recycling in different application


reprocessing necessary
changed
mostly different
used wood -> particle board

used wood -> MDF

used wood -> thermal energy

Table 3.1:
Reuse & recycling options at the end of the life cycle of wood products (after Richter 2000)

The first two options are considered "closed-loop" recycling according to ISO/EN 14'041, while the second two options are classified "open-loop" recycling by Richter (2000). However, the classification of a specific case to one of the four options is subjective to a certain extend. Would the production of particle board from a massive wood board from furniture be classified as reuse or recycling? But why should a laminated wood beam made from a massive wood beam be classified as reuse?

The classification becomes even trickier when thermal utilisation has to be classified. When is used wood to be considered waste and when is the incineration of wood as energy carrier classified as ther​mal recycling, e.g., in the case of used wood combustion in municipal waste incinerators with thermal energy recovery?

Reuse & recycling of wood as material has always to be considered as downcycling (except reuse in a very strict sense). For both the material and the energetic utilisation of used wood, the (potential) con​tent of harmful substances from chemical wood preservation is a mayor limitation. Most agents applied (biocides) are designed for a long persistence. They remain in the wood even after the service life of the product and thus can limit the use and disposal options of the used wood considerably. Among the substances used for the biocidal character are mercury, zinc, chrome, copper and arsenic compounds, creosote or pentachlorophenol (PCP). Some of them (mercury, arsenics, PCP, chloro-organic compounds) are prohibited today in most Western European Countries; still they are present in cuurent post-consumer wood fractions. Processes have been developed to remove organic wood pre​servatives (creosote) from used wood to allow its use as secondary material in the particle board industry. Anyhow, such processes have not been put into industrial practice
. Apart from chemical wood preservatives, adhesives, toxic pigments of coatings, and mineral contaminants are other sources of substances limiting further utilisation of post-consumer used wood.

Not only the possible content of harmful substances but also the unavoidable material degradation during reprocessing sets limits to the recycling of used wood. Degradation during reprocessing con​tains, e.g. the reduction in dimensions of wooden parts, the unavoidable amount of sawdust produced during reprocessing, the more cubical dimensions of reprocessed secondary chips for particle board production (if applying dry separation processes), reduced fibre length of reprocessed fibreboard or paper, etc.

Combustion of used wood is mainly limited because of the content of heavy metals and chlorine from chloro-organic compounds (e.g. lindane). 

Summarising the above chapters, the following principles for a sustainable use of wood can be stated. They should be addressed and improvement options adequately be depicted in LCA of wooden prod​ucts. 

1) wood production in forestry respecting qualitative and quantitative criteria for sustainable forest management,

2) efficient and effective processing and use of wood as material in wood industry,

3) renunciation of chemical wood protection where possible (e.g. by constructive means) and careful selection of additives like overlays, adhesives, coatings etc. (see also dot 5),

4) products that are easily disassembleable, resulting in single-material fractions for easy recycling and incineration in appropriately equipped plants,

5) maintenance of the incineration potential for the substitution of non-regenerative fossil fuels.

4 Review of existing guidelines on attribution in LCA

The specific conditions of wood as naturally grown, renewable material and its twofold nature as material and fuel ask for some specific considerations related to attribution and allocation in LCA:

· the system boundary setting between the natural production function of wood lands and the technical system of forestry
, and related,

· the consideration of additional environmental and social functions of forestry such as protective functions in mountainous areas, regulative functions for watersheds, supply of non-wooden prod​ucts, recreation functions, lebensraum functions, etc. for the allocation of environmental burdens related to forestry
,

· the consistent handling of the C-uptake and of the embodied energy over the whole life cycle of a product
,

· the combined combustion of used wood in municipal waste incinerators requiring the allocation of emissions to single fractions and the allocation of emissions from landfill
.

· the handling of the material and fuel aspect of wood in comparative studies with non-renewable materials or energy carriers
, and related

· the reference use of forest area in comparative studies when non-regenerative materials are involved in the comparison
,

· the allocation of co-products typically generated throughout the wood processing chain from thin​ning, saw mill and wood industry requiring co-product allocation allowing material or energetic utilisation,

· the allocation related to reuse, recycling, and thermal energy recovery,

· the valuation of used wood as waste or fuel and the allocation of emissions and the recovered energy related to the incineration of wood.

For the scope of this study, emphasis is given to the latter two points. Anyhow, some hints on further literature related to the other points are given as footnotes.

For reasons of consistent modelling within an LCA it is quite obvious, that an allocation rule applied will effect all of the three points.

Two guidelines for LC-inventorying for LCA on wooden products have been published so far, one by the American Forest & Paper Association
 and one as the result of the EU-research proyect "Life-Sys Wood"
,
.

4.1 Life Cycle Inventory Analysis; User's Guide, by the American Forest & Paper Association

One of the earliest user's guides on LCA and wood, published before the approval of the series of standards ISO 14'040ff, has been edited by the American Forest & Paper Association
.

Some of the key recommendations on allocation of Fava et al. (1996) are summarised below:

· allocation should be avoided by system expansion or subdivision of processes wherever possible.

· where allocation cannot be avoided, it must reflect the underlying physical relationships between the system inputs and outputs. Allocation procedures should preferably use measurable physical parameters such as mass, energy, or volume.

· where physical causal relationships cannot be established or used as the basis for allocation, eco​nomic values or market descriptors can be used.

· for closed loop reuse & recycling the life cycle burdens associated with manufacture and disposal must be allocated based on the average number of uses (e.g. in the case of pallets).

· the use of a model developed around the cellulose fibre as the discrete, physical module that is recycled or reused, is a useful concept for recycling allocations in forest product systems: parti​tioning equally all the "virgin" inventory into the original plus additional uses (even in the case of not equivalent products), (n+1), on a mass basis, allows allocation 1/(n+1) of the "virgin" inven​tory to the virgin product system, and n/(n+1) of the "virgin" inventory to the remaining uses (the same example on paper recycling can be found in TR/ISO 14'049, chap. 8.3.3). Hence, recycled material as input is always attributed part of the "virgin" inventory, while with output material to be recycled, some of the "virgin" inventory is exported.

The allocation procedure proposed for the use of fibre residues or wood residues remains unspecific – despite the above stated proposition to apply the concept of "the number of uses": Collection of com​plete information to allocate the LCI burdens to wood products residues used in paper products may be difficult. Simplifications may be justified as these allocated burdens would likely be minor part of the overall paper product LCI burdens. In allocating wood product residues used in another wood product, a more detailed analysis may be required as the allocated burdens may make a significant contribution to the overall wood product LCI burdens (Fava et al., 1996:3-10). 

No clear guidance is also given for the handling of solid waste management, i.e. incineration with thermal energy recovery, or landfilling: Energy inputs and outputs and the environmental releases from solid waste disposal operations need to be allocated based on a causal relationship of the forest product being studied (Fava et al., 1996:3-20).

4.2 The methodological appendix of the Life-Sys Wood project

A second methodological guide dedicated to LCA-methodology for wood and wood products has been elaborated in the EU-project "Life-Sys Wood"
. This project was set up in 1995 within the EC FAIR programme combining the development of standard methodology with a co-ordi​nated LCA approach within wood industry (e.g. common data basis, common data format etc.). The following quotations are taken from the Decision List elaborated for consistent life cycle inventory within the Life-Sys Wood project.

Allocation of processes to products will be done following the 3 options of the ISO standard:

1. Avoid allocation by subdividing processes (as far as possible),

2. Allocate on a physical basis, if possible by mass,

3. Allocate on an economic basis, if the allocation on physical basis makes no sense (Diamond example). The reason for this choice should be made clear (using causality principle) (Esser and Robson, 1999b:4).

These allocation principles largely correspond to the ones proposed in Fava et al. (1996). Further on, the decision list of the Life-Sys Wood specifies a general allocation procedure: 

Using the rules above (and if allocation can not be avoided by subdividing) allocation of inventory data of a process within the product system will be done on the following basis: 

1. Inventory data is allocated to co-products only
;
2. Inventory data is not allocated to by-products
;

3. If waste is produced and it goes to a recycling process, then the inventory data is allocated to the product of recycling and not to the co-products;

4. If waste is produced and it goes to final waste disposal (e.g. incineration or landfill) then the inventory data of disposal is allocated to the co-products (Esser and Robson, 1999b:4).

The allocation principles in Esser and Robson (1999b:12) are further refined for recycling/reuse:

In the case of recycling of wood products:

1. disposal impacts are allocated to genuine subsequent products: (a genuine subsequent product example could be a wood transmission pole re-used as a gate post)

2. benefits of recycling are allocated to secondary products: and

3. consistent product system boundaries will be chosen:

· after the demolition/collection process with the system boundary at the demolition site gate;

· transportation, sorting and reprocessing is allocated to the new product.

4. waste disposal of the end product is allocated in principle only to this end product and not to for​mer produced products in the chain.

Note that system boundary setting and the allocation procedure proposed correspond to the "cut-off" procedure
, but introducing by-products with low economic value, which are not assigned any up-stream environmental burdens.

Note further on that point 4 is not a priori in line with ISO/EN 14'041: reuse and recycling (...) 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/EN 14'041, chap. 6.5.4).

4.3 Conclusions

The following conclusions can be drawn from the above:

· no general consensus among the wood-specific guidelines including the standard ISO/EN 14'041 exists on methodological questions related to reuse & recycling

· in all the methodological documents and guidelines quoted including the standard ISO/EN 14'041, no systematic reasoning is proposed why meth​odological questions should be treated the way proposed in guidelines and standards.

In the following example, a systematic evaluation of differing allocation procedures is made based on the general requirements on LC-models (Chapter 2) and wood-specific aspects (Chapter 3). This should provide a sound line of reasoning for the preferability of methodological choices in a wood-specific context.

5 Example: railway sleepers made from beech

Following, the modelling of recycling and incineration of wooden railway sleepers and the processes related to it is closer looked at. The example aims at evaluating different approaches to the modelling of two end-of-life options for wooden railway sleepers made from beech. The different approaches chosen represent current lines of reasoning within LCA-community. The two end-of-life options considered are:

· incineration of the railway sleeper in an incineration plant with co-generation of electricity and thermal energy, and

· recycling of the railway sleeper as constructive element in landscape architecture.

Modelling of end-of-life options can depend on decisions made in previous life cycle steps of a product, such as forestry processes, transports from forestry and sleeper production itself. Apart from modelling and assessing end-of-life options itself, a set of limited life-cycle models is set up based on the above-mentioned processes, aiming at "consistent" models in order to assess the over-all effect of different approaches to attribution and allocation in LCA
. 

Evaluation is made based on the descriptiveness of an approach in respect to the material and market characteristics of wood, the logic of process-specific decision-making and planning, and the wood-specific management rules for its sustainable use.

5.1 Functional unit and model of the reference flow

The functional unit considered is the impregnated wooden part of the railway sleeper made from beech for Swiss standard gauge railway tracks assessed in Künniger and Richter (1998).

The track bed and its construction, maintenance and disposal as well as metallic auxiliary materials (accessories for securing the rails) are omitted for the purpose of this example. Service life of the sleeper is not of importance for the modelling in this study. Process data used correspond to Swiss conditions at the end of the 90ies.

The reference flow considered focuses on the processes possibly affected by allocation procedures used for the modelling of the two end-of-life options. All other mass and energy flows are omitted for the sake of simplicity
.

Figure 5.1 illustrates of the main elements of the reference flow.
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Figure 5.1:
Model of the reference flow

Other materials than wood are disregarded for the sake of simplicity of the example.

5.2 Modelling recycling or incineration with thermal energy recovery

After service life railway sleepers are removed from the railway track. Currently, two options exist:

· recycling the sleepers as reinforcement structures in landscape architecture, 

· incinerating the sleeper in an apt incinerator with co-production of thermal energy and electricity.

It is assumed that the modelling of multifunctional systems achieved by system expansion is not permitted for the goal and scope of the assessment.

5.2.1 Allocation problems and scenarios considered

The recycling option as constructive element in landscape architecture and the incineration option with co-generation of thermal energy and electricity are different decision situations for the attribution problem. While an owner of used railway sleepers can sell them at a price of about CHF 15.- per piece for uses in landscape architecture, incinerating them in a waste incinerator costs him/her an average of CHF 15.4 per piece
. While a railway sleeper used in landscape architecture is assumed to rot com​pletely without using the embodied energy of wood and creosote, this potential can be used in waste incinerators when thermal energy and/or electricity is co-generated.

The following questions are related to the allocation related to recycling or incineration of railway sleepers:

· shall the railway sleeper used in landscape architecture carry environmental burdens from sleeper production?

· shall substitution effects be considered when using the railway sleeper in landscape architecture instead of, e.g., concrete elements?

· shall the "environmental opportunity cost" be considered when wood is used in a way which inhibits thermal energy production and the substitution of fossil fuels correspondingly?

· shall environmental burdens from using the sleeper in landscape architecture partly be attributed to the railway part, as the secondary use fulfils waste treatment function?

· shall substitution effects be considered for the production of heat and/or electricity when inciner​ating the sleeper, e.g., the substitution of thermal energy and/or electricity of other plants?

· shall credits be given for the production of thermal energy and/or electricity when incinerating the sleeper, e.g., subtracting the electricity generated from electricity used for production while attrib​uting the environmental interventions related to incineration to the sleeper?

· shall incineration be considered a bi-functional process providing waste treatment and generation of thermal energy and/or electricity, attributing part of the incineration process to the sleeper, part to the generation of thermal energy and/or electricity?

Several lines of reasoning for the allocations related to recycling or incineration are discussed for each option:

Recycling of railway sleepers as constructive material and landscape architecture

Cut-off (LSA): the primary aim of the railway sleeper production is to produce railway sleepers. Hence, all environmental interventions related to production processes are to be attributed to the sleeper. If anybody takes the sleeper for further uses, the sleeper does not have to carry any environ​mental interventions related to its disposal; the secondary user gets the used sleeper as element of landscape architecture (LSA) free of environmental burdens
.

50/50: the uses of the railway sleeper in the railway track and as element of landscape architecture are part of the same life cycle of the impregnated beech wood. Correspondingly, all environmental interventions related to the production of the sleeper are equally distributed to the two uses
,
.
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Value-corrected substitution (VCS): The production processes provide two products in a cascade. Allocation is made based on the relative price difference. The environmental interventions allocated to the sleeper as product 1 (EI1) are calculated from the total environmental interventions of the railway sleeper production (EIT) as follows:

The second use, the railway sleeper as element in landscape architecture, carries the remaining envi​ronmental interventions
.

Mass-based considerations would give similar results to the 50/50-allocation procedure
.

Opportunity cost of inhibiting thermal energy recovery (Op-cost): The recycling of railway sleeper as element in landscape architecture inhibits thermal energy recovery. The potential of (creo​sote-treated) wood for substituting fossil energy carriers is not used. Hence, the avoided incineration and the production of an equivalent amount of thermal energy (and electricity) are accounted for.

Substitution of concrete element production (Sub-con): The railway sleeper provides two func​tions, a) the fixation of the railways, and b) the retention of soil in landscape architecture. In order to obtain a single-functional model a substitution for function b) is assumed. It is assumed that a concrete element would otherwise have fulfilled function b). Hence the production and disposal of an equi-fun​cional concrete element is subtracted from the inventory of the railway sleeper production processes.

Opportunity cost considering material and energy aspects of wood (Op-cost MEA): The last approach is a combination of the opportunity cost-considerations on the energy-side (Op-cost) and the avoided-burden considerations on the material side (Sub-con)
.

Disposal in Waste Incinerator

Cut-off (WI): waste incineration (WI) is considered a waste treatment process. Hence the wooden sleeper gets all environmental interventions related to waste incineration
.

Closed-loop: The incineration processes are considered to be part of the life cycle model of the rail​way sleeper. Hence, the environmental interventions are allocated to the sleeper while the electricity generated is subtracted from the life cycle inventory of the sleeper. The thermal energy generated is not considered any further as the sleeper production facility is considered not to be connected to the district heating system ("open-loop")
.

Strict co-product allocation (SC-PA): waste incineration is considered a bi-functional process pro​viding waste treatment and generation of thermal energy and/or electricity. Incineration is considered waste treatment as long as the market value of the impregnated wood in treatment is (assumed to be) negative. As soon as the mar​ket value of the material treated gets positive the process is allocated to the thermal energy and/or electricity produced. Hence, attribution is made part to the sleeper, part to the generation of thermal energy and/or electric​ity: the allocation factor is calculated as the relative share of the range between disposal cost and the sum of the market prices of thermal energy and electricity produced
.

Substitution of energy production (Sub-en): The railway sleeper production provides two function, a) the fixation of the railways, and b) the generation of a fuel. In order to obtain a single-functional model, a substitution for function b) is assumed. It is assumed that the waste treatment process pro​vides thermal energy and or electricity which substitutes corresponding products from the most expen​sive alternative plant. Hence, the production of thermal energy and/or energy in an alternative plant is subtracted from the inventory of the railway sleeper processes
.

Opportunity cost considering material and energy aspects of wood (Op-cost MEA): The recipro​cal reasoning on substitution effects as made in the above Op-cost MEA is also feasible if the sleeper is burnt in an incineration plant: Then, the production of an equi-functional concrete element and the incineration of the sleeper are allocated for. On the other hand, the average amount of electricity and thermal energy generated in an alternative plant are subtracted from the LC-inventory of the railway sleeper (see also Op-cost (MEA) above)

Table 5.1 summarises the scenarios considered:

Element in landscape architecture

Cut-off (LSA
± 0; 2nd life cycle carries burdens from recycling

50/50
- ½ * (wood processes incl. impregnation); 2 functions

VCS
(p1 - p2)/p1 * (wood processes incl. impregnation)

Op-cost
+ fossil energy + electricity - incineration process

Sub-con
- concrete element and its disposal

Op-cost MEA
+ fossil energy + electricity - incineration process - concrete element and its disposal

Incineration with co-generation

Cut-off (WI)
+ incineration process (no credits for energy)

Closed loop
+ incineration process - electricity generated; (heat = open loop)

SC-PA
+ incineration process * (pwaste treatment/(pwaste treatment + pelectricity + pheat)

Sub-en
- fossil energy - electricity + incineration process

Op-cost MEA
- fossil energy - electricity + incineration process + concrete element and its disposal

Table 5.1:
Lines of reasoning considered for the modelling of the end-of-life options "incineration with co-generation" and "reuse as element in landscape architecture"

5.2.2 Results and interpretation

The different life cycle options are assessed with the "effect-oriented classification" evaluation method according to Heijungs et al. (1992; CML-method), updated according to Houghton et al. (1996).

Recycling of railway sleepers as constructive material in landscape architecture
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As a consequence of the different types of processes involved the results of the approaches differ for each of the environmental impact categories. Two rankings of the different approaches can be distinguished grouping the potential contributions to greenhouse effect and eutrophication on one side and the rest of the impact categories on the other side. Figures 5.2 and 5.3 illustrate the arbitrarily chosen impact categories "greenhouse effect" and "photosmog" for being representative for the two groups of rankings.

Figure 5.2:
Potential contributions to the greenhouse effect of different allocation procedures related to the recycling of railway sleepers as constructive material in landscape architecture (per sleeper)


(p) allocation based on proceeds; (m) allocation based on mass 
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Figure 5.3:
Potential contributions to photosmog of different allocation procedures related to the recycling of railway sleepers as constructive material in landscape architecture (per sleeper)

(p) allocation based on proceeds; (m) allocation based on mass

The difference of the ranking is caused through the alternative accounting for the substitution of a concrete element (Sub-con).

The Figures 5.2 and 5.3 show that three of the six allocation procedures lead to negative environ​mental impacts.

The allocation procedures 50/50 and VCS redistribute environmental interventions partly to the secon​dary use. The choice of the allocation factor (proceeds or mass) does not have a significant impact on the results of these alternatives. Anyhow, the 50/50 procedure possibly leads to a more consistent model when allocation of processes of previous life-cycle stages is also made based on mass (50/50(m)) whereas the VCS using economic information is better applied if previous processes are attributed based on proceeds (VCS (p)).

Also accounting for the substitution of a concrete element (Sub-con) leads to negative environmental interventions. But the assumed substitution of a concrete element is only part of the avoided or addi​tionally caused environmental interventions related to the recycling of the railway sleeper as element in landscape architecture. A proper "avoided-burden" approach would also consider the avoided incin​eration processes and account for the thermal energy and electricity processes that would result from the incineration of the sleeper (see Op-cost MEA).

Accounting for opportunity costs (Op-cost) related to the energetic aspect of wood leads to further environmental impacts to be attributed to the railway sleeper; the avoided incineration of the sleeper does not compensate the additional impacts for thermal energy and energy production. But as the Sub-con approach focuses on the material aspect of wood the op-cost procedure does only consider part of the substitution effects.

The op-cost MEA approach thus accounts for both substitution effects related to the energy aspect, the opportunity costs of inhibiting thermal energy recovery (Op-cost), and the material aspect of wood, the substitution of a concrete element (Sub-con). The results of the op-cost MEA approach is the sum of the op-cost and the sub-con approach; it results in additional opportunity costs to be attributed to the sleeper when using it as element in landscape architecture (!).

The cut-off procedure does not add or subtract any environmental interventions to the product system of the railway sleeper.

Disposal in Waste Incinerator with co-generation of heat and electricity
Rankings also differ for the results of allocation procedures applied to the disposal of the railway sleeper in a waste incinerator with co-generation of heat and electricity. Equal rankings are achieved for the potential contributions to:

· greenhouse effect, acidification, photosmog, human toxicity, and ecotoxicity water,

· ozone depletion and the use of abiotic resources

· eutrophication

· ecotoxicity soil

Again, the representatives of the four rankings are chosen arbitrarily (Figures 5.4-5.7):
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Figure 5.4:
Potential contributions to the greenhouse effect of different allocation procedures related to the disposal of the wooden railway sleeper in an incineration plant with co-production of thermal energy and elec​tricity (per sleeper)
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Figure 5.5:
Potential contributions to ozone depletion of different allocation procedures related to the disposal of the wooden railway sleeper in an incineration plant with co-production of thermal energy and electricity (per sleeper)
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Figure 5.6:
Potential contributions to eutrophication of different allocation procedures related to the disposal of the wooden railway sleeper in an incineration plant with co-production of thermal energy and electricity (per sleeper)
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Figure 5.7:
Potential contributions to ecotoxicity soil of different allocation procedures related to the disposal of the wooden railway sleeper in an incineration plant with co-production of thermal energy and electricity (per sleeper)

The results of the impact assessment of the incineration option are not very definite. Except the cut-off (WI) procedure, all allocation procedures lead to both positive and negative environmental interven​tions to be attributed to the railway sleeper. Only the cut-off (WI) procedure accounts solely positive (additional) environmental interventions. This result is not very surprising given the differing types of processes and different ways of accounting considered in the different allocation procedures. Still, some comments can be made with regard to the assumptions underlying each allocation proce​dure.

The cut-off (WI) allocation procedure considers the incineration process as being pure waste treat​ment. The co-generation of heat and electricity in modern Swiss municipal waste incineration plants is disregarded. Given the state-of-the-art character of these technologies in Swiss (municipal) waste incinerators, this assumption is highly questionable. Additionally, no incentive is given to a decision-maker to deliver his/her sleepers to an incineration facility with co-generation. This would be against the management rule for the sustainable use of wood claiming thermal energy recovery for the substi​tution of non-renewable energy carriers.

The sub-en allocation procedure focuses on the potential of thermal energy recovery and the substitu​tion of non-renewable energy carriers. Still, the material aspect of wood and the related substitution processes are disregarded. This can be an advantage if the determination of hypothetical substitutes for the burnt wooden sleeper is considered unsuitable, e.g. for the risk-aversion of the deci​sion-maker. On the other hand, the "picture" is incomplete when the material aspect of wood is disre​garded; no recommendations can be made with regard to the adequacy of recycling or incineration of wooden sleepers.

The closed-loop procedure giving credits for the generation of electricity ("closed-loop") and disre​garding thermal energy production ("open-loop") provides an inconsistent model. There exists no causal economic or technical reason justifying this fairly arbitrary different handling of electricity and thermal energy production, apart probably the decision-maker's (or the modeller's) convenience.

The strict co-product allocation procedure (SC-PA) provides a consistent attribution of the incineration processes to the sleeper as well as to the electricity and thermal energy generated.

Inherent to this approach, the strict co-product allocation procedure (SC-PA) does not consider any opportunity cost.

Accounting for the opportunity costs related to the material and energy aspect of wood (Op-cost MEA) provides results reciprocal to the recycling of used railway sleeper as element in landscape architecture.

The Op-cost MEA is the only allocation procedure, which allows statements on the usefulness of recy​cling versus incineration with co-production of electricity and thermal energy. Interesting enough, incineration with co-generation is favourable for the greenhouse effect (supporting dot 5 in Chapter 3) and for various other impact categories. Still, it leads to additional potential impacts to eutrophication.

5.2.3 Conclusions

The cut-off procedures gives preference to the recycling of the sleeper although opportunity cost are positive for this option (op-cost MEA). This is not in line with dot 5 for the sustainable use of wood of Chapter 3.

Additionally the economic value of a railway sleeper is not determined freely as there exist in fact two market prices for it, one for resale and one for disposal, more or less independently of its conditions. This brings additional uncertainty into modelling if the secondary use is not a priori determined.

Further on, the cut-off procedure can lead to severe discussions in comparative studies when, e.g., elements for landscape architecture are assessed with LCA. According to cut-off philosophy the recy​cled railway sleeper would be available with no environmental burden attributed, although the cutting of wood and especially the impregnation are preconditions for this application. Representatives of other materials would possibly argue very strongly against this line of reasoning.

All in all, the cut-off procedure cannot be recommended for LCA of railway sleepers.

The 50/50 procedure assumes equal functionality ("value") of the function of a railway sleeper as rail​way sleeper itself and as element of landscape architecture. This opinion is most probably not shared by many people. Hence, also the 50/50 procedure cannot be recommended for LCA of railway sleep​ers.

The application of the value-corrected substitution can only partly be recommended. As preconditions for the applicability of the value-corrected substitution, the following points must be given among others
:

· primary production processes (and final disposal processes) can be assumed equal for each type of products produced from the resource,

· the assumption that recycled material substitutes primary production processes must be plausible.

The difficulty consists in the fact that primary production processes of equi-functional wooden ele​ments for landscape architecture - though they exist - would certainly not correspond to the production and impregnation processes of railway sleepers (contradicting the first dot). So, production processes are attributed to the secondary use which are definitely caused through the use of the railway sleeper as railway sleeper itself.

Further on, substitution effects most probably don't occur within the wood chain but affect other mate​rials, most probably concrete elements (contradicting the second dot). Hence, the basic assumptions on which the VCS is based are not consistent with the material and market characteristics of used wooden sleepers.

Still, the VCS is a tenable but certainly not perfect allocation procedure if opportunity cost shall not be considered in a study on wooden sleepers. Flaws are considered less serious than the ones of the 50/50 procedure or of the cut-off procedure.

The closed-loop procedure applied to the incineration process does treat thermal energy and electricity co-generation not consistently. The closed-loop procedure cannot be recommended for wooden prod​ucts.

If opportunity cost shall be considered - and dot 5 of Chapter 3 require this - substitution effects must be considered for both the energy and material aspect of wood. This is done by the Op-cost MEA pro​cedure. All other procedures relying on substitution effects and opportunity cost (Op-cost, Sub-con, Sub-en) only cover part of the substitution effects and hence can lead to misleading recommendations. 

A difficulty consists in determining the substitution effects related to the material aspect of wood. Consensus must be achieved among the stakeholders of a LCA.

The Op-cost MEA procedure is the only procedure that allows statements on the usefulness of recy​cling compared to incineration of wood.

For the interpretation of the results some restrictions must be made related to the modelling of the concrete element. The assumptions made for the modelling of the concrete element are rough approximations. Also the assumption of a concrete element as substitute of a railway sleeper in land​scape architecture in a plausible best guess. These limitations seem justifiable in view of the goal and scope of the study. Conclusions drawn from numerical results from allocation procedures considering substitution effects related to the concrete element must be handled with caution.

The same is true for all allocation procedures relying on prices. Prices for incinerating railway sleepers vary considerably for each (municipal) waste incineration plant
. The study uses average data. Also conclusions drawn from numerical results from allocation procedures relying on economic informa​tion must be handled with caution.

No time series has been available for the prices of used railway sleepers and costs on incineration (or prices for thermal energy and electricity). Correspondingly, no statement can be made about the cor​relation of these prices over time compared to the other ones used in this study.

Calculations assume a CO2-neutral life cycle of wood. This means that no methane with a considera​bly higher greenhouse effect potential than CO2 is generated during the rotting of the recycled wooden sleeper. Less optimistic modelling would lead to higher greenhouse effect potentials for the recycling options.

5.3 Modelling whole life cycles

In this chapter whole life cycles are modelled "from cradle to grave" for both the recycling and incin​eration option for the railway sleeper.

5.3.1 Scenarios selected

For the following considerations, LC-models are built for some of the end-of-life options discussed in the previous chapter (Table 5.1). Allocation problems encountered in previous (up-stream) processes (see also Figure 5.1) are solved aiming at over-all consistency of the whole life cycle model considering the underlying assump​tions of each of the allocation procedures
. This means that, forestry processes are allocated to industrial wood and roundwood independently of its time of harvest ("over-all") based on volume or relative share of proceeds. Transports of the roundwood for sleeper produc​tion from forest to the production site are allocated to all the products generated during processing of the log on a mass-basis or based on the relative share of proceeds ("over-all"). The production proc​esses are allocated on a step-by-step basis leading to a re-allocation of all the up-stream processes (incl. forestry processes). End-of-life options are modelled according to Chapter 5.2.

Also the cut-off procedures are included as reference because they represent the way most of the LCA-studies are currently conducted. For the cut-off procedure, all environmental interventions of trans​ports and production are allocated to the sleeper. As a consequence also the forestry processes (119 kg wood; mc=0%) are fully accounted to the sleeper. This is assumed to be the logical consequence of the all-to-sleeper production used for the allocation of the production processes in these models.

The following life-cycle models are combined according to the above-mentioned criteria (Table 5.2).
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Incineration




Cut-off (WI)
Op-cost (MEA)
Op-cost (MEA)
SC-PA

Table 5.2:
Life cycle models combined for the recycling option and the incineration option with thermal energy and electricity co-production

1)
using input quantities of wood to the production processes (119 kg, mc=0%) which are reallocated according to the allocation rules applied to production processes and/or final disposal

2)
redistributed according the allocation procedure applied to production processes

3)
redistributed according the allocation procedure applied to production processes

Note that several aspects are not covered by this reference flow. For instance, transport processes related to recycling and incineration activities would also be subject to allocation procedures similar to the transports from forestry to sleeper production. Also metallic auxiliaries for securing the ties to the sleepers and the material and energy flows related to the track bed are not considered in these calcula​tions.

5.3.2 Results and interpretation

Again the life-cycle models are assessed based on the "effect-oriented classification" evaluation method according to Heijungs et al. (1992; CML-method), updated according to Houghton et al. (1996).

The following Figures 5.8-12 illustrate the outcome of the impact assessment selecting several impact categories on an arbitrary basis. On the left side, the contributions are listed without recalculating net effects; the net effects are illustrated on the right side. 
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Figures 5.8-10:
Results of the impact assessment of different life cycle models for the recycling or incineration of a creosote-treated wooden railway sleeper from beech, resulting from different allocation procedures applied: greenhouse effect, ozone depletion, acidification (per sleeper)





Figures 5.11-12:
Results of the impact assessment of different life cycle models for the recycling or incineration of a creosote-treated wooden railway sleeper from beech, resulting from different allocation procedures applied: eutrophication, photosmog (per sleeper)

For all impact categories, the effects are mainly caused through the impregnation processes, (basically the production of creosote), and through the modelling of end-of-life processes. Transports from for​estry to the production site of the sleeper are of secondary importance while electricity production of the sleeper production processes as well as forestry processes are insignificant for all the impact cate​gories.

The effects of different allocation procedures can more or less be ranked clearly.

For the recycling alternative, the life cycle with the VCS applied scores generally lower than the widely used modelling approach used in the cut-off (LSA) alternative. Considering opportunity costs for the recycling of the sleeper leads to higher environmental impacts for all impact categories, except eutrophication.

For the incineration alternative, the life cycle with the widely used cut-off (WI) approach scores high​est for all the environmental impact categories considered. The procedures considering opportunity cost always lead to the lowest environmental impacts attributed to the railway sleeper when incinerat​ing it. The strict economic allocation procedure (SC-PA) leads to environmental interventions attrib​uted in between the cut-off (WI) procedure and the opportunity cost-approaches.

Note that the cut-off procedure favours recycling of the sleepers as landscape element, while the cal​culations based on the opportunity-cost procedures recommend the incineration and co-generation of thermal energy and energy. As the cut-off procedure does not adequately depict causalities within the wood chain, the cut-off procedure leads to wrong recommendations. It thus cannot be recommended for LCAs of wooden products. 

The choice of mass or proceeds as allocation factors does not have a significant impact on the result for the opportunity cost-procedures.

The selection of the strict economic allocation procedure affecting mainly the end-of-life phase has significant impact on the results.

6 Conclusions

The following methodological conclusions can be drawn from the example for the modelling of end-of-life options in product LCA:

· The cut-off procedure cannot be recommended for LCAs of wooden products.

· Considering opportunity cost is a necessary component for the consistent modelling of end-of-life scenarios in descriptive LCA. Only when considering opportunity cost in LCA, statements on the effects and usefulness of recycling can be made.

· In the case of wood and wooden products, both the material and energy aspects of wood and the related opportunity costs must be considered when modelling end-of-life options.

· Consistent life-cycle models are more than the sum of its inventories. Modelling the end-of-life phase of a product can cause the re-allocation of previous life cycle stages.

· The criteria established in Chapter 3 combined with the general requirements on LC-models (Chapter 2) provide a consistent framework for the evaluation and pre-selection of allocation pro​cedures in LCAs of wooden products. Still, they do not allow an unambiguous determination of an allocation procedure. 

· Several allocation procedures are applicable for different life cycle steps within the same LCA. The allocation procedure selected for each step widely depends on the decision-maker's cognitive models on the material and market characteristics as well as on the specific planning and decision structure assumed for the processes to be allocated.

· The selection of (co-)products to get attributed environmental interventions of a process and the question, how much environmental interventions they should get attributed are closely linked. Given the wide price range of the co-products occurring during the wood processing chain and the established demand structure for them, allocation based on economic value seems preferable to mass-based allocation procedures.

· It must be assumed that no generic allocation procedure is definable that would adequately depict the material and market characteristics of all materials available as well as the specific decision logic for each of their life cycle steps.

· Proceeds are a feasible option for an allocation parameter, although data on proceeds sometimes is hard to obtain, especially for semifabricated products that are further processed internally. Assumptions based on published prices or estimations can solve this problem. Profits cannot be used for allocation in LCA, as data on profits is not obtainable over the whole life cycle of a prod​uct when various companies are involved. Note that allocation based on prices alone is not feasi​ble.

· Stakeholder agreements are essential for the acceptance of LCA results in order to fulfil its role as decision support tools.

· It has turned out that unallocated process data for forestry is very hard to obtain. Taking into account the importance of choosing allocation procedures in order to get consistent life cycle models, the elaboration and publication of unallocated process data for forestry (and other proc​esses) is of predominant importance. This must also be taken into account for the Swiss data inventory project Ecoinvent 2000.

· Modelling post-consumer used wood such as furniture as input material (e.g. for particle board production; for details, see Werner 2002a) can imply large uncertainties in respect to their envi​ronmental burdens to be partly attributed to the product system under study, depending on the allocation procedure chosen. This problem is less severe in cases where material is recycled to equal products, e.g. particle board to particle board. However, in such cases a compromise has to be found between the descriptiveness of the model and the uncertainties related to data used and its underlying assumptions.
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with:


p1  market price of product 1


p2: market price of product 2
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