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Abstract

Background, Aim and Scope: Consistent endpoint impact assessment, i.e. the modelling of all midpoint impacts to a single endpoint score, requires consistent midpoint modelling. At the same time, it provides a way to ensure this consistency. This paper reports on the characterisation methods chosen or developed for the Stepwise Impact Assessment - a new impact assessment method with an optional choice between QALY and monetary units as endpoint.
Materials and Methods: To ensure overall consistency and broader coverage, several modifications have been made to the characterisation methods from EDIP2003 and IMPACT2002+. Also new impact categories, such as injuries, have been added, and the midpoint categories have been re-defined to allow for integration of social and economic impacts.
Results: The midpoint impact categories of two recent LCIA methods have been prepared for further modelling to a single endpoint, thus providing a new LCIA method. New European normalisation values are provided.
Discussion and conclusions: From our application of the new method to different case studies, we particularly note the importance of quantifying the global warming damage to ecosystems, and the more modest role of resource inputs when these are placed in the context of other impacts on resource productivity.
Recommendations and Perspectives: An outlook is provided for issues that need further elaboration. 

Introduction

Most life cycle impact assessment methods (see the reviews of Udo de Haes et al. 2002, Pennington et al. 2004, and Jolliet et al. 2004) express their results at the level of midpoint or damage categories, and either refrain from further aggregation or rely on weighting factors based on value-choices, and the possible aggregation of these weighted category indicator results.  

For weighting, in the strict sense of applying numerical weighting factors based on value choices, two approaches have been attempted in previous LCIA methods:

· Weighting by a panel procedure: To derive weights from expert or lay panels, many different approaches exist, from simple questionnaires over Delphi-approaches to advanced computer-supported multi-criteria decision making techniques. An applied example of the panel approach is the weighting between human health, ecosystem quality and resources in the Ecoindicator99 method (Goedkoop & Spriensma 2001). An inherent problem in using panel procedures is that the resulting weighting factors for the different categories often turn out to be very close to each other, so that the weighted results do not add much information beyond what is provided by the normalised results. The reason for this is the psychological mechanisms known as cognitive biases, e.g. ‘anchoring’ (Tversky & Kahneman 1974), which implies that panel participants will typically relate to all of the presented impact categories as being of some importance, and depending on the scale presented, they will seek to accommodate all categories on this scale, in not too extreme positions. This means that the results depend very much on what impact categories are included, and at what level of aggregation, and also on the scale and accompanying information (Mettier & Hofstetter 2004). 

· Weighting by distance-to-target: The idea is to compare the current level of impacts for each impact category to political targets, derived from the implied or stated preferences of politicians, e.g. through an analysis of current conventions or legislation. An example of this approach is the weighting of the EDIP97 method (Stranddorf et al. 2003). A similar problem applies to the distance-to-target approach as that described for the panel approach, and even more pronounced: The weighting factors for the different categories turn out to be very close to each other (see e.g. Stranddorf et al. 2003). This reflects that politicians will typically wish to do something about all problems (to avoid criticism for being inactive) but not too much about any (to avoid criticism about overspending). In consequence, the politically determined targets do not necessarily reflect the importance of the different impact categories. 

Even when refraining from an explicit weighting, i.e. when presenting normalised results for each impact category separately, it is difficult to avoid an unconscious 1:1 weighting across the normalised indicator results.

Since both distance-to-target and panel approaches tend to arrive at weights very close to each other, and any difference is likely to be arbitrary and unlikely to reflect the true differences in importance between the impact categories, we propose not to weight at midpoint level but to first convert midpoint results into damages.

Ideally, an endpoint impact assessment should reflect the absolute prevalence, duration and severity of the impact described by each impact category. 

One way to arrive at such an assessment is to convert the indicator results to units of a physical single score, such as the ‘ecological footprint’ (Wackernagel et al. 1999), that aggregate impacts on nature and natural resources in area units. Such approaches are seldom comprehensive, for example, the ‘ecological footprint’ does not capture ecotoxic impacts nor impacts on human health.   

Monetarisation is another way to aggregate indicator results across impact categories. However, monetarisation requires that the impacts can be expressed in terms to which meaningful preferences can be attached, which often implies that the impacts must be modelled further towards the endpoints than what is done in the above described characterisation. An example of this approach is the EcoSense model of ExternE (Bickel & Friedrich 2005). Monetarisation methods are also often limited in scope, for example, the EcoSense model covers only the impacts from 13 pollutants. In addition to the completeness problem, monetarisation methods often have internal consistency problems due to the very different ways that the monetarised values are derived. 

Both physical single-score methods and monetarisation methods, as described above, are not weighting methods in the strict sense, but rather attempts at extending the characterisation models beyond the traditional impact categories. However, the results from such modelling may of course be applied as weighting sets. 

Weidema (2007) presents a procedure for endpoint impact assessment that seeks to improve the completeness and consistency of physical single score modelling and monetarisation. This procedure takes its starting point in the physical indicator results for the three safeguard subjects humans, ecosystems, and resources, as provided by the LCIA method ‘EcoIndicator99’ (Goedkoop & Spriensma 2001). To prepare for their aggregation into an encompassing physical single-score, the three physical indicators are slightly re-defined:

· For ecosystems, the category indicator is defined as ‘Biodiversity Adjusted Hectare Year (BAHY)’. This measurement unit is identical to the PDF*m2*years used by Goedkoop & Spriensma (2001), where PDF is an abbreviation of Potentially Disappeared Fraction of species, except for the more convenient size of the unit (1 hectare = 10,000 m2), a reversal of signs (BAHY measures a positive state, while PDF*m2*years measure damage, i.e. 1 BAHY = - 10,000 PDF*m2*years), and that the damage is specified relative to the number of endemic species under natural conditions. Damage to ecosystems is thus measured as a loss of BAHYs.

· For human well-being, the category indicator is defined as ‘Quality Adjusted Life Years (QALY)’, calculated as the number of human life-years, multiplied by a quality adjustment (severity score) between 0 and 1, where 0 is equal to death and 1 is equal to perfect well-being. This measurement unit is identical to the Disability Adjusted Life Year (DALY) used by Goedkoop & Spriensma (2001), except for a reversal of signs (QALY measures a positive state, while DALY measures damage, i.e. 1 QALY = - 1 DALY) and that while the disability adjustment is limited to health issues, the quality adjustment may also apply to social aspects, such as infringements on autonomy and equal opportunities (Weidema 2006). Damage to human well-being is thus measured as a loss of QALYs.

· For resource productivity, the category indicator is defined in monetary units (more specifically as ‘EUR2003’, i.e. the currency unit Euro at its average value in year 2003), and calculated as the future economic output derived from application of the resource. Damage to resource productivity is thus measured as a loss of future economic output caused by the current damage to the resource.

The procedure of Weidema (2007) aggregates these three physical impact categories, by expressing ecosystem impacts in terms of either human well-being (0.019 QALY/BAHY) or monetary units (1400 EUR/BAHY), and by introducing a conversion factor between human well-being and monetary units (74000 EUR/QALY), thus allowing aggregation of all three endpoint indicators in a single impact category ‘human production and consumption efficiency’, measured either in QALYs or in the monetary unit EUR2003 to determine the economic externalities of an activity or product system.

This procedure may be applied to any combination of characterisation methods that have humans, ecosystems or resources as category indicators. In Table 1, two previously published impact assessment methods are compared to the new Stepwise method. The three methods all use comparable units for impacts on humans, ecosystems and resources. Besides the obvious differences in characterisation models, it appears from this comparison that:

· There are large differences in the completeness of the methods, in terms of impact categories covered.

· When comparing across impact categories, some resulting values of the previously published methods appear to be “out of range”, which can be traced back to deficiencies in the characterisation models. Since the data in Table 1 refer to the total consumption in EU27, this also provides the opportunity for a ‘sanity check’ of the characterisation factors: Do the results appear realistic also in absolute terms? It was by such a check that we discovered a significant overlap between the midpoint impact categories ‘Ecotoxicity, terrestrial’ and ‘Nature occupation’, which led us to omit localised impacts of emissions to soil in the category ‘Ecotoxicity, terrestrial’, see Table 2.

[Insert Table 1 here]

The development of the Stepwise method, described in the following, provides an example of how the preparation for further modelling to a single endpoint in itself reflects back on the midpoint modelling, in terms of increased demands for consistency and broader coverage of impact categories. The development involved the following steps:

1) Choosing for each impact category, the most developed of recent midpoint characterisation models, adding or modifying for completeness or consistency.

2) Adding missing damage models (from midpoints to BAHY, QALY and/or EUR).

Choice of impact categories, category indicators and characterisation models

Among the different existing impact assessment methods (see the reviews of Udo de Haes et al. 2002, Pennington et al. 2004, and Jolliet et al. 2004), there is a reasonable similarity in the impact categories included. The difference between the methods lies rather in the characterisation models applied.

For each impact category, a category indicator is chosen and a characterisation model is applied to model the impact of the inventory results on the chosen midpoint, thereby expressing them in a common unit, i.e. the unit of the category indicator. 
We have selected a combination of characterisation models from two of the most recent impact assessment methods, the IMPACT2002+ v. 2.1 method (Jolliet et al. 2003, Humbert et al. 2005) and the year 2010 characterisation factors of the EDIP2003 method (Hauschild & Potting 2005, Potting & Hauschild 2005). Both methods are second-generation methods building on previous work (Ecoindicator99 and EDIP1997, respectively). For some impact categories, we have made minor modifications, as described below. 

The main criterion for choosing a specific characterisation model has been completeness in coverage, both in terms of substances included (the characterisation method with the largest number of included substances has been chosen, which is especially relevant for toxicity), and in terms of how much of the impact chain is covered by the model (the characterisation model which covers the largest part of the impact chain and/or provides the best options for site-dependent characterisation has been chosen).

Because of its overall importance to human health, we have added the impact category ‘Injuries’ (see below), to complement the impact categories from IMPACT2002+ and EDIP2003. With this addition, we believe that our midpoint impact assessment method covers all potentially important environmental (biophysical) impact categories, with the exception of noise and invasive species dispersal, both impact categories primarily associated with transport activities.

In general, the methods from IMPACT2002+ and EDIP2003 do not treat emissions via groundwater separately, i.e. characterisation factors for water emissions are all related to direct emissions to surface waters, and characterisation factors for emissions to soil assume a diffuse emission rather than a point source. No LCA characterisation model is currently available that takes into account the binding of pollutants to soil particles after the release to groundwater and the significant reduction in concentration of emissions compared to the pulse emissions that are normally assumed for the characterisation factors applied to surface water emissions. With a special view to the emissions from landfills, we have therefore introduced specific characterisation factors for groundwater emissions, where the original characterisation factors for surface water are reduced. The reduction factors have been calculated to represent the reduced concentrations of a groundwater emission over 100 years and over 60000 years (the periods used in the Ecoinvent database inventory; Doka 2003) relative to the equilibrium concentration of a pulse emission, which is the basis for the surface water characterisation factors. Assuming that an equilibrium concentration of a pulse emission is reached after 2 weeks, the reduction factors for groundwater becomes 2 weeks / 100 years = 2/(52*100) = 4E-4 and 2 weeks / 60000 years = 2/(52*60000) = 6E-7, for emissions before and after 100 years, respectively.

The midpoint impact categories are listed in Table 2, indicating the original source and the modifications we have applied. 

[Insert Table 2 here]

New impact category: Injuries

The impact category ‘injuries’ addresses injuries from road traffic and work-related injuries (occupational injuries), i.e. the LCI indicators ‘fatal injuries’, ‘non-fatal road injuries’ and ‘non-fatal work injuries’. The category indicator is ‘fatal-injury-equivalents’. 
Hofstetter & Norris (2003) suggest a procedure for including work-related injuries in life cycle assessments. We estimate characterisation factors for both occupational and road traffic injuries from the overall proportion of YLL (Years of life lost) to YLD (Years-of-life-equivalents lost due to disability) for these causes in the Global Burden of Disease study (Mathers et al. 2004, using the values without discounting and age-weighting), compared to the proportion of reported cases from Eurostat and the CARE Road Accident Database (http://europa.eu.int/comm/ transport/care/). These data sources provide us with the values 43 YLL/injury-related death, 0.323YLD/non-fatal road injury, and 0.0333 YLD/non-fatal work injury, from which we derive the characterisation factors 43/0.323 = 133 non-fatal road injuries / fatal injury (death), and 43/0.0333 = 1300 non-fatal work injuries / fatal injury.  

Nature occupation

The impact category ‘Nature occupation’ covers the displacement of nature due to human land use. The category indicator is ‘m2-equivalents arable land’, representing the impact from the occupation of one m2 of arable land during one year. 

In the IMPACT2002+ method, a similar impact category exists under the name of ‘Land occupation’, taken directly from Ecoindicator99 (Goedkoop & Spriensma 2001), where the impact is assessed on the basis of the duration of area occupied (m2*years) multiplied with a severity score, representing the potentially disappeared fraction (PDF) of species on that area during the specified time. 

Compared to this method, we have made the following modifications:

· We have applied an estimated severity of 0.8 for the direct impact of urban and intensive agricultural land use (see Millennium Ecosystem Assessment 2005), which is intended to be representative of all species affected, while Goedkoop & Spriensma (2001) arrive at a larger severity, mainly because their value also include an estimate of the regional effect, i.e. the effect outside the occupied area. 

· We assess ‘Green urban land’ as equal to ‘Continuous urban land’, since we define PDF in terms of the potentially disappeared fraction (PDF) of endemic species, i.e. not including alien species. 

· We assess that only 30% of naturally occurring species in pasture areas (meadow lands) are negatively affected by grazing (Landsberg et al. 1997), where the Ecoindicator99 method suggests an impact close to that of other agricultural land uses, mainly as an effect of fertilizer and herbicide use.

· To align this impact category to the marginal approach generally used for other impact categories (implying that the impact measured is that of an additional unit of the stressor, as opposed to an average approach that measure the average impact per unit of stressor), we only include the difference in impact relative to the marginal use of each land type. The marginal land use for arable land is assumed to be conventional agriculture. The marginal land use for pasture and forest lands is assumed to be the natural situation.

· Since all occupation of arable land (all land with potential for agriculture) contributes to the overall pressure leading to current global deforestation, we include an additional severity of 0.88 to represent the secondary impacts from this deforestation, calculated as the nature occupation during the later relaxation from deforestation (Weidema & Lindeijer 2001). Current global deforestation is estimated to 1.5E11 m2/year. In absence of an adequate characterisation model, we estimate the relaxation time for biodiversity to 500 years (range 300 to 1300 years), and the average severity during relaxation as 0.2. The resulting value is allocated over the current global use of arable land (1.7E13 m2) to arrive at the additional severity of 0.88 for all current uses of arable land.

The resulting characterisation values are shown in Table 3.

[Insert Table 3 here]

Normalisation

The aim of the normalisation is to express the indicator results relative to a reference value, which should make the results easier to understand. Normalisation transforms a category indicator result by dividing it by the selected reference value. In some LCA software, such as SimaPro, the normalisation is done as a multiplication by a normalisation factor, which is then the inverse of the normalisation reference. 

In Stepwise2006, the normalisation reference currently available is the impact per person in Europe for year 1995. The normalised results are therefore expressed in person-years or rather person-year-equivalents of each category impact.

Normalisation values for Europe in year 1995 are provided in Table 4. A more recent normalisation reference (for year 2000) is published in a separate paper (Weidema & Wesnaes 2007b).

[Insert Table 4 here]

Since the normalised results do not express any statement of importance of each impact category, normalised results should not be aggregated or compared across impact categories. To enable a better comparison, the Stepwise2006 method presents results in QALY or Euro as a final endpoint (see below).

Damage modelling

Impacts on ecosystems

For acidification and terrestrial eutrophication, the damage model has been taken from the EcoIndicator99 (Goedkoop & Spriensma 2001) and related to the EDIP2003 midpoint characterisation factors, as shown in Tables 5 and 6. In the calculation of the damage factors, it is a complication that the EcoIndicator99 factors for NOx and NH3 represent the sum of the contributions from acidification and terrestrial eutrophication since Ecoindicator99 does not separate these at the midpoint level. A pragmatic solution has been to calculate the acidification damage factor for SOx (by dividing the EcoIndicator99 damage factors by the EDIP2003 characterisation factors) and assume that this relationship of midpoint to damage is representative also for the acidification damage caused by NOx and NH3 (Table 5). Furthermore it is assumed that the rest of the damage caused by these emissions are due to the terrestrial eutrophication, and hence that there is no overlap between the areas damaged by acidification and terrestrial eutrophication. Comparison of the ratios between the S- and N-damaged areas according to EcoIndicator99 and according to EDIP2003 (area of unprotected eco-system (UES) due to acidification from SOx divided by area of UES due to acidification or eutrophication by NOx and NH3) indicates that this assumption is reasonable. Since the midpoint that is modelled in EDIP2003 is the variation in area of unprotected ecosystem due to the eutrophication exposure, one would expect that the damage factor is independent on the substance, as was also assumed for acidification. The damage to midpoint ratios found in Table 6 are a bit different for NOx and NH3. This is probably due to modelling artefacts residing in the fact that the damage modelling (in EcoIndicator99) is performed in one model assuming a Dutch ecosystem sensitivity distribution to be representative for Europe, while the midpoint modelling (in EDIP2003) is performed in another, spatially differentiated, model with information about the actual ecosystem sensitivity distribution for grid cells all over Europe. What can be achieved by this approach is thus the order of magnitude of the damage to midpoint ratio, determined as the average of the ratios found for NOx and NH3.

[Insert Table 5 and 6 here]

For aquatic eutrophication, a damage model has until now been missing. The midpoint results from the EDIP2003 method are reported as N or P-equivalents. Although there are specific exceptions to the rule, it is generally observed that P is the limiting nutrient in freshwater systems (lakes) while N is the limiting nutrient in most marine systems. For quantification of the damage from nitrogen emissions to marine waters, we used a modification of the Danish MIKE 3 model developed by the Danish Hydraulic Institute (Hansen et al. 2003). This model predicts the relationship between the size of the oxygen depleted area and the N-loading, which turns out to be closely linear at the macro level, which means that regardless the background load, the damage factor is roughly the same; roughly 0.32 ha per Mg N, when the oxygen depleted area is defined as having a bottom concentration below 2 mg/l O2. For these low O2 concentrations, we assume that the bottom becomes lifeless (PDF = 1), and we assume that the duration of the damage is one year, since the oxygen depletion is always broken during autumn where fresh oxygen rich surface waters are mixed with the depleted bottom waters and life may re-colonize the formerly lifeless bottom regions. Combining the information on area (3.2 ha/Mg N for O2 < 2 mg/l), the potentially disappeared fraction of species (1 for O2 < 2mg/l) and the duration (1 year), gives the damage factor of 0.32 BAHY/Mg N as an indication of the order of magnitude of the marine eutrophication damage. For freshwater eutrophication, Struijs et al. (2007) have developed a relationship between the PDF and the P-concentration in freshwater ecosystems in the Netherlands based on observations of species present in different Dutch freshwaters (from a database of the Dutch organisation STOWA, http://www.stowa.nl/). The slope of the resulting curve expresses the increase in PDF per P concentration increase. For the concentration interval observed in European fresh water systems, Struijs et al. (2007) found the slope to be around 1.85 E-4 PDF/(µg P/l) = 185 PDF*m3/kg P. With an average depth of the freshwater systems of 2 m (our assumption), this translates into 0.93 E-4 PDF*m2/mg P = 93 PDF*m2/kg P, and assuming a duration of one year – with the same reasoning as for marine eutrophication – this gives a damage factor of 93 PDF*m2*year/kg P corresponding to 9.3 BAHY/Mg P, as an indication of the order of magnitude of the freshwater eutrophication damage. The specific (per kg) eutrophication damage caused by P emissions in freshwater systems (where P is considered to be limiting) thus lies around a factor 30 above the specific eutrophication damage caused by N emissions in marine systems (where N is considered to be limiting). To express both marine and freshwater eutrophication by one equivalency factor, we apply the ratio of 30 between P and N compounds for the midpoint characterisation in NO3-equivalents and express the damage factor as 0.072 BAHY/Mg NO3-equivalent. 

All the damage characterisation factors for ecosystem impacts are provided in Table 7. Normalisation references are also provided. 

[Insert Table 7 here]

A damage modelling for global warming impacts on nature has hitherto been missing. Our below attempt is only a first rough estimate, which should primarily be seen as preferable to an omission of this potentially important impact category from the damage modelling. We assume that more elaborated models will soon become available from the climate change research community.
Thus, we estimate the impacts of global warming as the consequences of a 2.5 K temperature increase corresponding to a central estimate (IPCC 2001, Watson et al. 2001) for a doubling of the CO2 concentration in the atmosphere, equal to a global concentration increase of 370 ppm by volume or an emission of 8E14 kg C or 2.93E15 kg CO2. For mid-range climate scenarios, and assuming perfect dispersal, Thomas et al. (2004b) calculate that 4 – 13% of all species will lose 100% of their climatically suitable areas by year 2050, and 9 – 32% will lose over 90% of their climatically suitable areas, with 4 and 14% of all species as the central estimates. A loss of 90% of the climatically suitable area was estimated to give a 44% chance of extinction (Thomas et al. 2004b). As we do not seek to model species extinction, but rather lost species-area (which may eventually lead to extinction), we have applied 4% + 0.9*(14%-4%) = 13% of the global species-area as the central estimate. With a global terrestrial area of 1.3E10 ha, this corresponds to a lost area of 1.7E9 ha. If we had also included species losing over 50% of their climatically suitable area, this would correspond to 27.5% of the global species-area or 3.6E9 ha, based on the 47% of species affected according to Thomas et al. (2004b). The forecasts of Thomas et al. were recently confirmed by Malcolm et al. (2006) calculating an average extinction of 12% of endemic species, using a slightly different method.

Although relaxation from the climate effect (understood as a return to the previous climate vegetation) is less likely to occur than relaxation from deforestation, we have applied the same assumptions on relaxation from global warming as applied for relaxation from deforestation, i.e. 500 years relaxation time, and an average severity during relaxation of 0.2 (see the description of the impact category ‘Nature occupation’, above). Thereby, we arrive at a characterisation factor of 5.82E-5 BAHY/kg CO2-equivalents (0.2 * 500 years * 1.7E9 ha / 2.93E15 kg CO2-equivalents). 

Although we generally advocate the use of best estimates for calculation of characterisation factors (rather than low or high estimates), the estimate made here for global warming is a rather low estimate, since a number of modest assumptions are made by Thomas et al. (perfect dispersal, only including species losing >90% of their climatically suitable area, full relaxation). However, even with this low estimate, our trial runs of the Stepwise impact assessment method shows that the impacts from global warming will dominate the assessments of most product systems. 

Impacts on human well-being

For most midpoint impact categories, the modelling from midpoint indicator results to human well-being impacts in QALY is documented in the same sources as mentioned above in the description of the midpoint impact categories, noting that 1 QALY = -1 DALY. For the midpoint impact categories derived from IMPACT2002+, the endpoint characterisation models (damage models) are described in Humbert et al. (2005). For respiratory organics, the damage modelling is described in Hofstetter (1998). All the damage characterisation factors for human well-being are provided in Table 8. Normalisation references are also provided.

[Insert Table 8 here]

As for impacts on ecosystems, the impacts of global warming has been estimated as the consequences of a 2.5 K temperature increase corresponding to a central estimate for a doubling of the CO2 concentration in the atmosphere, equal to a global concentration increase of 370 ppm by volume or an emission of 800 Gt C or 2.93E15 kg CO2. The uncertainty range on the temperature increase at CO2 doubling (known as the climate sensitivity) is 1.5 - 4.5 K and the temperature response to increasing CO2 concentration is logarithmic (IPCC 2001, Watson et al. 2001). We summarize the impacts on human well-being in terms of 2.1E-8 QALY/kg CO2-equivalent, caused by 4.8E5 additional cases of vector-borne diseases at 50 QALY/case, 8.8E6 QALYs as a net change in heat and cold related diseases, 4.8E6 relocations due to sea-level rise at 1 QALY per case, and 2.4E7 QALYs as the impact from additional diarrhoea. The QALYs/case for the different diseases are the same as in Ecoindicator99 (Goedkoop & Spriensma 2001) and the incidence values are rough estimates based on our interpretation of Tol (2002). A comparison of our resulting value to that of Ecoindicator99 (2.1E-7 DALY / kg CO2) shows that our value is an order of magnitude lower. The difference between our interpretation and that of Ecoindicator99 value is likely to be in the interpretation of the number of cases of malaria, since this value dominates the Ecoindicator99 value. An additional explanation for a difference is that Ecoindicator99 does not include negative damage (i.e. benefit), except when it compensates positive damage within the same region (Goedkoop & Spriensma 2001). Although the difference between the estimates may seem large, it should be noted that the importance of health impacts is only a small part of the total impact from global warming in our method (0.76% with our estimate and 7% with that of Ecoindicator99), since the overall impact is dominated by the impact on nature; see above. This means that even if the health impacts may be underestimated with our interpretation, this would only have a small influence on the overall assessment of the importance of global warming. 

Impacts on resource productivity

In the widest sense, the term resource signifies an available means of production or consumption. Resources available for production are also known as production factors. In this sense, human resources are the available labour force with its different productive abilities, biotic resources are the natural or manipulated biota with its inherent or artificially enhanced abilities to grow and propagate, and abiotic resources are the natural or manufactured raw materials or catalysts for human or biotic production. Although not entering into production itself, the social conditions, such as institutions, rule of law, trust, and human networks, are also prerequisites or catalysts for production, and may therefore be seen as social resources. The term capital is often used as a synonym for resources, typically divided in human capital, social capital, natural capital, and manufactured capital; and when monetised: financial capital. 

Life Cycle Assessment has traditionally ignored impacts on resources, with the exception of impacts of dissipation of abiotic natural resources. In contrast, impacts on human and manufactured capital have been the primary focus of cost-benefit analyses. We have analysed the different estimates provided in the RED database (www.red-externalities.net), and found that the most important impacts are human health impacts and the impacts on agricultural production from global warming and photochemical ozone. In the Stepwise method, we therefore limit ourselves to providing characterisation factors for these impacts and - following the tradition in Life Cycle Impact Assessment - the impact of dissipation of abiotic natural resources. In particular, we have currently not spent any effort to include the impact on buildings, nor the fertilisation effect of NOx emissions, due to the relatively small size of these impacts compared to the health impacts, as shown by the ExternE study (Bickel & Friedrich 2005).

All the damage characterisation factors for impacts on resource productivity are provided in Table 9. Normalisation references are also provided.

In addition to the direct impact on human well-being recorded in Table 8, the direct health impacts listed there also impact indirectly on human productivity in terms of lost labour and/or treatment costs. For each of the midpoint impact categories it would be possible to model this impact on human productivity specifically (see e.g. Miller et al. 1998), taking into account the severity and treatment costs for the involved disabilities and taking into account only life-years lost in the productive age. For the Stepwise method, we have currently not had enough resources to perform such detailed modelling, and have therefore resorted to the general observation that when expressing losses in economic production output in percentage of GDP per capita (e.g. one lost work year = 100% of GDP per capita) the corresponding QALY value (1 QALY per lost work year) is a good proxy for the economic impact (i.e. 1 QALY equals an economic loss of 1 per capita GDP) when applying the same discounting rates for both (Miller et al. 2000). As a general proxy, we therefore estimate the loss of economic production from a health impact of 1 QALY in Europe to be 23000 EUR2003, which is the 2003 GDP per capita for EU25. 

Global warming has both positive and negative influences on agricultural yields. Tol (2002) summarizes the available global studies for impacts until year 2200 and for a central 2.5 degrees temperature increase we interpret his conclusion as a net positive impact of approx. 2.5E12 EUR2003 or 8.5E-4 EUR2003 / kg CO2. 

The midpoint indicator ‘Mineral extraction’ measures the difference between the current energy requirement for extraction and an estimated future energy requirement for extraction from lower grade ores. As alternative energy sources to fossil fuels are currently becoming competitive, there is no reason to assume that long-term energy prices will exceed the current energy prices. We therefore apply a damage (endpoint) characterisation factor of 0.004 EUR2003 / MJ extra, based on current energy prices, without discounting of future costs. The total impact is 1.2 EUR2003 / person-year, using the normalisation reference from Table 4. 
Assuming that the future energy system will be based on renewable energy sources, current dissipation of non-renewable energy carriers will not have any influence on the future energy requirement for provision of energy. Thus, the damage (endpoint) characterisation factor for the midpoint category ‘Non-renewable energy’ is 0 EUR2003 / MJ primary, i.e. zero impact on economic production. 

For impacts from photochemical ozone on agricultural crop production, we apply a rough estimate of a 10% reduction in crop yields caused by the current emission levels in Europe (Hauschild & Potting 2005), and apply this to the annual crop production value of 1.7E11 EUR2003.

[Insert Table 9 here]
Uncertainty in the impact assessment methods

Estimates of uncertainties on the characterisation factors are generally available in the methods supplying the characterisation factors, i.e. EDIP2003 (Hauschild & Potting 2005, Potting & Hauschild 2005) for acidification, eutrophication and photochemical ozone formation, and IMPACT2002 for human toxicity and ecotoxicity (where Jolliet et al. 2003 and Humbert et al. 2005 suggest a precision of a factor 100). For the remaining impact categories taken from IMPACT2002+ (ionising radiation, mineral extraction, non-renewable energy, ozone layer depletion and respiratory inorganics) as well as for the endpoint characterisation factors for the EDIP2003 impact categories (with the exception of aquatic eutrophication), the characterisation models are taken over directly from Ecoindicator99, for which the uncertainties are provided in Goedkoop & Spriensma (2001).

The damage model for aquatic eutrophication is based on rather small data sets, both geographically and temporally, and we therefore estimate the uncertainty on the overall damage factor to be at least +/- 50%. The 30:1 ratio between N and P is also subject to an uncertainty of the same size. 

For the midpoint global warming characterisation factors (kg CO2-equivalents / kg substance), the IPCC suggests an uncertainty of 30% for other substances than CO2. For the endpoint characterisation factors for global warming, the uncertainties are large, as indicated in Tol (2002) and Thomas et al. (2004b). The uncertainty on the temperature effect of CO2-doubling is 1.5 - 4.5 K around the central estimate of 2.5 K and the temperature response to increasing CO2 concentration is logarithmic (IPCC 2001, Watson et al. 2001). As mentioned above, we have deviated from the principle of applying best estimates for calculation of the endpoint impacts of the temperature increase. Our rather low estimate for the dominating ecosystem effects implies that the effects corresponding to 1.5 K should be seen as a lower bound, while the upper bound will be well beyond the effects corresponding to a ‘linear’ interpretation of the 4.5 K estimate. 

For injuries, the uncertainty on the characterisation factors is low, as long as they are applied to the same data sources from which they have been derived, i.e. the Eurostat data on work related accidents and the CARE Road Accident Database, and at the same level of aggregation (i.e. the level of industries). When the inventory data are from other sources with different injury definitions, it may be necessary to develop specific characterisation factors suitable for these sources. When applied for specific processes or injuries, the deviation from an average ‘non-fatal injury at work’ or average ‘non-fatal road injury’ may be large, and has to be determined in each individual situation.

For nature occupation, the uncertainty for the impact category ‘Land use’ of Goedkoop & Spriensma (2001) can be applied as a basic uncertainty. For occupation of arable land (all land with potential for agriculture), we have included an additional severity of 0.88 to represent the secondary impacts from current deforestation. For this additional severity, the most critical assumption is the relaxation time. According to Dobben et al. (1998), the relaxation time to reach potential biomass varies from 50 to 220 years depending on latitude and altitude. Weidema & Lindeijer (2001) suggest that the relaxation times for biodiversity are a factor 6 higher than for biomass, i.e. 300 to 1300 years. This may be taken as a rough estimate of the uncertainty around our applied central estimate of 500 years relaxation time.

Discussion and conclusion

From our application of the Stepwise2006 method to different case studies (Weidema & Wesnaes 2006, 2007a, Weidema et al. 2006, 2007), we particularly note the importance for the results of quantifying the global warming damage to ecosystems, and the more modest role of resource inputs when these are placed in the context of other impacts on resource productivity. This can also be seen from the comparison in Table 1.

Although many of our modifications and additions to the characterisation models have the nature of first rough attempts and estimates, we find that these are justified by the increased consistency and completeness obtained. The described uncertainties should of course be heeded in any practical application.
Outlook

In our attempt to combine the better of two existing impact assessment methods, and expand on missing areas, we encountered some obstacles that require further elaboration:

· A specific characterisation model for groundwater emissions is missing.

· The speciation of metal emissions in the inventory databases is deficient.

· The characterisation models for metal toxicity do not adequately reflect the changes in bioavailability of the metal emissions over time in different environments.

· Midpoint characterisation models for traffic noise and invasive alien species still need to be integrated into the impact assessment methods.

· The endpoint characterisation models for ecotoxicity should be better calibrated to reflect the overall importance of ecotoxicity relative to other impacts on ecosystems.

· The endpoint characterisation model for marine eutrophication should be further elaborated with respect to the relationship between oxygen depletion level and species disappearance, especially over longer periods, and calibrated with a larger geographical and temporal dataset.

· An endpoint characterisation model for ozone impacts on vegetation is missing. This affects both the assessment of ecosystem impacts and impacts on agricultural crop production. 

· A separate impact category for agricultural crop production should be created, which should include both the impact of ozone and the impacts of other ecotoxic substances on crop yields, the fertilisation effect of CO2 and the different mineral nutrients in emissions, as well as soil losses through erosion. 

· A characterisation model for ecosystem impacts during relaxation after deforestation and climate impacts is missing. 

· The lack of a site-dependent characterisation model for respiratory inorganics is seen as a major shortcoming for the site-specific impact assessment.

· The available normalisation reference for Europe is from 1995. It should be updated, preferably on a continuous basis.

· The endpoint characterisation model for global warming should be improved and better documented.
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Table 1. Comparing the impacts from 1 year of final consumption in the EU27, using three different impact assessment methods. The inventory data are identical, which means that the differences are purely caused by the applied characterisation models.

	Impact category
	Unit
	Eco-indicator 99 (H)
	IMPACT 2002+
	Stepwise 2006 [k]

	Impacts on human well-being:
	
	
	
	

	Global warming / Climate change [a]
	DALY / QALY
	9.85E+05
	[a]
	9.95E+04

	Human toxicity, carcinogens [b]
	DALY / QALY
	2.58E+04
	4.84E+04
	4.84E+04

	Human toxicity, non-carc.
	DALY / QALY
	
	4.76E+04
	4.76E+04

	Injuries, road or work
	DALY / QALY
	
	
	2.60E+06

	Ozone layer depletion [c]
	DALY / QALY
	4.01E+03
	3.15E+03
	3.15E+03

	Photochemical ozone / Respiratory organics [d]
	DALY / QALY
	1.15E+04
	1.15E+04
	1.49E+04

	Respiratory inorganics [e]
	DALY / QALY
	3.33E+06
	3.36E+06
	3.36E+06

	Sum of impacts on human well-being
	DALY / QALY
	4.36E+06
	3.47E+06 [a]
	6.18E+06

	Impacts on ecosystems:
	
	
	
	

	Global warming / Climate change
	BAHY
	
	
	2.74E+8

	Acidification & Eutrophication, terrestrial
	BAHY
	1.42E+7
	1.42E+7
	

	- Acidification
	BAHY
	
	
	2.08E+6

	- Eutrophication, terrestrial
	BAHY
	
	
	8.80E+6

	Eutrophication, aquatic
	BAHY
	
	
	2.17E+6

	Ecotoxicity
	BAHY
	9.57E+6
	
	

	- Ecotoxicity, aquatic
	BAHY
	
	1.54E+6
	1.54E+6

	- Ecotoxicity, terrestrial [f]
	BAHY
	
	1.11E+8
	7.33E+6

	Nature occupation / Land occupation / Land use [g]
	BAHY
	3.14E+8
	3.14E+8
	2.40E+8

	Photochemical ozone
	BAHY
	
	
	3.54E+6

	Sum of impacts on nature
	BAHY
	3.37E+8
	4.41E+8
	5.40E+8

	Impacts on resource productivity:
	
	
	
	

	Global warming / Climate change
	EUR
	
	
	-1.72E+09

	Human toxicity, carcinogens
	EUR
	
	
	1.11E+09

	Human toxicity, non-carcinogens
	EUR
	
	
	1.09E+09

	Injuries, road or work
	EUR
	
	
	5.99E+10

	Mineral extraction
	EUR
	3.65E+08 [h]
	3.65E+08 [h]
	3.65E+08

	Non-renewable energy / Fossil fuels
	EUR
	6.99E+10 [i]
	5.59E+11 [i]
	0.00E+00

	Ozone layer depletion
	EUR
	
	
	7.20E+07

	Photochemical ozone, crops
	EUR
	
	
	1.50E+10

	Photochemical ozone, human productivity
	EUR
	
	
	3.42E+08

	Respiratory inorganics
	EUR
	
	
	7.73E+10

	Sum of impacts on resource productivity
	EUR
	7.03E+10
	5.59E+11
	1.53E+11


[a] See text for details. IMPACT 2002+ does not transform the CO2-equivalents to DALY.

[b] Very different characterisation models (EUSES vs. IMPACT 2002).
[c] Ecoindicator uses a different source for characterisation factors.
[d] Different characterisation models (Hoffstetter 1998 vs. EDIP2003).

[e] Ecoindicator does not include a characterisation factor for carbon monoxide.

[f] To avoid double-counting with the impact category ‘Nature occupation’, the more localised impacts of emissions to soil are excluded in the Stepwise method.

[g] See text for details.

[h] MJ surplus energy is converted to EUR using 0.004 EUR/MJ.

[i] MJ surplus energy (Ecoindicator) and MJ primary energy (Impact 2002+) are converted to EUR using 0.004 EUR/MJ.
[k] For impact categories that have no correspondence in Ecoindicator99 or IMPACT 2002, see the text and tables below for more details.

Table 2. Midpoint characterisation models for Stepwise2006, their sources and modifications.

	Mid-point impact category
	Original source
	Comments / modifications

	
	EDIP

2003
	IMPACT

2002+
	

	Acidification
	x
	
	

	Ecotoxicity, aquatic
	
	x
	Added factors for ‘aluminium, ion’ emissions.

	Ecotoxicity, terrestrial
	
	x
	To avoid double-counting with the impact category ‘Nature occupation’, the more localised impacts of emissions to soil are excluded here. 

	Eutrophication
	x
	
	

	Global warming (100 years)
	x
	
	

	Human toxicity
	
	x
	Added factors for ‘aluminium, ion’ emissions.

	Injuries, work and traffic
	
	
	New. See text for description.

	Ionizing radiation
	
	x
	

	Mineral extraction
	
	x
	

	Nature occupation
	
	x
	Modified. See text for description.

	Non-renewable energy
	
	x
	

	Ozone layer depletion
	
	x
	

	Photochemical ozone impacts on vegetation
	x
	
	

	Respiratory inorganics
	
	x
	

	Respiratory organics
	x
	
	Impact of photochemical ozone on humans


Table 3. Characterisation factors for 1 m2*year land occupation for different intensities of occupation

	Intensity of occupation
	Direct impact


	Direct impact relative to marginal land use
	Deforestation impact


	Sum of direct relative & deforestation impacts 
	Midpoint indicator



	
	PDF*m2

*years
	PDF*m2

*years
	PDF*m2

*years
	PDF*m2

*years
	m2-equivalents arable land

	Urban and intensive agricultural use of arable land

	Continuous urban land
	0.80
	0
	0.88
	0.88
	1.00

	Construction and dump sites
	0.80
	0
	0.88
	0.88
	1.00

	Green urban land
	0.80
	0
	0.88
	0.88
	1.00

	Conventional agriculture
	0.80
	0
	0.88
	0.88
	1.00

	Integrated agriculture
	0.80
	0
	0.88
	0.88
	1.00

	Intensive meadow land
	0.80
	0
	0.88
	0.88
	1.00

	Less intensive uses of arable land [a]

	Organic agriculture
	0.76
	-0.04
	0.88
	0.84
	0.95

	Organic meadow land
	0.71
	-0.09
	0.88
	0.79
	0.9

	Discontinuous urban land
	0.67
	-0.13
	0.88
	0.75
	0.85

	Industrial area
	0.58
	-0.22
	0.88
	0.66
	0.75

	Rail or road area
	0.58
	-0.22
	0.88
	0.66
	0.75

	Use of non-arable land

	Pasture in high productivity areas
	0.30
	0.30
	0.00
	0.30
	0.34

	Forest land
	0.10
	0.10
	0.00
	0.10
	0.11


[a] These values have been adopted from Ecoindicator99 (Goedkoop & Spriensma 2001) by maintaining the original proportion between direct impact indicator values, relative to the values for urban and intensive land uses.

Table 4. Normalisation references and factors per person in Europe for year 1995.
	Impact category
	Unit of characterised values
	Normalization factors (Europe 1995)
	Source

	
	
	Characterised unit / person-year (normalisation references)
	Person-year / characterised unit (normalisation factors)
	

	Acidification
	m2 UES
	2200
	4.55E-04
	[a]

	Ecotoxicity, aquatic
	kg-eq. TEG water
	1360000
	7.37E-07
	[b]

	Ecotoxicity, terrestrial
	kg-eq. TEG soil
	2350
	4.25E-04
	[b]

	Eutrophication, aquatic
	kg NO3-eq.
	77
	1.29E-02
	[a]

	Eutrophication, terrestrial
	m2 UES
	2100
	4.76E-04
	[a]

	Global warming
	kg CO2-eq.
	10620
	9.41E-05
	[c]

	Human toxicity, carcinogens
	kg C2H3Cl-eq.
	45.5
	2.20E-02
	[b]

	Human toxicity, non-carcinogens
	kg C2H3Cl-eq.
	173
	5.77E-03
	[b]

	Injuries, road or work
	fatal injuries-eq.
	0.000142
	7.04E03
	[d]

	Ionizing radiation
	Bq C-14-eq.
	533000
	1.88E-06
	[b]

	Mineral extraction
	MJ extra
	292
	3.42E-03
	[b]

	Nature occupation
	m2 arable land
	3140
	3.18E-04
	[e]

	Non-renewable energy
	MJ primary
	152000
	6.58E-06
	[b]

	Ozone layer depletion
	kg CFC-11-eq.
	0.204
	4.91E00
	[b]

	Photochemical ozone - Vegetation
	m2*ppm*hours
	140000
	7.14E-06
	[a]

	Respiratory inorganics
	kg PM2.5-eq.
	8.8
	1.14E-01
	[b]

	Respiratory organics
	person*ppm*hours
	10
	1.00E-01
	[a]


[a] Hauschild & Potting (2005). UES = Unprotected Eco-System. Value for aquatic eutrophication recalculated with new characterisation factors.

[b] IMPACT2002+ v.2.1 (Annex 3 in Humbert et al. 2005).  For terrestrial ecotoxicity, the normalisation reference does not include emissions to soil cf. the argumentation in Table 2.

[c] Gugele et al. (2005)

[d] Calculated from 39400 fatal and 1390000 nonfatal road injuries (Data from the CARE Road Accident Database for EU15 extrapolated to EU25 using a factor 1.32 from Eurostat road fatality data), and 6460 fatal and 5740000 non-fatal work injuries (Eurostat data for EU15 extrapolated to EU25 using a factor 1.2).
[e] Calculated from the normalisation data of Humbert et al. (2005), using the characterisation factors from Table 3.

Table 5. Calculation of damage (endpoint) characterisation factors for acidification impacts.

	Substance
	EI99 damage factor for Europe 

(Goedkoop & Spriensma 2001)
	EDIP2003 acidification characterisation factor

(Potting & Hauschild 2005)
	EDIP2003 acidification damage factor for Europe

 [a]

	
	PDF·m2·year / g
	m2UES / g
	PDF·m2·year / m2 UES

	SOx 
	1.04E-3
	1.9E-2
	5.47E-2

	NOx 
	5.71E-3
	6.4E-3
	5.47E-2

	NH3
	1.56E-2
	3.0E-2
	5.47E-2

	Acidification
	-
	-
	5.47E-2


[a] The EDIP2003 damage factor appears by dividing the EI99 damage factor by the EDIP2003 characterisation factor for SOx. This damage factor is then applied as a general damage factor for all contributing substances.
Table 6. Calculation of damage (endpoint) characterisation factors for terrestrial eutrophication impacts.

	Substance
	EI99 damage factor for Europe 

(Goedkoop & Spriensma 2001)
	EDIP2003 terrestrial eutrophication characterisation factor

(Potting & Hauschild 2005)
	EDIP2003 terrestrial eutrophication damage factor for Europe

[a]

	
	PDF·m2·year / g
	m2UES / g
	PDF·m2·year / m2 UES



	SOx 
	1.04E-3
	0
	0

	NOx 
	5.71E-3
	3.3E-2
	0.12

	NH3
	1.56E-2
	0.14
	5.7E-2

	Terrestrial eutrophication
	-
	-
	8.85E-2


[a] The EDIP2003 damage factor for terrestrial eutrophication appears as an average of the calculated damage factors for NOx and NH3. These damage factors for the individual substances is calculated by dividing the EI99 damage factor by the EDIP2003 characterisation factor, subtracting the 5.47E-2 PDF*m2*years already attributed to acidification in Table 5. 

Table 7. Damage (endpoint) characterisation factors and normalisation references for impacts on ecosystems.
	
	Unit of characterized values
	BAHY / characterised unit
	BAHY / person-year

(normalisation references)
	Source

	Acidification
	m2 UES
	5.47E-06
	1.20E-02
	[a]

	Ecotoxicity, aquatic
	kg-eq. TEG water
	5.02E-09
	6.8E-03
	[b]

	Ecotoxicity, terrestrial
	kg-eq. TEG soil
	7.91E-07
	1.9E-03
	[b]

	Eutrophication, aquatic
	kg NO3-eq.
	7.2E-05
	4.17E-03
	[a]

	Eutrophication, terrestrial
	m2 UES
	8.85E-06
	1.86E-02
	[a]

	Global warming
	kg CO2-eq.
	5.82E-05
	6.18E-01
	[a]

	Nature occupation
	m2 arable land
	8.8E-05
	2.76E-01
	[c]

	Photochemical ozone - Vegetation
	m2*ppm*hours
	6.59E-08
	9.3E-03
	[d]


[a] See the text for details.
[b] Humbert et al. (2005). Normalisation references calculated from accompanying spreadsheet. For terrestrial ecotoxicity, the normalisation reference does not include emissions to soil cf. the argumentation provided in the description of the midpoint impact category.

[c] See Table 3.

[d] An adequate damage model for photochemical ozone impacts on vegetation is not available. In order not to omit this potentially important impact category, we have assumed a proxy value corresponding to 1% of the total European area (4E8 ha) or 4E6 BAHY / year, based on an assumed proportionality between the estimated net primary production (NPP) loss of 10% and the loss of plant species from the exposed ecosystems, applying an uncertainty factor of 10 between NPP loss and species disappearance. Using the European normalisation reference for m2*ppm*hours from EDIP2003 and a European population of 431.000.000, as in IMPACT2002+, this gives a damage factor of 6.59E-8 BAHY/ m2*ppm*hour and a normalisation reference of 9.3E-03 BAHY / person-year.

Table 8. Damage (endpoint) characterisation factors and normalisation references for impacts on human well-being.
	
	Unit of characterized values
	QALY / characterised unit
	QALY / person-year

(normalisation references)
	Source

	Global warming
	kg CO2-eq.
	2.11E-08
	2.24E-04
	[a]

	Human toxicity, carcinogens
	kg C2H3Cl-eq.
	2.80E-06
	1.28E-04
	[b]

	Human toxicity, non-carcinogens
	kg C2H3Cl-eq.
	2.80E-06
	4.86E-04
	[b]

	Injuries, road or work
	fatal injuries-eq.
	43
	6.09E-03
	[c]

	Ionizing radiation
	Bq C-14-eq.
	2.10E-10
	1.12E-04
	[b]

	Ozone layer depletion
	kg CFC-11-eq.
	1.05E-03
	2.14E-04
	[b]

	Respiratory inorganics
	kg PM2.5-eq.
	7.00E-04
	6.16E-03
	[b]

	Respiratory organics
	person*ppm*hours
	2.64E-06
	2.64E-05
	[d]


[a] See the text for details

[b] Humbert et al. (2005) 

[c] Mathers et al. (2004)
[d] Damage modelling is performed with the epidemiological approach of Hofstetter (1998), in parallel to Ecoindicator99, applying the normalisation reference from Hauschild & Potting (2005).

Table 9. Damage (endpoint) characterisation factors and normalisation references for impacts on resource productivity.
	
	Unit of characterized values
	EUR2003 / characterised unit
	EUR2003 / person-year

(normalisation references)
	Source

	Global warming
	kg CO2-eq.
	-3.65E-04
	-3.9
	[a]

	Human toxicity, carcinogens
	kg C2H3Cl-eq.
	6.44E-02
	2.9
	[b]

	Human toxicity, non-carcinogens
	kg C2H3Cl-eq.
	6.44E-02
	11
	[b]

	Injuries, road or work
	fatal injuries-eq.
	9.89E+05
	140
	[b]

	Ionizing radiation
	Bq C-14-eq.
	4.83E-06
	2.6
	[b]

	Mineral extraction
	MJ extra
	4.00E-03
	1.2
	[c]

	Non-renewable energy
	MJ primary
	0
	0
	[c]

	Ozone layer depletion
	kg CFC-11-eq.
	24
	4.9
	[b]

	Photochemical ozone - Vegetation
	m2*ppm*hours
	2.80E-04
	39
	[d]

	Respiratory inorganics
	kg PM2.5-eq.
	16.1
	142
	[b]

	Respiratory organics
	person*ppm*hours
	6.07E-02
	0.6
	[b]


[a] The negative damage (i.e. benefit) to resource productivity is the net effect of the health impact on human productivity calculated as in note [b] and a net increase in agricultural production of 8.5E-4 EUR2003 / kg CO2, based on our interpretation of Tol (2002).

[b] The QALY values recorded in Table 8 multiplied by 23000 EUR2003.
[c] See the text for explanation.

[d] Applying the rough estimate of a 10% reduction in crop yields to the annual European crop production value of 1.7E11 EUR2003, we obtain a total impact on crop production of 1.7E10 EUR2003 per year or 39EUR / person-year. With the normalisation values from Table 4, this gives us a damage characterisation factor of 2.8E-4 EUR2003 / m2*ppm*hour.
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