
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

LC‐IMPACT: A regionalized life cycle damage assessment method  

Verones, Francesca; Hellweg, Stefanie; Antón, Assumpció; Azevedo, Ligia B.; Chaudhary, Abhishek;
Cosme, Nuno Miguel Dias; Cucurachi, Stefano; Baan, Laura; Dong, Yan; Fantke, Peter
Total number of authors:
32

Published in:
Journal of Industrial Ecology

Link to article, DOI:
10.1111/jiec.13018

Publication date:
2020

Document Version
Peer reviewed version

Link back to DTU Orbit

Citation (APA):
Verones, F., Hellweg, S., Antón, A., Azevedo, L. B., Chaudhary, A., Cosme, N. M. D., Cucurachi, S., Baan, L.,
Dong, Y., Fantke, P., Golsteijn, L., Hauschild, M. Z., Heijungs, R., Jolliet, O., Juraske, R., Larsen, H., Laurent,
A., Mutel, C. L., Margni, M., ... Huijbregts, M. A. J. (2020). LC‐IMPACT: A regionalized life cycle damage
assessment method  . Journal of Industrial Ecology, 24(6), 1201-1219. https://doi.org/10.1111/jiec.13018

https://doi.org/10.1111/jiec.13018
https://orbit.dtu.dk/en/publications/1573f16f-df1b-46c2-91e6-6d6e0840da40
https://doi.org/10.1111/jiec.13018


 

1 
 

LC-IMPACT: a regionalized life cycle damage 1 

assessment method 2 

Francesca Verones1*, Stefanie Hellweg2, Assumpció Antón3, Ligia B. Azevedo4,5, Abhishek 3 
Chaudhary6,7, Nuno Cosme8, Stefano Cucurachi9, Laura de Baan2,10, Yan Dong8, Peter 4 

Fantke8, Laura Golsteijn4,11, Michael Hauschild8, Reinout Heijungs9,12, Olivier Jolliet13,14, 5 
Ronnie Juraske2,15, Henrik Larsen16, Alexis Laurent8, Christopher L. Mutel17, Manuele 6 

Margni18, Montserrat Núñez3, Mikolaj Owsianiak8, Stephan Pfister2, Tommie Ponsioen11, 7 

Philipp Preiss19, Ralph K. Rosenbaum20, Pierre-Olivier Roy21, Serenella Sala22, Zoran 8 
Steinmann4, Rosalie van Zelm4, Rita Van Dingenen22, Marisa Vieira4,11, Mark A.J. 9 

Huijbregts4 10 

1Industrial Ecology Programme, Department of Energy and Process Engineering, NTNU, 11 

7491 Trondheim, Norway 12 

2ETH Zurich, Institute of Environmental Engineering, 8093 Zurich, Switzerland 13 

3 GIRO Program, Institute of Agrifood  Research and Technology (IRTA) , Torre Marimon, 14 

E08140 Caldes de Montbui, Barcelona, Spain  15 

4Radboud University Nijmegen, Department of Environmental Science, Institute for Water 16 

and Wetland Research, P.O. Box 9010, 6500 GL Nijmegen, The Netherlands 17 

5International Institute for Applied Systems Analysis IIASA, Ecosystem Services and 18 

Management Program, 2361 Laxenburg, Austria 19 

6ETH Zurich, Institute of Food Nutrition and Health, 8092 Zurich, Switzerland 20 

7 Department of Civil Engineering, Indian Institute of Technology (IIT) Kanpur, Kanpur 21 

208016, India 22 

8Quantitative Sustainability Assessment Group, Department of Technology, Management and 23 

Economics, Technical University of Denmark, 2800 Kgs. Lyngby, Denmark 24 

9Institute of Environmental Sciences (CML), Department of Industrial Ecology, Leiden 25 

University, Einsteinweg 2, 2333 CC Leiden, The Netherlands 26 

10Agroscope, Competence Division Plants and Plant Products, 8820 Wädenswil, Switzerland 27 

11PRé Sustainability, Stationsplein 121, 3818 LE, Amersfoort, The Netherlands 28 

12 Department of Econometrics and Operations ResearchVrije UniversiteitAmsterdamThe 29 

Netherlands  30 

13University of Michigan, School of Public Health, Department of Environmental Health 31 

Sciences, Ann Arbor, MI 48109, USA 32 

14Quantis, EPFL Innovation Park, CH-1015 Lausanne, Switzerland 33 

15Dr. Knoell Consult GmbH, 68165 Mannheim, Germany 34 



 

2 
 

16 Danish Technological Institute, Buildings & Environment, Gregersensvej, DK-2630 35 

Taastrup, Denmark 36 

17 Laboratory for Energy Systems Analysis, Paul Scherrer Institute, CH-5232 Villigen PSI, 37 

Switzerland 38 

18CIRAIG - Polytechnique Montréal, Mathematical and Industrial Engineering Departement, 39 

Montréal (QC), H3C 3A7, Canada 40 

19 Institute for Industrial Ecology (INEC), Pforzheim University, Tiefenbronner Str. 65, D-41 

75175 Pforzheim, Germany 42 

20 IRTA – Institute of Agrifood Research and Technology, Torre Marimon, E08140 Caldes de 43 

Montbui, Barcelona, Spain  44 

21CIRAIG, Polytechnique Montreal, Chemical engineering department, 3333 Queen-Mary, 45 

office 310, H3C 3A7 46 

22 European Commission, Joint Research Centre, Via Enrico Fermi 2749, Ispra (VA) Italy 47 

*Corresponding author e-mail: francesca.verones@ntnu.no; 48 

 49 

Abstract.  Life Cycle Impact Assessment (LCIA) is a lively field of research, and data and 50 

models are continuously improved in terms of impact pathways covered, reliability and spatial 51 

detail. However, many of these advancements are scattered throughout the scientific literature, 52 

making it difficult for practitioners to apply the new models. Here, we present the LC-IMPACT 53 

method that provides characterization factors at the damage level for 11 impact categories 54 

related to three Areas of Protection (human health, ecosystem quality, natural resources). 55 

Human health damage is quantified as disability adjusted life years (DALY), damage to 56 

ecosystem quality as global species extinction equivalents (based on potentially disappeared 57 

fraction of species, PDF), and damage to mineral resources as kilogram of extra ore extracted.  58 

Seven of the impact categories include spatial differentiation at various levels of spatial scale. 59 

The influence of value choices related to the time horizon and the level of scientific evidence 60 

of the impacts considered is quantified with four distinct sets of characterization factors. We 61 

demonstrate the applicability of the proposed method with an illustrative life cycle assessment 62 
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(LCA) example of different fuel options in Europe (petrol or biofuel). Differences between 63 

generic and regionalized impacts vary up to two orders of magnitude for some of the selected 64 

impact categories, highlighting the importance of spatial detail in LCIA. 65 

1. Introduction  66 

Life Cycle Assessment (LCA) aims at quantifying potential environmental impacts associated 67 

with the life cycle of a product or service (Klöpffer 1997). The desire to assess the “complete” 68 

environmental impact profile has been an important driver for developments in life cycle impact 69 

assessment (LCIA). No LCIA method is truly complete today, with missing impact categories 70 

including salination, plastic pollution, invasive species and others. To increase the coverage of 71 

potential environmental impactsin LCIA, there is a need to increase the number of impact 72 

pathways considered by developing new methods or improving existing methods. This can be 73 

done, for example, by improving the modeling, using better data or adding spatial detail for 74 

impacts that have a local or regional dimension (Pfister et al. 2009). Regionalization can be 75 

highly relevant because environmental conditions vary greatly through space (e.g. water 76 

availability, land types, number and degree of endemism of species present, population density 77 

and background concentration of reacting agents). Regionalization in LCIA is a topic that has 78 

been acknowledged as important and tackled before, in different ways, in LCIA methods, for 79 

example in both the EDIP (Potting and Hauschild 2004) and the LUCAS methodology 80 

(Toffoletto et al. 2007). However, there is still a need for a regionalized LCIA method that 81 

covers a large number of impact categories on a global level and respects the different scales 82 

that are relevant for the specific impact categories. 83 

When conducting an LCA, characterization factors (CFs) are used to translate the inventory 84 

results of a given case study into indicators of potential environmental impacts. Sets of CFs are 85 

typically available to practitioners in the form of LCIA methods (implemented into LCA 86 
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software), which represent an effort to integrate several published characterization models into 87 

a consistent framework. Many recent methodological developments and improvements in LCIA 88 

models, in particular with regard to spatial differentiation, have however been published 89 

independently from each other and have not yet been consolidated within a consistent LCIA 90 

method. As a consequence, some of these newer, more environmentally relevant models, are 91 

less used compared to older and often less comprehensive models currently integrated in 92 

available methods. It should be noted, however, that efforts on building new LCIA methods are 93 

ongoing (apart from LC-IMPACT: also ReCiPe2016 (Huijbregts et al. 2017)  and 94 

IMPACTWorld+ (Bulle et al. 2019)).  95 

The EU-FP7-funded project “Development and application of environmental Life Cycle Impact 96 

assessment Methods for imProved sustAinability Characterisation of Technologies (LC-97 

IMPACT)” resulted in many novel and valuable advancements in LCIA, such as new models 98 

for impact pathways (e.g. land use and resource scarcity) and greater regionalization of impact 99 

pathway models. It is our aim to combine the advancements that emerged from this project  into 100 

one consistent and transparently documented LCIA method. In addition, we complemented the 101 

developments of the EU-FP7-funded project with further refinements after the end of the 102 

project, especially for impacts related to ecosystem quality. We also added extra 103 

characterization models for categories that were not covered within the project to arrive at an 104 

impact pathway coverage which is as complete as possible, given the current state of the art. 105 

Our objectives for the development of the LC-IMPACT method were to 1) collect 106 

characterization models for all available impact pathways and, where needed, develop state-of-107 

the-art characterization models and use them to provide regionalized characterisation factors 108 

with global coverage at category-specific, country, continental and global scale, 2) include 109 

aspects of species extinction vulnerabilities in the assessment of ecosystem quality, and 3) 110 

provide distinct sets of characterisation factors, based on consistently implemented value 111 
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choices across impact categories. We also applied LC-IMPACT to a case study on different 112 

fuel options to illustrate its application.  113 

2. LC-IMPACT method 114 

2.1 Areas of Protection and impact categories. Most LCIA methods cover three Areas of 115 

Protection (AoP), topics that are important to society and that we want to safeguard. This is also 116 

the case for LC-IMPACT, where we implemented the AoPs “human health”, “ecosystem 117 

quality” and “natural resources”. So far, LC-IMPACT includes 11 broad impact categories 118 

(Figure 1), all of them contributing to one or two AoPs (the impact categories climate change, 119 

photochemical ozone formation, toxicity, and water stress contribute to two AoPs each). In 120 

addition, three ecosystem types (terrestrial, freshwater and marine) are distinguished within the 121 

“ecosystem quality” AoP. For eutrophication, LC-IMPACT covers both freshwater and marine 122 

eutrophication and for ecotoxicity, impacts on freshwater, marine and terrestrial ecosystems are 123 

included. All impacts are quantified at a damage level (see details further below).  124 

 125 
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Figure 1:  Overview of the broad impact categories and Areas of Protection (AoP) covered so far in LC-IMPACT. The color 126 
of the lines indicates to which AoP the impact categories are related. Within ecosystem quality, three different ecosystems 127 
types are distinguished (Verones et al. 2019). 128 

 129 

2.2 Spatial detail. Some impact categories cover impacts that are distributed across the world, 130 

independently from the place of emission or extraction. Therefore, they only contain global 131 

CFs. This is the case for climate change, stratospheric ozone depletion, and mineral resources 132 

extraction. Other impact categories describe impacts that are limited to the regional or local 133 

scale and thus vary widely depending on where the intervention (emission/extraction) takes 134 

place and the associated regional or local environmental conditions. These latter impact 135 

categories were modeled with spatial differentiation (Tables 1 and 2). Regionalized CFs were 136 

reported for four different spatial levels: the original “native” spatial level (Mutel et al. 2018), 137 

as determined by the method developer, as well as country averages, continental averages and 138 

a global average (the latter for application when the location of the emission/resource extraction 139 

is unknown), to facilitate the concordance with standard LCI data and the practical application. 140 

The native resolution is impact-category-specific. For example, the native resolution for water 141 

stress impacts is the (sub-)watershed, while for land stress it is ecoregions with similar 142 

ecological conditions (Olson et al. 2001). Aggregation to country, continental and global levels 143 

was done based on where emissions or resource consumption are most likely to take place (i.e. 144 

using data on spatially explicit emission data, specific for each impact category). For land use, 145 

the area shares of the ecoregions within each country or continent were used as the basis for 146 

aggregation. 147 

2.3 Linear/average vs. marginal characterization factors. LCIA methods generally derive 148 

their CFs following either a marginal approach or an average approach (Hauschild and 149 

Huijbregts 2015). A marginal approach investigates the additional impact, if the pressure is 150 

increased by a very small amount, relative to the current state at a given point in time, which is 151 

the reference state, i.e. it takes the derivative of the cause-effect curve. Average characterization 152 
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factors use the distance between the current state and a state of zero impact to calculate the 153 

average impact per unit of intervention. In case information on the current state is lacking, a 154 

linear approach can be used instead. The linear approach, most closely connected to the average 155 

approach, is represented by the line connecting the origin (zero pressure = zero impact) with a 156 

predefined point on the response curve. In LC-IMPACT, this is always where 50% of the 157 

species in the ecosystem are potentially affected. From a conceptual perspective, the main 158 

advantage of the marginal approach is that it focuses on emission changes with the highest 159 

efficiency in terms of effect reduction. The average approach, on the other hand, explicitly 160 

strives to reach a state of the environment in which effect targets set by society are not exceeded 161 

(Huijbregts et al. 2011). For more details on differences between the approaches, see e.g. also 162 

Hauschild and Huijbregts (2015). 163 

Where possible, sets of CFs derived from both average/linear and marginal approaches were 164 

made available in LC-IMPACT (see Tables 1 and 2). This was the case for two of the impact 165 

categories included in LC-IMPACT: land stress and water use impacts on human health. Two 166 

categories are only modelled as marginal (terrestrial acidification, water consumption for 167 

ecosystem quality), and thirteen are average/linear (remaining impact categories). For those 168 

impact categories with a choice available, we recommend being as consistent as possible, when 169 

using different sets of CFs. 170 

2.4 Human health. The basic equation for calculating characterization factors (CFs) for human 171 

health (Hauschild and Huijbregts 2015) is shown in Error! Reference source not found. and 172 

consists of a damage factor (DF), an effect factor (EF), a human exposure factor (XF) and a fate 173 

factor (FF).  174 

𝐶𝐹ℎ𝑢𝑚𝑎𝑛 ℎ𝑒𝑎𝑙𝑡ℎ = 𝐷𝐹 ∙ 𝐸𝐹 ∙ 𝑋𝐹 ∙ 𝐹𝐹 175 

Equation 1 176 

For human health, LC-IMPACT quantifies the well-established disability adjusted life years 177 

(DALY) per functional unit. FFs, XFs and EFs are based on specific data and models per impact 178 
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category (see Table 1 for references). The human damage factor is based on information about 179 

how many healthy years are lost due to a certain cause of premature death or a disability, as 180 

reported in the Global Burden of Disease studies from the World Health Organization and the 181 

Institute for health metrics and evaluation (e.g. Kassebaum et al. (2016)). We included seven 182 

impact categories affecting human health (Figure 1, Table 1). Four of them encompass spatial 183 

detail (water stress, human toxicity, particulate matter formation and photochemical ozone 184 

formation), while three are calculated as global averages due to the insensitivity to the place of 185 

emission and the global consideration of the impact in underlying models (climate change, 186 

stratospheric ozone depletion), or due to the lack of spatial consideration in available models 187 

(ionizing radiation).  188 

Table 1: Overview of impact categories dealing with human health, modeling approaches taken, spatial scales (see also 189 
section 2.6) and key references used in LC-IMPACT for modelling the impact pathways. For details on time horizons 190 
and covered effects see the LC-IMPACT report (Verones et al. 2019). The native scale chosen is the available scale that 191 
best represents the respective spatial relevance (Mutel et al. 2018). 192 

Impact category 
Modeling 

approach 

Native spatial 

scale 
Key references 

Climate change 
mix 

marginal/average 
global 

De Schryver et al. (2009) 

De Schryver et al. (2011) 

Joos et al. (2013) 

IPCC (2013) 

Stratospheric ozone 

depletion 
linear global Hayashi et al. (2006) 

Ionising radiation linear global 
De Schryver et al. (2011)  

Frischknecht et al. (2000) 

Photochemical ozone 

formation 
linear 

56 world regions 

(Krol et al. 2005; 

Van Dingenen et al. 

2018) 

van Zelm et al. (2016) 

Particulate matter 

formation 
linear 

56 world regions  

(Krol et al. 2005; 

Van Dingenen et al. 

2018) 

van Zelm et al. (2016) 

Human toxicity 

(carcinogenic) 
linear 

16 subcontinental regions        Rosenbaum et al. (2008) 

 (Kounina et al. 2014)              Rosenbaum et al. (2015) 

                                                 Fantke and Jolliet (2016) 

Human toxicity (non-

carcinogenic) 
linear 

16 subcontinental regions        Rosenbaum et al. (2008) 

 (Kounina et al. 2014)              Rosenbaum et al. (2015) 

                                                 Fantke and Jolliet (2016) 

Water stress (human 

health) 
average 

11050 watersheds 

(Alcamo et al. 

2003) 

Pfister et al. (2009) 

Pfister and Bayer (2014) 

 193 

2.5 Ecosystem quality. The general equation for CFs in ecosystem quality is given in Error! 194 

Reference source not found.. It consists of a vulnerability factor (VF) to translate species loss 195 
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from local or regional to global, an effect factor (EF), an exposure factor (XF) and a fate factor 196 

(FF). Note that the XF is equal to one for some categories (e.g. for land stress) where exposure 197 

does not have a conceptual meaning. 198 

𝐶𝐹𝑒𝑐𝑜𝑠𝑦𝑠𝑡𝑒𝑚 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 = 𝑉𝐹 ∙ 𝐸𝐹 ∙ 𝑋𝐹 ∙ 𝐹𝐹 199 

Equation 2 200 

For ecosystem quality,  LC-IMPACT can be used to quantify the “potentially disappeared 201 

fraction of species over time” (PDF∙yr) per functional unit (Verones et al. 2017b; Woods et al. 202 

2017). CFs may or may not already contain the time dimension (e.g. PDFyr/m3 for water stress 203 

or PDF/m2 for land occupation). When these CF are multiplied with the inventory flows (m2∙yr 204 

in the case of land occupation and m3 in the case of water consumption) we achieve the same 205 

unit for the ecosystem impact scores, namely PDF∙yr. In earlier approaches, different impact 206 

categories have used “disappeared fractions” at different scales, thus mixing local or regional 207 

with global levels. This is problematic because a globally lost species is gone forever, whereas 208 

a regionally lost species may be recovered through repopulation if it was not endemic. The 209 

endpoint of LC-IMPACT aims to consistently quantify global PDF, i.e. an irreversible 210 

extinction of species on a global level. It is important to have a consistent understanding of 211 

which share of species is globally lost, due to a variation in irreversibility and magnitude of 212 

impact. If a species is extinct in a certain region, it is not automatically extinct on a global level. 213 

In addition, global species loss is irreversible, while regional loss is not (de Baan et al. 2015; 214 

Kuipers et al. 2019). Therefore, although the numerical value for regional loss is always higher 215 

than for global loss, this does not mean that the effects are larger. Both assessments are needed, 216 

the global assessment to avoid irreversible biodiversity loss and the regional assessment to 217 

make sure that ecosystems can maintain their functions, even if they have a lower contribution 218 

to overall global species diversity. We consider the global PDF as a good indicator for the risk 219 

of extinction, i.e. for the fraction of species that is committed to global extinction.  220 
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However, this does not aim to quantify the overall extinction related to the functional unit of an 221 

LCA in absolute units. For instance, the time unit here does not say that the species is lost during 222 

a certain period of time, but we simply should understand it as an indicator, where we measure 223 

global extinction risks and where we give more weight to long-lasting interventions compared 224 

to short-lasting ones. Ecosystem impacts refer to the fraction of species that is committed to 225 

become globally extinct. For instance, a PDF of 0.01 means that 1% of the global species pool 226 

is committed to go extinct if the pressure (e.g. land use) continues to happen. As there are 227 

typically lag times between the pressure and the effect, the duration of the pressure has an 228 

influence on whether the full extent of effect will happen or not. This is because there is no 229 

instant global extinction of species after a change in pressure, e.g. an increase in land occupation 230 

will not immediately lead to species loss in the surrounding ecoregion, but gradually over time. 231 

For this reason, the exposure duration to the pressure is also included in the unit of ecosystem 232 

impacts (PDF.yr). Hence, impact scores should be interpreted as an increase in global extinction 233 

risk over a certain exposure period of time and not so much as an instantaneous global species 234 

loss. . 235 

The EF and VF can be specific for taxonomic groups (e.g. mammals, reptiles, amphibians, and 236 

fish). If several taxonomic groups are used for calculating CFs, final CFs for representing the 237 

whole “ecosystem” are calculated as weighted averages of the taxonomic groups in PDF. In 238 

LC-IMPACT we chose that plants and animal taxa are given a 50% share each, thus giving 239 

plants and animals equal weight. Contributions of several animal taxa are included relative to 240 

their species richness, as discussed by Verones et al. (2015), in order to avoid that species-rich 241 

taxonomic groups dominate the impact assessment. The underlying assumption is that diversity 242 

of taxa represents ecosystem functioning better than diversity of species in the same taxon. In 243 

addition, whenever possible, we included a vulnerability factor, in order to take into account 244 

that not all taxonomic groups show the same vulnerability to environmental pressures. This 245 
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factor is based on information from IUCN (2013) for both current red list status and 246 

geographical range areas of species. The procedure and details for calculating taxon-specific 247 

and global vulnerability factors are described in references (Verones et al. 2019; Verones et al. 248 

2015; Verones et al. 2017a). 249 

In the AoP ‘Ecosystem quality’ we ultimately covered seven broad impact categories (Figure 250 

1, Table 2). All, except for climate change, include spatial differentiation. Note that we named 251 

the climate change approach a mix between marginal and average. For reasons of feasibility, 252 

the step from emission to temperature increase was modelled in a marginal way, while expected 253 

impacts on humans and ecosystems caused by temperature increase were modelled via an 254 

average approach. Terrestrial ecosystems are covered in five categories (climate change, 255 

photochemical ozone formation, terrestrial acidification, terrestrial ecotoxicity and land stress). 256 

Impacts on freshwater ecosystems are represented in four impact categories (climate change, 257 

water stress, freshwater ecotoxicity, freshwater eutrophication), while the marine ecosystem is 258 

covered in two categories (marine eutrophication and marine ecotoxicity). Impacts of marine, 259 

freshwater and terrestrial ecosystems, in terms of PDF∙yr, can be directly added under the 260 

assumption that these ecosystems are equally important. The question of how important marine, 261 

freshwater and terrestrial ecosystems are compared to each other should, however, be preferably 262 

answered in the weighting step of the LCIA phase. We therefore recommend reporting impact 263 

scores for each ecosystem separately, since no generally accepted weighting scheme between 264 

the three ecosystem types exists yet. 265 

Table 2: Overview of impact categories dealing with ecosystem quality, modeling approaches taken, spatial scales (see 266 
also section 2.6) and key references used in LC-IMPACT for modeling the impact pathways. For details on time 267 
horizons and covered effects see the LC-IMPACT report (Verones et al. 2019). The native scale chosen is the available 268 
scale that best represents the respective spatial relevance (Mutel et al. 2018).  269 

Impact category 
Modeling 

approach  
Taxonomic coverage Native spatial scale Key references 

Climate change 

(terrestrial ecosystems) 

mix 

marginal/average 

mammals, birds, frogs, 

reptiles, butterflies, 

vascular plants 

global 

Urban (2015) 

Joos et al. (2013) 

IPCC (2013) 

Climate change 

(freshwater ecosystems) 

mix 

marginal/average 
fish global 

Hanafiah et al. (2011) 

Joos et al. (2013) 

IPCC (2013) 
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Photochemical ozone 

formation 
linear vascular plants 

56 world regions 

(Krol et al. 2005; 

Van Dingenen et al. 

2009) 

van Zelm et al. (2016) 

Terrestrial acidification marginal vascular plants 2.0° x 2.5° 
Roy et al. (2014) 

Azevedo et al. (2013a) 

Freshwater 

eutrophication 
linear fish 

449 freshwater 

ecoregions of the 

world (Abell et al. 

2008) 

Azevedo et al. (2013b) 

Helmes et al. (2012) 

Scherer and Pfister (2015) 

Marine eutrophication linear 

Fish (bony and 

cartilaginous), 

crustaceans, molluscs, 

echinoderms, 

annelids and 

cnidarians 

River basins to large 

marine ecosystems 

(5772 

pairs)(Sherman et al. 

1993) 

Cosme et al. (2015) 

Cosme and Hauschild 

(2016) 

Cosme and Hauschild 

(2017) 

Cosme et al. (2018) 

Freshwater ecotoxicity linear 

For metals: algae, 

crustaceans, fish; for 

organic chemicals: 

freshwater species as 

available in USEtox 

16 subcontinental regions      Dong et al. (2014) 

(Kounina et al. 2014)             Gandhi et al. (2010) 

                                        Rosenbaum et al. (2008)  

Marine ecotoxicity linear 

For Be, Cs: 

crustaceans; for Be, 

Cr, Fe(II), Fe(III), Sr: 

crustaceans, fish; for 

Al, Mn: algae, 

crustaceans, fish 

16 subcontinental regions      Dong et al. (2016) 

(Kounina et al. 2014) 

Terrestrial ecotoxicity linear 

for Cu, Ni: 

crustaceans, plants, 

bacteria; for Ag: 

crustaceans, 

chlorophytes, bony 

fish; for As(III), 

As(V), Hg, Sb(III), 

Sb(V), Se, Cr(VI) , Sn, 

Tl, V: freshwater 

species as available in 

USEtox; for Ba, Be, 

Cd, Co, Mn, Pb, Zn, 

Al, Cr(III), Fe(II), 

Fe(III), Sr: algae, 

crustaceans, fish 

16 subcontinental regions Owsianiak et al. (2015) 

(Kounina et al. 2014)        Owsianiak et al. (2013) 

Land stress 
both marginal 

and average 

mammals, birds, 

reptiles, amphibians, 

vascular plants 

804 terrestrial 

ecoregions (Olson et 

al. 2001) 

Chaudhary et al. (2015) 

 

Water stress 

(ecosystems) 
marginal 

mammals, birds, 

reptiles, amphibians, 

vascular plants 

0.05° x 0.05° Verones et al. (2016) 

 270 

2.6 Mineral Resources. The endpoint indicator of mineral resource scarcity, is surplus ore 271 

potential (kgore/kgmineral), which is reflecting the additional amount of ore that needs to be 272 

extracted in the future for generating a unit of a specific mineral that is extracted at present. 273 

More ore will need to be extracted, as ore grades will decline due to mining higher-ore grades  274 

(Mudd 2007; Prior et al. 2012). Global endpoint factors are available for 70 minerals (Vieira et 275 

al. 2016; Vieira 2018). 276 
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2.7 Value choices. In LC-IMPACT, CFs are provided for four sets, using insights from cultural 277 

perspective theory (e.g. Goedkoop et al. (2009)). Two key aspects were specifically addressed: 278 

the time horizon and the level of evidence of impacts. Depending on the goal and scope of the 279 

LCA, the LCA practitioner can choose between a set of CFs considering 100 years of impacts 280 

or longer-term impacts and between “impacts with a high degree of scientific confidence only” 281 

(i.e. certain impacts) or “all impacts included”. This results in four possible combinations (see 282 

also Table 3). The level of evidence depends on expert judgment (of the model developer and 283 

scientific literature) within each impact category and thus inevitably will contain some form of 284 

subjectivity. We chose 100 years as the “shorter-term” time horizon, since this is in line with 285 

current LCA practice. We believe that this makes application of CFs more transparent, since 286 

they are not restricted to pre-defined perspectives and refer explicitly to key value choices, 287 

illustrating the consequences of these choices in the outcomes of the study.   288 

Seven out of 21 impact pathways so far included in LC-IMPACT provide the option to choose 289 

which potential effects to include (certain impacts vs all impacts, see Table 3). For fourteen 290 

impact pathways, the considered time frame can be selected (see Table 3). Low level of 291 

evidence in the expected impacts or uncertainties and lack of robustness in models may be 292 

reasons for excluding some potential impacts from the “certain impacts” values. It is for 293 

example uncertain whether cataract occurrences are caused by stratospheric ozone depletion 294 

(Struijs et al. 2010), therefore this disease is only included in the “all impacts” factor, but not 295 

in the “certain impacts” value. Another example is impacts from groundwater consumption on 296 

ecosystems, which are more uncertain than impacts from surface water consumption due to 297 

significantly lower data availability (Fantke et al. 2018). Therefore, the set of “certain impacts”  298 

characterization factors is a set of factors with comparably low model and parameter uncertainty 299 

but neglecting impacts that are considered relatively uncertain (see also Table 3 for included 300 

effects). The set of “all impacts” characterization factors contains all possible impacts that were 301 
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quantifiable, including impact pathways with lower levels of evidence, which follows a more 302 

precautionary line of reasoning.  303 

Table 3: Included value choices per impact category. If time horizons were not relevant (short-term impacts), this is 304 
indicated with “not relevant”, meaning that this is not considered relevant for cumulative exposure over a period of at 305 
least 100 years. If two or more sets of CFs have the same values for different value choice categories, this is indicated 306 
with merged cells. 307 

Impact category all impacts, long-term 
all impacts, 100 

years 

certain impacts, long-

term 

certain impacts, 100 

yrs 

climate change (human 

health) 

Time horizon: 1000 

yrs 

Time horizon: 100 

yrs 

Time horizon: 1000 

yrs 

Time horizon: 100 

yrs 

Included effects:  
diarrhoea, malaria, 

coastal flooding, 

malnutrition, 

cardiovascular 

diseases, inland 

flooding   

Included effects:  
diarrhoea, malaria, 

coastal flooding, 

malnutrition, 

cardiovascular 

diseases, inland 

flooding   

Included effects: 

diarrhoea, malaria, 

coastal flooding 

Included effects: 

diarrhoea, malaria, 

coastal flooding 

climate change 

(terrestrial ecosystems) 

Time horizon: 1000 

yrs 

Time horizon: 100 

yrs 

Time horizon: 1000 

yrs 

Time horizon: 100 

yrs 

Included effects:  all 

species included 

Included effects:  all 

species included 

Included effects:  all 

species included 

Included effects:  all 

species included 

climate change 

(freshwater ecosystems) 

Time horizon: 1000 

yrs 

Time horizon: 100 

yrs 
Time horizon: - Time horizon: - 

Included effects:  
impacts on fish below 

42° latitude 

Included effects:  
impacts on fish 

below 42° latitude 

Included effects: not 

considered due to 

uncertainty 

Included effects: not 

considered due to 

uncertainty 

stratospheric ozone 

depletion 

Time horizon: infinite 
Time horizon: 100 

yrs 
Time horizon: infinite 

Time horizon: 100 

yrs 

Included effects: 
cataract, skin cancer 

Included effects: 
cataract, skin cancer 

Included effects: skin 

cancer 
Included effects: 
skin cancer 

ionising radiation 

Time horizon: 
100,000 yrs 

Time horizon: 100 

yrs 

Time horizon: 
100,000 yrs 

Time horizon: 100 

yrs 

Included effects: 
Cancers: Thyroid, bone 

marrow, lung, breast, 

bladder, colon, ovary, 

skin, liver, oesophagus, 

stomach, bone surface 

and remaining cancer. 

Hereditary disease 

Included effects: 
Cancers: Thyroid, 

bone marrow, lung, 

breast, bladder, 

colon, ovary, skin, 

liver, oesophagus, 

stomach, bone 

surface and 

remaining cancer. 

Hereditary disease 

Included effects: 

Cancers: Thyroid, bone 

marrow, lung and 

breast. Hereditary 

disease 

Included effects: 

Cancers: Thyroid, 

bone marrow, lung 

and breast. 

Hereditary disease 

photochemical ozone 

formation (human 

health) 

Time horizon: not relevant 

Included effects: respiratory mortality 

photochemical ozone  

formation (terrestrial 

ecosystems) 

Time horizon: not relevant 

Included effects: loss of productivity for forest and grassland plant species 

particulate matter 

formation 

Time horizon: not relevant 

 

Time horizon: not relevant 

 

Included effects: cardiopulmonary and lung 

cancer mortality due to primary PM2.5 and 

secondary aerosols from SO2, NH3 and NOx  

 

Included effects: cardiopulmonary and lung 

cancer mortality due to primary PM2.5 

 

terrestrial acidification 

Time horizon: not relevant 

Included effects: reduction of plant species richness due to NOx, NH3 and SOx emissions to air 

freshwater eutrophication Time horizon: not relevant 
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Included effects: reduction of fish species richness due to P emissions to water 

marine eutrophication 

Time horizon: not relevant 

Included effects: hypoxia-driven reduction of marine animal species richness due to dissolved 

inorganic nitrogen (DIN) emissions 

human toxicity 

(carcinogenic) 

Time horizon: infinite 

Time horizon: 100 

yrs (relevant for 

metals) 

Time horizon: infinite 

Time horizon: 100 

yrs (relevant for 

metals) 

Included effects: via 

inhalation and 

ingestion exposure, all 

potentially 

carcinogenic 

substances from IARC 

Included effects: via 

inhalation and 

ingestion exposure, 

all potentially 

carcinogenic 

substances from 

IARC 

Included effects: via 

inhalation and 

ingestion exposure, 

only substances with 

strong evidence for 

carcinogenicity 

(IARC-category 1, 2A 

and 2B) 

Included effects: via 

inhalation and 

ingestion exposure, 

only substances with 

strong evidence for 

carcinogenicity 

(IARC-category 1, 

2A and 2B) 

human toxicity (non-

carcinogenic) 

Time horizon: infinite 

(relevant for metals) 

Time horizon: 100 

yrs  

Time horizon: infinite 

(relevant for metals) 

Time horizon: 100 

yrs  

Included effects: via 

inhalation and 

ingestion exposure  

Included effects: via 

inhalation and 

ingestion exposure  

Included effects: via 

inhalation and 

ingestion exposure  

Included effects: via 

inhalation and 

ingestion exposure  

freshwater ecotoxicity Time horizon: infinite 

Time horizon: 100 

yrs (relevant for 

metals) 

Time horizon: infinite 

Time horizon: 100 

yrs (relevant for 

metals) 

 

Included effects: 
affected fractions via 

exposure to toxic 

chemicals in 

freshwater 

Included effects: 
affected fractions via 

exposure to toxic 

chemicals in 

freshwater 

Included effects: 
affected fractions via 

exposure to toxic 

chemicals in 

freshwater 

Included effects: 
affected fractions via 

exposure to toxic 

chemicals in 

freshwater 

marine ecotoxicity 

Time horizon: infinite 

(relevant for metals) 

Time horizon: 100 

yrs  

Time horizon: infinite 

(relevant for metals) 

Time horizon: 100 

yrs  

Included effects: 

affected fractions via 

exposure to toxic 

chemicals in seawater 

Included effects: 

affected fractions via 

exposure to toxic 

chemicals in 

seawater 

Included effects: 

affected fractions via 

exposure to toxic 

chemicals in seawater 

Included effects: 

affected fractions via 

exposure to toxic 

chemicals in 

seawater 

terrestrial ecotoxicity 

Time horizon: infinite 

(relevant for metals) 

Time horizon: 100 

yrs  

Time horizon: infinite 

(relevant for metals) 

Time horizon: 100 

yrs  

Included effects: 
affected fractions via 

exposure to toxic 

chemicals in soil 

Included effects: 
affected fractions via 

exposure to toxic 

chemicals in soil 

Included effects: 
affected fractions via 

exposure to toxic 

chemicals in soil 

Included effects: 
affected fractions via 

exposure to toxic 

chemicals in soil 

land stress (occupation) 

Time horizon: not relevant 

Included effects: occupation of 6 land use types 

land stress 

(transformation) 

Time horizon: total 

recovery times (up to 

1200 yrs, depending on 

ecosystem) 

Time horizon: 100 

yrs 

Time horizon: total 

recovery times (up to 

1200 yrs, depending on 

ecosystem) 

Time horizon: 100 

yrs 

Included effects:  
transformation of 6 

land use types 

Included effects:  
transformation of 6 

land use types 

Included effects:  
transformation of 6 

land use types 

Included effects:  
transformation of 6 

land use types 

water stress (ecosystems) 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: 

surface water and 

groundwater 

consumption impacts 

on wetlands 

Included effects: 

surface water and 

groundwater 

consumption impacts 

on wetlands 

Included effects: only 

surface water 

consumption impacts 

on wetlands 

Included effects: 

only surface water 

consumption impacts 

on wetlands 

Time horizon: not relevant 
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water stress (human 

health) 
Included effects: Malnutrition 

mineral resources 

extraction 

Time horizon:  not 

used 

Time horizon: not 

used 

Time horizon:  not 

used 

Time horizon: not 

used 

Included effects: uses 

‘ultimately extractable 

reserves’ 

Included effects: 

uses (economic) 

‘reserves’  

Included effects: uses 

‘ultimately extractable 

reserves’ 

Included effects: 

uses (economic) 

‘reserves’  

 308 

The two extreme scenarios are “long term impacts with all levels of evidence” (i.e. all impacts, 309 

long-term) and “short term impacts with high level of evidence” (i.e. certain impacts, 100-year 310 

time horizon). These two scenarios are recommended as a minimum to be included in an LCA 311 

study. The other two scenarios are added for completeness and as courtesy to practitioners to 312 

provide further freedom in the application of LC-IMPACT.  313 

2.8 Characterization factors. Figure 2 provides maps for a few example impact categories. 314 

Note that, depending on the chosen native scale, the size of the individual regions varies. For 315 

particulate matter (PM) emissions, characterization factors are high for regions with high 316 

population densities and consequently indicate higher damage per emission unit. Impacts of 317 

water consumption on human health (Figure 2b) are high in regions where water is scarce, 318 

population density is high and possibilities to offset impacts (e.g. by importing food) are small. 319 

High CFs for land occupation are found on islands (high species endemism, thus vulnerable 320 

regions) and in tropical regions (high species richness). Some regions with high species richness 321 

and vulnerability correlate as well with the water consumption impacts on ecosystem quality 322 

(e.g. Australia), while in general, the impacts of water consumption are dominated by the 323 

density of wetlands included in the model (e.g. high in the US).  324 

 325 

 
  a) b) 
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Figure 2: Example maps for characterization factors for a) human health impacts of particulate matter (PM2.5) 326 
emissions (DALY/kg), b) human health impacts of water consumption (DALY/m3), c) impacts on ecosystem quality 327 
from land occupation by annual crops (PDF/m2) and d) impacts on ecosystem quality from water consumption 328 
(PDF.yr/m3). 329 

 330 

3. Application example  331 

3.1 Description. As an illustrative case study, we compared the impacts from different fuel 332 

options. The functional unit was defined as driving one passenger kilometer in a Euro 5 car in 333 

Europe, fueled with petrol or biofuel. We compare the following options: low sulfur petrol in 334 

Europe, E85 fuel with bioethanol from sugarcane produced in Brazil and E85 fuel with 335 

bioethanol produced from maize in the US. Transport of the bioethanol from US and Brazil to 336 

Europe was assumed to take place via truck, then ship and truck again. Petrol is taken directly 337 

from the ecoinvent activity "transport of petrol, low-sulfur" and includes transport inputs via 338 

ships, pipeline, train and truck. We assumed that ethanol substitutes 1:1 for petrol on an 339 

energetic basis in modern, fuel-injected cars (1J equals 1J) (Strogen et al. 2014; Yan et al. 2013). 340 

However, due to the lower energy density of ethanol compared to petrol, 1 kg of petrol is 341 

equivalent to 1.46 kg of ethanol. Emissions from the combustion of bioethanol differ from low-342 

sulfur petrol. However, this difference was difficult to summarize, as it depends on, among 343 

other things, engine type, driving patterns, and climate. Given this uncertainty, we made the 344 

rough assumption that bioethanol contains effectively no sulfur (no SO2 emission) (Masum et 345 

al. 2013; Pelkmans et al. 2011; Sadeghinezhad et al. 2014). We neglected differences in price 346 

of fuels and resulting changes in consumption, as well as differences in evaporative emissions 347 

between petrol and ethanol. We also did not consider that the 15% conventional petrol in E85 348 

c) 
d) 
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would cause changes in refinery operation, as petrol could be of lower quality (have lower 349 

octane level) and thus be cheaper and avoid production of special octane-increasing additives.  350 

Information on the yield, production areas and irrigation for maize and sugarcane was taken 351 

from Monfreda et al. (2008) and Pfister et al. (2011). 352 

We chose the CFs for climate change, land occupation, water stress, and particulate matter 353 

formation as impact categories for the illustrative purpose of the case study. First, we used 354 

marginal and “all effects” for the CFs in all categories. Time horizon was not relevant for land 355 

occupation, water stress and particulate matter, but was relevant and included for climate 356 

change. A distinction between “certain effects” and “all effects” was possible for climate 357 

change (except for freshwater ecosystems, which are only included when “all effects” are used) 358 

and particulate matter formation.  All CFs except climate change provided both site-generic and 359 

regionalized CFs. The CF values used were downloaded from www.lc-impact.eu in August 360 

2018. We used ecoinvent 3.5 (Wernet et al. 2016) with the cutoff allocation approach as a 361 

background database. Calculations for the case study were done in the LCA software Brightway 362 

2 (Mutel 2017). 363 

3.2 Application example results. Figure 3a and Figure 4a show the human health impacts for 364 

the three fuel options. Climate change is the dominating impact. There is up to a factor 4 365 

difference between the three fuel options. Differences between site-dependent and site-generic 366 

impacts are small (see SI). Contributions between the two extreme scenarios (“all effects and 367 

infinite time horizon” vs. “certain effects and 100 years time horizon”) vary, without changing 368 

the order of importance.  369 

For impacts on terrestrial ecosystem quality (Figure 3a and Figure 4b) climate change is also 370 

an important contributor to the impact. In site-dependent assessments, land occupation 371 

increases in relevance. Between impacts of site-dependent vs site-generic land occupation there 372 

is up to a factor 80 difference in the results (sugarcane). Contributions between the two extreme 373 

http://www.lc-impact.eu/
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scenarios (“all effects and infinite time horizon” vs. “certain effects and 100 years time 374 

horizon”) vary, without changing the order of importance. 375 

For freshwater ecosystem quality (Figure 4c and Figure 3c), impacts from water consumption 376 

only have a difference of maximum a factor of 3 between site-generic and site-dependent 377 

assessment. Climate change remains an important contributor, but less so than for the other two 378 

areas of protection (and no CFs exist for “certain effects” here). The reason for maize having 379 

dominant water impacts as opposed to land stress is that a large share of maize production in 380 

the US is taking place in comparably dry regions with high irrigation needs (in analogy to also 381 

Henderson et al. (2017)) and high related CFs, while the respective land use CFs are smaller in 382 

the US. 383 

 

 

a) 

b) 
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Figure 3: Results of the illustrative case study for the different areas of protection and sets of CFs: a) Human health, 384 
b) terrestrial ecosystems, c) aquatic ecosystems. For more information and the exact numbers, see SI. Human health 385 
results in DALY, ecosystem quality results in PDF∙yr. Time horizons are only relevant for climate change in the 386 
included collection of CFs. 387 

 388 

Differences between “certain effects” and “all effects” are most pronounced for climate change 389 

impacts on aquatic ecosystems (see SI and Figure 4), since no CFs exist for the “certain effects” 390 

set, due to the low level of evidence of the underlying models. CFs for climate change impacts 391 

are global and site-generic. However, the rank order of the most relevant inventory values 392 

changes between site-generic and site-dependent assessment, also causing a difference in 393 

climate change related impacts. 394 

c) 
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 395 

Figure 4: Comparison between the relative contributions of impacts of driving a car in Europe for 1 km with different 396 
fuel options for the two extreme scenarios of the selected impact categories: a) for human health impacts (“all impacts, 397 
TH=infinite”); b) for human health impacts (“certain impacts, TH=100 years”); c) for terrestrial ecosystem quality 398 
impacts (“all impacts, TH=infinite”) and d) for terrestrial ecosystem quality impacts (“certain effects, TH=100 years); 399 
e) for aquatic ecosystem impacts (“all effects, TH=infinite”); f) for aquatic ecosystem impacts (“certain impacts, TH=100 400 
years”). Note that TH can be “not relevant” for categories and that climate change does not have spatially differentiated 401 
CFs and that there is no climate change impact for “certain impacts” for aquatic ecosystems (see Table 3). For more 402 
detailed results, see Supporting Information (Excel file on case study). 403 

As mentioned, differences between site-generic and site-dependent scores are most important 404 

for land stress (see Supporting Information, Excel file on case study), followed by water stress, 405 

while they are less pronounced for particulate matter formation (Figure 4a). This is because for 406 

particulate matter impacts, the scale of regionalization is coarser (see Table 1 and Table 2) than 407 

for water and land stress and larger than individual countries. This means that the global average 408 

is more similar to the regionalized values than for impact categories with finer spatial scales. 409 

For water and land stress, native regions for the site-dependent values (terrestrial ecoregions 410 

and watersheds, see Table 2) are in most cases smaller than countries and thus influence the 411 

country and global averages more strongly.  412 
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Examples for regionalized results for maize and sugarcane production across several terrestrial 413 

ecoregions or watersheds, respectively are shown in Figure5 (i.e. an overlay of the multiplication 414 

of the regionalized inventory and the regionalized CF). The contribution of impact between the 415 

terrestrial ecoregions (Figure 5a,c) varies both because of differences in the LCI and the LCIA 416 

model, since the area used for growing sugarcane and maize and the harvested yield differs 417 

within Brazil and the US (data from Monfreda et al. (2008)). The developed CFs vary as well 418 

between the ecoregions, due to differences in land use shares, species richness and the rarity 419 

and threat level of species. The same is true for impacts from water consumption (Figure 5b,d), 420 

where differences in irrigation intensity, as well as differences between CFs drive the results. 421 

To get from regionalized results per ecoregion to one value (as presented in Figure 4), the 422 

impacts of each ecoregion or watershed are summed.  423 

 

 

    

Figure5: Examples of contributions of different spatial components to impacts of terrestrial ecosystem quality: a) 424 
Contribution to land occupation impacts from maize production in the US, b) Contribution to water consumption 425 
impacts of maize production in the US, c) Contribution to land occupation impacts from sugarcane production in Brazil, 426 
d) Contribution to water consumption impacts from sugarcane production in Brazil. Each impact is shown on a 427 
terrestrial ecoregion or watershed level (native scale for land stress and water consumption impacts). The black/white 428 

a) b) 

c) d) 
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raster underlying the maps shows the land use intensity and irrigation intensity, respectively from Monfreda et al (2008) 429 
and Pfister et al. (2011).  430 

When changing from site-generic to site-dependent impacts, there might also be a change in the 431 

process contributing most to the impact and the contributing share of each process (see 432 

Supporting Information, Excel file for case study). This is, for example, the case for sugarcane 433 

ethanol production contributing to impacts from fine particulate matter formation, which 434 

switches from clear-cutting of primary forest to electricity production from coal as the dominant 435 

impact. For land occupation impacts on ecosystems from maize-based ethanol, for example, 436 

maize grain production is contributing most to the site-dependent impact (78 %). If a site-437 

generic assessment is used, the same process is responsible for 85% of the impacts.  438 

Overall, the conclusions based on either regionalized or generic assessments might differ. Of 439 

the 4 sets each of regionalized vs. generic results for human health, terrestrial ecosystems and 440 

aquatic ecosystems (see Figure 3), one to two sets each would lead to a different conclusion in 441 

terms of the rank order of these overall impacts.  442 

4. Discussion 443 

4.1 Practical aspects of using LC-IMPACT. All LC-IMPACT impact categories, except for 444 

climate change, ionizing radiation and stratospheric ozone depletion, provide CFs with spatial 445 

detail. As illustrated in the case study, these spatial aspects can indeed be relevant. However, 446 

most of today’s commercially used LCA software tools and life cycle inventory databases do 447 

not handle spatially differentiated data well, being mostly restricted to country scales. This 448 

hampers the broader applicability of LC-IMPACT, at least for use in background systems. We 449 

provide shape- and raster files, as well as GoogleEarth layers for all regionalized impact 450 

categories on www.lc-impact.eu. It is thus possible to extract the relevant regionalized CFs 451 

from these layers for a foreground system. However, in future, LCA software tools will be able 452 

to incorporate the aggregated country, continental and global values for easier use in 453 
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background systems. One software system that is able to handle the fully spatially-differentiated 454 

CFs, and has incorporated them for the use in the case study here, is Brightway 2 (Mutel 2017).  455 

Albeit optional, one commonly-used step of the LCIA phase is normalization, which in the case 456 

of external normalization, requires normalization references, preferably global in their scope 457 

(Pizzol et al. 2017). For LC-IMPACT, as well as for all regionalized LCIA methodologies, the 458 

determination of external normalization references adds some challenges because inventory 459 

data at native scales should ideally be used to determine accurate normalization references. 460 

Such data are however largely lacking worldwide. For some impact categories associated with 461 

a few well-monitored substances, like NOx, SOx and NH3 for terrestrial acidification, data are 462 

readily available and global normalization references can thus be computed with relative ease 463 

and good accuracy (Crenna et al. 2019). For other impact categories, like the toxicity-related 464 

impacts, which stem from thousands of substances that are poorly monitored in most countries, 465 

the building of a comprehensive global emission inventory includes major uncertainties due to 466 

data gaps and extrapolation needs (Leclerc et al. 2019). Research is therefore needed to tackle 467 

those issues. 468 

Uncertainty aspects are also important to include in LCIA models. Many impact categories, 469 

such as climate change, are based on data from existing scientific literature. Depending on how 470 

data was reported in these original sources, quantitative uncertainties can only be reported to a 471 

limited extent. In LC-IMPACT, uncertainty is therefore discussed in a qualitative way for all 472 

impact categories (see LC-IMPACT report for more details, www.lc-impact.eu). Aspects 473 

contributing to uncertainties include limited knowledge of the exact impact mechanism (e.g. 474 

for the number of species or river discharge change related to climate change alone), aspects 475 

related to population levels and susceptibility (e.g. human health impacts from ozone depleting 476 

substances vary according to melatonin content of the skin), or limited numbers of 477 

http://www.lc-impact.eu/
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compartments for fate modelling (e.g. for toxicity or ionizing radiation). Land stress includes 478 

an additional quantitative uncertainty assessment.  479 

4.2 Qualitative comparison with ReCiPe 2016 and ImpactWorld+. LC-IMPACT has 11 480 

broad impact categories, some of which further distinguish between e.g. different ecosystem 481 

types for impacts (e.g. toxicity). All of them are on endpoint level only. In terms of coverage 482 

of endpoint categories, LC-IMPACT and ReCiPe 2016 (Huijbregts et al. 2017) share the same 483 

categories for impacts on human health and ecosystem quality, in some cases with the same 484 

underlying models and assumptions (e.g. climate change). ReCiPe 2016 covers both fossil and 485 

mineral resources in the resources section and uses the metric “surplus cost potential” (as 486 

opposed to the surplus ore potential used in LC-IMPACT). LC-IMPACT and ImpactWorld+ 487 

(Bulle et al. 2019) share 17 common endpoint categories (“recommended” in ImpactWorld+; 488 

note that the underlying models in each category might be different though). Four categories 489 

that are covered in LC-IMPACT are either not covered or covered with an “interim” method in 490 

ImpactWorld+ (photochemical ozone formation on terrestrial ecosystems, marine and 491 

terrestrial ecotoxicity, and mineral resources extraction). On the other hand, ImpactWorld+ has 492 

four “recommended” endpoint categories that are not covered in LC-IMPACT (marine and 493 

freshwater acidification, thermally polluted water, and impacts of ionizing radiation on 494 

ecosystem quality). 495 

One of the largest conceptual differences between LC-IMPACT vs. ReCiPe2016 and 496 

ImpactWorld+ is the use of vulnerability factors to consistently address the global extinction of 497 

species. In terms of damage metrics, LC-IMPACT uses the global PDFs as metric for 498 

biodiversity impacts, thus number of species committed to global extinction, relative to the 499 

total. By contrast, ReCiPe2016 combines absolute species loss at the local, regional and global 500 

scale, using species.yr. In addition, we do not use the cultural perspectives used in ReCiPe in 501 

LC-IMPACT, but instead provide four sets (depending on the impact category) of 502 
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characterization factors, distinguishing between time horizons and different effects. This makes 503 

value choices more explicit and allows, but does not prescribe, a mix of value choices. Finally, 504 

LC-IMPACT does not provide midpoint characterization factors, contrary to ReCiPe 2016 and 505 

ImpactWorld+, since midpoint factors are not available yet in a consistent way across all 506 

included impact categories. Regionalization may lead to different results on mid- and endpoint 507 

levels, especially if not all regionally relevant mechanisms are already included in the midpoint 508 

calculation. In addition, there is for some indicators an ambiguity of which indicator (where in 509 

the cause-effect chain) would be best suited as a midpoint indicator. These are issues that need 510 

to be further investigated to come up with a robust set of midpoint indicators. Further details 511 

can be found in the qualitative LCIA method comparison tables by Rosenbaum (2018) 512 

providing an in-depth comparison of available and current LCIA methods including LC-513 

IMPACT and ImpactWorld+. 514 

4.3 Living method. We consider LC-IMPACT to be a “living” method. That means that we 515 

strive for including new impact pathways and improve already covered impact pathways on a 516 

regular basis. The current version 1.0 of LC-IMPACT is available both on the website (www.lc-517 

impact.eu) and as a zip-file on Zenodo (10.5281/zenodo.3663305). Potential new developments 518 

for future incorporation include those from the EU-FP7-funded LC-IMPACT project that are 519 

not yet considered to be mature at a global level, such as human health impacts due to noise. 520 

Prerequisites for including new impact pathways are that they are consistent with the modelling 521 

framework of LC-IMPACT (e.g. include aspects of vulnerability consistently), and that they 522 

are spatially differentiated (if appropriate) and available at a global scale. We therefore 523 

encourage method developers to inform us about models that fulfill these requirements by 524 

contacting us through the website (www.lc-impact.eu), in order to integrate them and further 525 

the development of LC-IMPACT. Quality and consistency checking will then be carried out in 526 

collaboration between the developers of the new impact category and members of the LC-527 

http://www.lc-impact.eu/
http://www.lc-impact.eu/
http://www.lc-impact.eu/
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IMPACT team. The user will be informed of changes through updated version numbering on 528 

the LC-IMPACT website and on Zenodo. Older versions will, however, remain available. We 529 

encourage practitioners to apply LC-IMPACT in their case studies and share their experiences, 530 

in order to further strengthen and improve the method. The method is recommended especially 531 

if the focus is placed on impacts on global species extinctions, even though LC-IMPACT can 532 

be generally applied for any damage level assessment. By providing a living and spatially 533 

differentiated LCIA method we strive to further contribute to the reliability and relevancy of 534 

LCA studies. 535 

4.4 Outlook. No LCIA method is complete in terms of coverage of, or level of detail within, 536 

impact categories today. As mentioned, impacts such as aspects of noise (also for ecosystem 537 

quality), invasive species, salinization, plastics, ocean acidification, specific ocean climate 538 

change, different pollutants/toxicants and their potential synergies, as well as issues such as 539 

impacts on ecosystem services remain lacking and require more research. Other impact 540 

categories (such as water consumption and land stress) do cover some impacts today, but could 541 

be complemented to cover more impact pathways. In addition, further development is needed 542 

for regionalized midpoint indicators, including the spatial dilemma these may cause in 543 

comparison to the endpoints and the completion of both marginal and average models for all 544 

(present and future) impact categories.  545 

Supporting Information 546 

The generic and regionalized results of the LCA case study, as well as the top 10 contributors 547 

to each impact category are available as Supporting Information in an Excel file. In addition, a 548 

zip-file is provided that contains the notebooks used for the calculations in Brightway2.  Details 549 

about all the impact categories and used models can be found in the report on www.lc-550 

impact.eu. All chapters and CFs can be downloaded from the website and Zenodo 551 

(10.5281/zenodo.3663305) free of charge. 552 
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