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1. Overall framework  

Francesca Verones1,2*, Stefanie Hellweg3, Mark A.J. Huijbregts1 
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* francesca.verones@ntnu.no  

1.1.  Introduction  
1.1.1. General background  

Life Cycle Assessment (LCA) is a methodology for assessing the environmental impacts of a product or a 

service throughout its whole life cycle.  In general LCA consists of four phases (ISO 2006b), as shown in 

Figure 1.1. In the first phase an explicit goal is defined, including the definition of a functional unit for 

which the LCA is performed. The boundaries of the investigated system are set, the required impact 

categories chosen and assumptions and limitations identified. During the inventory analysis the materials 

and inputs required, as well as emissions and outputs created during the complete life cycle are collected. 

The third step is the Life Cycle Impact Assessment (LCIA) that aims at quantifying the potential 

environmental impacts and their significance, based on the life cycle inventory (LCI) results. Within the 

impact assessment characterization models, such as the ones presented here for the LC-IMPACT 

methodology, are applied. The characterization factors developed in these models indicate the 

environmental impact per unit of stressor (e.g. per kg of resource used or emission released). In order to 

make impacts comparable, results are calculated in equivalence units, such as for example DALYs ς 

disability adjusted life years for human health impacts or PDFs ς potentially disappeared fractions of 

species for ecosystem quality. 

 

Figure 1.1: The four phases of performing an LCA according to ISO (ISO 2006a; ISO 2006b). 

Optionally, normalization can be performed. Normalization factors are relating the characterised results 

of each impact category to a certain reference situation (e.g. global water consumption in the year 2010), 

mailto:*francesca.verones@ntnu.no
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thus introducing an adequate context. Typically, reference situations are chosen at the global level since 

the analysed product system often stretches the entire world. In doing this, normalisation provides the 

relative contribution of a certain product to the chosen reference situation, thus facilitating interpretation 

(Wegener Sleswijk et al. 2008). 

1.1.2. Aim  

The development and refinement of LCIA methodologies has made large progress during the last couple 

of years, incorporating new impact pathways (e.g. water use) and including spatial differentiation if 

relevant. The LC-IMPACT methodology is at the forefront of these developments and aims to provide a 

άƭƛǾƛƴƎέ life cycle impact assessment methodology, which aims to be regularly updated to include the most 

important developments in LCIA. In particular, LC-IMPACT aims to have global coverage for the three main 

areas of protection (humans, ecosystems, resources), including spatially differentiated information where 

appropriate.  

 

Innovations include: 

- Spatial resolution of CF according to the nature of impact (where possible) as well as spatially 

aggregated CF on country and global level, to facilitate coupling with LCI 

- A new approach for assessing impacts to ecosystems, assessing global extinctions. This approach 

is more relevant and consistent than previous approaches, which mixed scales of extinctions. 

- Explicit documentation of value judgments 

- Explicit documentation of type of approach (marginal and/or average/linear) 

- Quantitative uncertainty assessments for selected impact categories and qualitative discussion of 

uncertainties for all impact categories. 

 

Normalization factors are also made available along with characterization factors.  

The influence of value choices were quantified. Value choices are related to the level of robustness, 

temporal system boundary or level of inclusion of impacts. This includes the separation of results between 

short-term and long-term impacts ŀǎ ǿŜƭƭ ŀǎ ƛƴŎƭǳŘƛƴƎ ƻƴƭȅ ŎŜǊǘŀƛƴ ƛƳǇŀŎǘǎ ƻǊ άŀƭƭ ƛƳǇŀŎǘǎέΦ This explicit 

distinction between up to four sets of factors allows the practitioner to make an informed and transparent 

choice (further explanation below). 

Currently, only results on an endpoint level will be made available for the impact categories. Harmonized 

and common midpoint indicators, as well as additional impact categories are planned to be added in the 

future. 

The main work of this harmonized methodology results from the outcomes of the FP7-funded project LC-

IMPACT (http://www.lc -impact.eu). After this framework chapter, individual chapters for all the impact 

categories follow.  Each of them provides information on how the impact pathway affects the 

environment and the three areas of protection, and explains the value choices and modelling steps. 

 

http://www.lc-impact.eu/
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1.2. Areas of protection and overview of impact categories  
Human health, ecosystem quality and abiotic resources are commonly used in life cycle impact 

assessment (LCIA) methodologies (Goedkoop 2000; Goedkoop et al. 2009) as the three areas of 

protection. It was decided to keep the same broad, three areas of protection for the implementation of 

the LC-IMPACT methodology.   

The overview of the link between the impact categories and the three areas of protection is shown in 

Figure 1.2Φ ¢ƘŜ ŎŀǘŜƎƻǊȅ άŜŎƻǎȅǎǘŜƳ ǉǳŀƭƛǘȅέ ŎƻǾŜǊǎ ǘƘŜ ǘŜǊǊŜǎǘǊƛŀƭΣ ŀǉǳŀǘƛŎ ŀƴŘ ƳŀǊƛƴŜ ŜƴǾƛǊƻƴƳŜƴǘǎΦ We 

recommend to keep the three ecosystem types separate for communication, as there is no generally 

agreed upon weighting mechanism to sum impacts across different ecosystem types.  

 

Figure 1.2: Overview of the environmental mechanisms that are covered in the LC-IMPACT methodology and their relation to 
ǘƘŜ ŀǊŜŀǎ ƻŦ ǇǊƻǘŜŎǘƛƻƴΦ bƻǘŜ ǘƘŀǘ άŜŎƻǎȅǎǘŜƳ ǉǳŀƭƛǘȅέ ŎƻǾŜǊǎ ǘŜǊǊŜǎǘǊƛŀƭΣ ŦǊŜǎƘǿŀǘŜǊ ŀƴŘ ƳŀǊƛƴŜ ŜŎƻǎȅǎǘŜƳǎΣ ǘƘǳǎ ƳǳƭǘƛǇƭŜ 
environmental compartments may be impacted (e.g. terrestrial and freshwater ecotoxicity)  

The endpoints are related to the three areas of protection (see Table 1.1). Two basic equations for 

calculating endpoint characterization factors (CFs) are shown below. Equation 1.1 shows the basic CF for 

human health, with intake fraction iF, exposure factor XF, effect factor EF and damage factor DF. The 

intake fraction is a measure for the fate and exposure of people to a certain substance, the effect factor 

quantifies the effect of a certain substance on human health, while the damage factor is a measure for 

the severity of an impact on human health.  
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ὅὊ ὭὊϽὢὊϽὉὊϽὈὊ 

Equation 1.1 

Equation 1.2 reflects the basic CF equation for ecosystems. Relative global species loss per unit of emission 
or extraction was calculated by the product of a vulnerability score VS, an exposure factor, as well as a 
fate factor FF and an effect factor EF. The exposure factor is omitted in some impact categories, as it is 1 
(e.g. in land stress).  

ὅὊ  ὊὊϽὢὊϽὉὊϽὠὛ 

Equation 1.2 

What is special in LC-IMPACT compared to other LCIA methods is that the CF quantifies the relative global 
species loss by putting the regional species loss in perspective of the global species pool. This is done for 
one or more taxa (fish, mammals, birds, amphibians, reptiles, and/or plants), depending on the data 
availability per impact category. For water and land use we follow the proposed approach in Verones et 
al. (2017) and modified the approach, depending on data availability for the other impact categories (see 
individual chapters for details). The VS varies between 0 and 1. A VS of 1 means that the species is highly 
threatened or probably endemic, while lower scores denote less vulnerable species (see also Verones et 
al. (2015)). We tested the differences between factors including a vulnerability score and those that do 
not include a vulnerability score, in order to avoid any bias. For land use, the ratio between the median 
aggregated regional and global CF is by definition 1 (see Chapter 11 on Land stress). Thus, we do not 
introduce a bias with the vulnerability scores. 

Although it has been argued that mineral resources are available in almost infinite amounts in the earth 

crust, the actual availability of a mineral primarily depends on ore grades (Gerst 2008). When a mineral is 

extracted, the overall ore grade of that mineral declines (Prior et al. 2012). The lower the ore grade, the 

larger the amount of ore that is produced for extracting the same amount of mineral. According to Prior 

et al. (2012), ore grade decline can be used as an indicator for a range of societal impacts. For instance, 

larger amounts of ore produced for the same unit of mineral output, implies more waste (waste rock, 

tailings) to be handled. This is the mŜŎƘŀƴƛǎƳ ǘƘŀǘ ƛǎ ŎŀǇǘǳǊŜŘ ƛƴ ǘƘŜ ŀǊŜŀ ƻŦ ǇǊƻǘŜŎǘƛƻƴ ΨwŜǎƻǳǊŎŜǎΩ ŦƻǊ 

mineral resources as a means of extra future effort for resource extraction. The unit of the resource 

scarcity indicator is the extra amount of ore produced per unit of mineral extracted, averaged over the 

mining of the full mineral reserve that is currently available (see Figure 1.3 for illustration). Reserves are 

defined as economically proven reserves for the CFcertain effects and ultimately extractable reserves for the 

CFall effects.  
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Figure 1.3: Illustrative example for the calculation of characterization factors for mineral resource scarcity. 

Table 1.1: Overview of the areas of protection and respective endpoint units. DALY stands for disability adjusted life years and 
PDF stands for potentially disappeared fraction of species. kgore stands for the extra average amount of ore to be produced. 

Area of protection abbreviation endpoint unit 

damage to human health HH DALY 
damage to ecosystem quality EQ PDF 
damage to abiotic resources R kgore 

 

DALYs (disability adjusted life years) represent the years that are lost or that a person is disabled for due 

to a disease or accident. DALYs are typically based on health statistics from the World Health Organization 

on the global burden of disease (for example, WHO (2014)). 

The unit for ecosystem quality is a global fraction of potentially disappeared species (PDF). Although this 

unit sounds similar to previous LCIA approaches, the underlying concept of how to arrive at these fractions 

differs from previous methodologies. Instead of local losses based on locally present species, losses of 

species are considered in relation to the globally present species, leading to a globally normalized PDF of 

species. 

The unit for resource is the surplus ore potential, i.e. kilogram of ore (kgore/kgmineral) which represents the 

extra average amount of ore produced as a result of mineral resource extraction. 

PDF and DALY are no standard units, a DALY basically being a year and a PDF being a fraction. The reason 

why the results are still presented including the DALY (instead of just year) or PDF (instead of nothing) 

notation is to clarify the targeted endpoint. 
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1.3. Linear/average vs. marginal approach  
There are different possible approaches for calculating effect factors, namely marginal, and average/linear 

(see also Figure 1.4). According to the marginal approach, the influence of raising the background 

concentration/pressure by an incremental amount is investigated. This means that the reference state is 

ǘƻŘŀȅΩǎ ǎƛǘǳŀǘƛƻƴ ƻǊ ǘƘŜ ŎǳǊǊŜƴǘ ōŀŎƪƎǊƻǳƴŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ ƛƳǇŀŎǘ ƻŦ ŀ ƳŀǊƎƛƴal change 

is quantified. By contrast, in the case of average modeling, rather than taking the derivative of the curve 

at the point of current level of impact, the average effect change per unit of change is used. The reference 

state is the current situation, relating the change either to a zero effect, a preferred state (e.g. 

environmental targets) or a prospective future state. The main difference between linear and average is 

that for an average approach the background level is known (highlighted with an asterisk in Table 1.2), 

while it is assumed to be 0.5 for the linear approach due to the absence of information on background 

pollution levels.  

 

 
Figure 1.4: Derivation of effect factors (EF) following a linear approach, marginal approach and an average approach, for the 
impact of total phosphorus concentrations on freshwater macro-invertebrate diversity with a logistic response curve PDF = 
мκόмҌпΦлтϊ/Ǉ-1.11) and working point of 10 mg/l (Huijbregts et al. 2011). 

Different environmental mechanisms work with different approaches for calculating the required factors. 

If possible, more than one approach is used, in order to provide different factors. An overview of the 

approaches covered by environmental mechanism is given in Table 1.2. Table 1.3 shows that for various 

impact categories different approaches were chosen. This is not different from previous methods, but in 

contrast to other LCIA method, here we make the approach explicit so that the practitioner can 

consciously decide on which one to use. Depending on the scope of the study the practitioner may choose 

either marginal or linear/average values (if both are available). It is recommended to use, if possible, 

consistent sets of factors (e.g. either all marginal or all linear/average).  

  
Figu re 4: Logistic species sensitivity distribution for the impact of total phosphorus  

concentrations on freshwater macroinvertebrate diversity. Derivation of effect factors 

(EF) following the marginal and the average approach is shown for a working point of 1 0 

mg/L [14, 32] .  
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Table 1.2: Overview of approaches covered by each environmental mechanism. An asterisk indicates that the background 
level is known (average approach). 

Environmental mechanism marginal average/linear 

climate change V V* 
stratospheric ozone depletion  

V 

ionising radiation  
V 

photochemical ozone  formation  
V* 

particular matter formation  
V 

terrestrial acidification V 
 

freshwater eutrophication  
V 

marine eutrophication  
V 

freshwater ecotoxicity  
V 

human toxicity (carcinogenic)  
V 

human toxicity (non-carcinogenic)  
V 

marine ecotoxicity  
V 

terrestrial ecotoxicity  
V 

land stress V V* 
water stress (ecosystems) V 

 

water stress (human health) V V* 
mineral resources extraction  

V 

 

The different approaches have different strengths for applications. Approaches with marginal changes 

quantify the impact of small changes in emissions or resource uses (as stated in Huijbregts et al. (2011): 

άwhat do we add in terms of environmental impact with the consumption of one liter of coffee?έύΦ 

However, if there are already high environmental impacts, the marginal impact may decrease and in 

extreme cases become zero, implying that if environmental impacts are already substantial, additional 

impacts are of no consequence.  Average approaches, on the other hand, assess the impacts of larger 

changes than just marginal ones. Therefore, this type of approach potentially also opens a further field of 

application of life cycle impact assessment methods such as LC-IMPACT, by connecting it to the macro-

scale assessments of input-output models. Input-output models quantify accurately what the resource 

use or footprint of a consumer is, but hardly ever attempt to quantify the environmental consequences 

related to this resource use. LC-IMPACT, as a spatially differentiated impact assessment method can 

potentially contribute to such an assessment. 

1.4. Value choices  
Important binary choices are the differentiation between low and high levels of robustness. Binary choices 

between the level of robustness can be related either (1) to the fact that it can be highly uncertain whether 

a specific effect is caused by the interventions that belong to an impact category (e.g. cataract for ozone 

depletion) and (2) to the timing of the impact (long-term or short-term effects), represented by the time 

horizon. In general, the further away in time the impact is, the more uncertain, i.e. the lower the level of 

robustness. 

In contrast to the cultural perspectives (individualist, hierarchist and egalitarian) that are commonly used 

in LCA (e.g. Goedkoop et al. (2009)), we follow another approach here. Instead, the characterization factor 

is built in a modular way that allows the user to add or neglect impacts that are farther away (in a time 

perspective) and less certainly caused by a specific impact category. We therefore provide the user with 

four sets of CFs: 
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1) all impacts, 100 years: short (100 years) time horizon and high level of certainty for impact of a specific 

intervention,  

2) all impacts, long-term: long time horizon and high level of certainty for impact of a specific intervention,  

3) certain impacts, 100 years: short (100 years) time horizon and low level of certainty for impact of a 

specific intervention, 

4) certain impacts, long-term: long time horizon and low level of certainty for impact of a specific 

intervention.  

We recommend users to always calculate results with all sets of characterization factors, in order to 

understand the full extent and nature of the potential impacts. 

 Table 1.3 gives an overview of the value choices with low and high level of robustness for each 

environmental mechanism. Please note that these binary choices, in order to in- or exclude certain parts 

of a characterization factor do not reflect statistical uncertainty or confidence intervals. 

Table 1.3: Overview of choices per impact category. Note that the time horizon for terrestrial acidification and mineral 
resources can be relevant (van Zelm et al. 2007; Vieira et al. 2012) but cannot be considered due to insufficient data (Verones 
et al. submitted). 

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 

Included effects: 

Cancers: Thyroid, bone 

marrow, lung and 

breast. Hereditary 

disease 

Included effects: 

Cancers: Thyroid, 

bone marrow, lung 

and breast. 

Hereditary disease 
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remaining cancer. 

Hereditary disease 

photochemical ozone  

formation (human 

health) 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: 

respiratory mortality 

Included effects: 

respiratory mortality 

Included effects: 

respiratory mortality 

Included effects: 

respiratory 

mortality 

photochemical ozone  

formation (terrestrial 

ecosystems) 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: loss 

of productivity for 

forest and grassland 

plant species 

Included effects: 

loss of productivity 

for forest and 

grassland plant 

species 

Included effects: loss 

of productivity for 

forest and grassland 

plant species 

Included effects: 

loss of productivity 

for forest and 

grassland plant 

species 

particulate matter 

formation 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: 

cardiopulmonary and 

lung cancer mortality 

due toprimary PM2.5 

and secondary aerosols 

from SO2, NH3 and 

NOx  

Included effects: 

cardiopulmonary and 

lung cancer mortality 

due toprimary PM2.5 

and secondary 

aerosols from SO2, 

NH3 and NOx  

Included effects: 

cardiopulmonary and 

lung cancer mortality 

due to  primary PM2.5 

Included effects: 

cardiopulmonary 

and lung cancer 

mortality due to  

primary PM2.5 

terrestrial acidification 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: 

reduction of plant 

species richness due to 

N and S emissions to 

air 

Included effects: 

reduction of plant 

species richness due 

to N and S emissions 

to air 

Included effects: 

reduction of plant 

species richness due to 

N and S emissions to 

air 

Included effects: 

reduction of plant 

species richness 

due to N and S 

emissions to air 

freshwater eutrophication 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: 

reduction of fish 

species richness due to 

P emissions to water 

Included effects: 

reduction of fish 

species richness due 

to P emissions to 

water 

Included effects: 

reduction of fish 

species richness due to 

P emissions to water 

Included effects: 

reduction of fish 

species richness 

due to P emissions 

to water 

marine eutrophication 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: 

hypoxia-driven 

reduction of marine 

animal species richness 

due to dissolved 

inorganic nitrogen 

(DIN) emissions 

Included effects: 

hypoxia-driven 

reduction of marine 

animal species 

richness due to 

dissolved inorganic 

nitrogen (DIN) 

emissions 

Included effects: 

hypoxia-driven 

reduction of marine 

animal species richness 

due to dissolved 

inorganic nitrogen 

(DIN) emissions 

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 
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(IARC-category 1, 

2A and 2B) 

human toxicity (non-

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  

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 

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 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 

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 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 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: 

occupation of 6 land 

use types 

Included effects: 

occupation of 6 land 

use types 

Included effects: 

occupation of 6 land 

use types 

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 

water stress (human 

health) 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Time horizon: not 

relevant 

Included effects: 

Malnutrition 

Included effects: 

Malnutrition 

Included effects: 

Malnutrition 

Included effects: 

Malnutrition 

mineral resources 

extraction 

Time horizon:  not 

used 

Time horizon: not 

used 

Time horizon:  not 

used 

Time horizon: not 

used 
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Included effects: uses 

óultimately extractable 

reservesô 

Included effects: 

uses (economic) 

óreservesô  

Included effects: uses 

óultimately extractable 

reservesô 

Included effects: 

uses (economic) 

óreservesô  

1.5. Spatial variability  
1.5.1. Level of spatial resolution  

The level of spatial detail is varying greatly between the different impact categories, as is shown in Table 

1.4. Some categories, for example climate change do not need spatial detail in the application of the 

characterization factors, since the damages are spreading on a global level. Others, for example water 

stress, have very local and specific impacts and incorporating spatial details in the methodological 

development is thus a large benefit. The approach for including spatial variability is, wherever possible, 

reflecting the nature and spatial extent of impact. However, for some impact categories it was data driven 

(Table 1.4). We include spatial variability, as soon as information is available and adapt the spatial 

resolution on which the final characterization factors are provided to the resolution of the available data.  

 
Table 1.4: Spatial resolution for the different parts of the environmental mechanisms. 

environmental mechanism 
Spatial resolution 
fate factor 

Spatial resolution 
effect factor 

Spatial resolution 
characterization factor 

climate change (ecosystems) none none none 

climate change (human health) none none none 

stratospheric ozone depletion none none none 

ionising radiation 

global values for 
air, freshwater, 
marine none 

global values for air, 
freshwater, marine 

photochemical ozone depletion 
(ecosystems) 

56 world regions 
(averages of base 
run of 1°x1°) none country level 

photochemical ozone depletion 
(human health) 

56 world regions 
(averages of base 
run of 1°x1°) none country level 

particular matter formation 

56 world regions 
(averages of base 
run of 1°x1°) none country level 

terrestrial acidification 

615'888 three 
dimensional 
compartments 2° x 2.5° 2° x 2.5° 

freshwater eutrophication 0.5° x 0.5° 
biogeographical 
habitats 0.5° x 0.5° 

marine eutrophication 

Country to large 
marine 
ecosystems (233 
spatial units) 

66 large marine 
ecosystems (5 
climate zones) 

Country to large marine 
ecosystems (233 spatial units) 

freshwater ecotoxicity   sub-continental 

human toxicity   sub-continental 

marine ecotoxicity   sub-continental 

terrestrial ecotoxicity   sub-continental 

land stress ecoregions ecoregions ecoregions 

water stress (ecosystems) 
more than 20'000 
individual points 

more than 20'000 
individual points 0.05° x 0.05° 
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water stress (human health) 
watersheds 
(11'000 units) country level watersheds (11'000 units) 

mineral resources extraction none  none 

 

1.5.2. Ecosystem impacts: Procedures for maps of taxonomic classes  

Maps with number of species present and, if possible, vulnerability scores (VS) are calculated for different 

taxonomic groups. An overview of the taxonomic groups covered in each impact category is given in Table 

1.5. 
Table 1.5: Overview of the taxonomic groups used for calculating maps of species counts and vulnerability scores (only possible 
for taxa with available IUCN data). All groups consist of animals except tracheophyta (vascular plants). FEOW stands for 
freshwater ecoregions of the world. 

Environmental 
mechanism 

taxonomic group taxonomic classification 
Spatial 
resolution 

VS map available? Data origin 

Acidification Tracheophyta Phylum 0.53°x0.53° 
no, species numbers 
used as proxy 

Kier et al. 
(2009) 

Freshwater  
eutrophication 

Fish Classes FEOW 

no, fish richness 
density and total fish 
number used as 
proxy 

Abell et al. 
(2008) 

Marine eutrophication 

Lobsters, bony 
fish, cartilaginous 
fish and sea 
cucumbers 

Classes (note: only species 
occurring in marine neritic 
habitats are included) 

Large Marine 
Ecosystems 

yes  IUCN (2018) 

Photochemical  
ozone formation 

Tracheophyta Phylum 0.53°x0.53° no 
Kier et al. 
(2009) 

Water 

Mammalia 
Aves 
Amphibia 
Reptilia  

Classes  0.05°x0.05° yes IUCN (2018) 

Land 

Mammalia 
Aves 
Amphibia 
Reptilia 
Tracheophyta 

Classes  0.05°x0.05° yes IUCN (2018) 

Climate change Global average - - no  

Ecotoxicity 

Tracheophyta 
Freshwater Fish 
Lobsters, bony 
fish, cartilaginous 
fish and sea 
cucumbers 

Classes/Phylum - 

No, proxies used. 
Terrestrial:species 
numbers 
tracheophyta; 
freshwater: fish 
numbers; marine: 
species numbers 
Lobsters, bony fish, 
cartilaginous fish 
and sea cucumbers  

Abell et al. 
(2008); Kier 
et al. (2009); 
IUCN (2018) 

 

Species maps were calculated with as much and detailed data as possible according to the following data 

priority setting: 

1) Maps calculated with IUCN data 

For a wide variety of species IUCN provides geographic range sizes, including explicit spatial information, 

compatible for use in geographical information systems. As taxonomic classification level we chose 
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άŎƭŀǎǎŜǎέ ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜǎŜ ƳŀǇǎ όTable 1.5). Classes are the third level of the taxonomic classification 

aŦǘŜǊ άYƛƴƎŘƻƳέ όŜΦƎΦ ǇƭŀƴǘǎΣ ŀƴƛƳŀƭǎύ ŀƴŘ άtƘȅƭǳƳέ όŜΦƎΦ ŎƘƻǊŘŀǘŜΣ ǘǊŀŎƘŜƻǇƘȅǘŀύΦ Lƴ ƻǊŘŜǊ ǘƻ ǊŜǇǊŜǎŜƴǘ 

the number of species on a global grid, the geographical ranges of all relevant species were overlaid and 

summed in Matlab (MathWorks 2016). Species that are already extinct nowadays were excluded from the 

analysis, because the aim of the maps is to give present species counts. The procedure is also described 

in Verones et al. (2013). The resolution of these maps is 0.05°x0.05°. 

2) Species maps from other authors 

If no species-specific information on geographic range sizes were available, a search for existing species 

maps was performed. The map for tracheophyta (vascular plants) is a map that was made available by 

Kreft et al. (2007). Tracheophyta is a phylum and not a class, but there is no map available for all 12 classes 

of vascular plants that are grouped into the phylum tracheophyta. The resolution is fixed and we do not 

have species lists available for different classes at each location. 

3) Using relationships with abiotic parameters to estimate species occurrences 

If the search for existing maps yielded no results, relationships with abiotic parameters were applied for 

estimating the number of species in a spatially differentiated way. This is the case for freshwater fish 

species. We used a species-discharge relationship (Oberdorff et al. 1995) and the modelled yearly average 

discharge from WaterGap (WATCH 2011) to come up with a map of estimated fish species numbers. 

For the fish map (for freshwater eutrophication) the fate and effect factor are made compatible to the 

resolution of the species map because we have explicit relationships for modelling the fish counts at 

spatial level. However, the map of tracheophyta for terrestrial acidification cannot be resampled. Thus, 

we upsize the resolutions of the fate and effect factor for terrestrial acidification, in order to match the 

resolution of the tracheophyta map. This species map is an existing map we are using with species richness 

information. However, we do not know which species exactly are present in which cell. Thus we cannot 

resample the map, since the same species number (e.g. 3) in two pixels does not mean that the species 

composition is exactly the same (e.g. species A, B and C in pixel 1 and A, B and D in pixel 2).  

1.5.3. Spatial aggregation  

All spatially-differentiated characterization factors are also available on a country and a continental level 

to facilitate application. A single global default value will also be provided.  

Spatial aggregation is done by calculating weighted averages. Averaging at higher spatial scales will be 

based on actual emissions, except for land and water stress, which will be based on water withdrawal and 

land use, respectively. Population density can be used as a fallback proxy weighting scheme. The 

aggregation based on emission and resource consumption patterns reflects the best knowledge we 

currently have about activity levels. Note that with this approach we assume that a new activity (emission, 

consumption) is more likely to happen in regions where activities are already taking place, i.e. this is an 

attributional assessment (Mutel et al. 2009). Table 1.6 shows the data sources and method used for 

aggregating. 
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Table 1.6: Overview of data sources and aggregation type for impact categories that include spatial differentiation. 

impact category aggregation based on Reference year Data source for aggregation 

freshwater eutrophication 
emissions/ crop areas (for 

erosion) 
2000 Scherer et al. (2015) 

terrestrial acidification population density 2000 CIESIN (2005) 

water stress water consumption 2010 
WATCH (2011), Pfister et al. 

(2011), UN (2011) 
land stress ecoregion size - Olson et al.(2001) 

particulate matter emissions 2000 Lamarque et al. (2010) 
photochemical ozone formation emissions 2000 Lamarque et al. (2010) 
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2.1.  Areas of protection and environmental mechanisms covered  

 

Figure 2.1: Cause and effect pathway of climate change (from Huijbregts et al., 2014) 

The cause and effect pathway (Figure 2.1) of climate change starts with the emission of a greenhouse gas 

(GHG) to the atmosphere. The increased concentration of the GHGs causes the radiative forcing capacity 

of the atmosphere to increase, resulting in a larger part of the solar energy being retained in the 

atmosphere. This causes the global temperature to increase, thus affecting human health as well as the 

natural ecosystems. In this section we describe only those damages that are covered by our methodology. 

The areas of protection that are relevant for this environmental mechanism are human health and 

ecosystem quality (terrestrial and aquatic). 

Human health can be affected through a shift in disease distributions. With increased temperatures 

certain parasites will be able to survive in areas where they previously were not able to live. Furthermore, 

the increased amount of energy in the atmosphere will give rise to more extreme weather in the form of 

coastal or inland floodings or droughts, all of which have an adverse effect on human health. 

mailto:z.steinmann@science.ru.nl
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Terrestrial ecosystems will experience a shift in distribution as a result of increased temperatures. Not all 

species will be able to migrate quickly enough to follow the associated change in vegetation, causing them 

to go extinct. Freshwater ecosystems can be affected through a decrease in river discharge as a result of 

the changed climate. Rivers with larger discharges can sustain more different species of fish than river 

with lower discharges. Therefore a decrease in discharge is likely to cause a number of species to go extinct 

in that river system. 

The climate models, which are used to predict the impact on human health, assume an increase in global 

temperature of 0.5 to 0.68 degrees in the year 2030 relative to the average global temperature in the 

reference year 2000. The 0.18 degree difference between the two scenarios is used to derive the final CF, 

this is a relatively small change in temperature and hence a marginal approach. A temperature change of 

1-3.5 degrees is modelled for terrestrial ecosystems, while a change of 1.9 to 4.4 degrees is used for the 

aquatic ecosystems, making these approaches more similar to a mix between a marginal and an average 

approach. Ideally, one would use the same model with the same temperature increase for both human 

health and ecosystem damage effect factors. However, because both models have been developed 

independently of each other, such synchronization was not possible. Because climate change is modelled 

as a global increase in radiative forcing there is no need to provide location-specific emission factors. 

Regardless of the emissions location the impact will be the same.   

2.2.  Calculation of the characterization factors at endpoint level  
The endpoint characterization factors for climate change that are used for damage on human health 

represent Disability-Adjusted loss of Life Years (DALY). This is a metric for the potential loss of life years 

(plus the years in which people have to live with disease, weighted with the severity of the disease) among 

the total world population (in the unit yr/kg GHG). The factors for ecosystem damage represent the 

globally potentially disappeared fraction of species over a period of time due to the emission of 1 kg of 

GHG (unit yr/kg GHG). In order to calculate these factors several steps are needed, starting with the 

prospected increase in temperature due to the release of 1 kg GHG. The following equation (equation 2.1) 

shows the calculation of the endpoint characterization factor CFend for greenhouse gas x. GWP is the 

greenhouse warming potential of greenhouse gas x, TH is the time horizon, ɻTEMP is the temperature 

increase due to the release of 1 kg of CO2 and EF is the effect factor for a given Area Of Protection (AOP, 

i.e. human health, freshwater or terrestrial ecosystems). 

ὅὊ ȟȟ ȟ Ὃὡὖȟ Ͻ ‬ὝὩάὴ ȟ  ϽὉὊ  

Equation 2.1. 

2.2.1. From emission to temperature increase  

The International Panel on Climate Change (IPCC) provides characterization factors called Absolute Global 

Warming Potentials (AGWPs) which can be used to compare different GHGs (IPCC, 2013). The AGWP of a 

GHG represents the amount of solar radiation that is retained within the atmosphere over a period of 

time. When the AGWP is expressed relative to the AGWP of the reference gas CO2 it is called the Global 

Warming Potential (GWP). A time horizon of 100 years is taken as the default, robust scenario and a time 

horizon of 100 - 1000 years represents the less robust scenario. GWPs provided by the IPCC are expressed 
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in equivalents of 1 kg CO2 for a 100-year time horizon. By using the radiative forcing capacity and the 

atmospheric life time, the AGWP and GWP for other time horizons can be calculated for all GHGs except 

CO2. The approach followed here (equations 2.2 and 2.3) is equal to the midpoint calculation in the most 

recent ReCiPe update (Huijbregts et al., 2014). 

ὃὋὡὖȟ ὙὊϽ ὧὺ ϽὒὝ Ͻρ Ὡ  

Equation 2.2 

Ὃὡὖȟ  
ὃὋὡὖȟ ȟ

ὃὋὡὖ ȟ
 

Equation 2.3 

άwC ƛǎ ǘƘŜ ǊŀŘƛŀǘƛǾŜ ŜŦŦƛŎƛŜƴŎȅ ό² Ƴ-2/ppb), cv is the substance-specific mass to concentration conversion 
factor (ppb/kg), LT is the lifetime (year) of the substance x and TH is the time horizon (year) of the 
assessment (in this case 1000 years). RF and LT were directly available from the fifth assessment report 
(IPCC, 2013). Since the values for cv are not reported separately in the fifth assessment report these were 
ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ǘƘŜ !D²tǎ ǘƘŀǘ ǿŜǊŜ ǊŜǇƻǊǘŜŘ ōȅ Lt// όнлмоύΦέ  
(Equations and corresponding descriptions from Huijbregts et al., 2014) 

For short-lived GHGs the AGWP for a 100 year time horizon will be almost equal to the AGWP for a 1000 

year horizon, because no additional effects after 100 years are to be expected. For long-lived GHGs 

(including CO2 itself) however, the AGWP1000 is much larger than the AGWP100 because a large fraction of 

the captured radiation will occur during the uncertain period between 100 and a 1000 years.  

2.2.2. From AGWP to temperature increase  

All midpoint-to-endpoint models start with the modelling of the effects of an increase in temperature. In 

this study the projected increase in temperature due to 1 kg of CO2 was taken from Joos et al. (2013). The 

amount of temperature increase caused by captured cumulative radiative forcing is assumed to be equal 

to that of CO2 for all GHGs (Equation 2.4). This may lead to some uncertainty because the time dimension 

(which is important in the climate response models) is lost after the amount of radiative forcing is 

integrated over time. 

‬ὝὩάὴȟ Ὃὡὖȟ  ‬ὝὩάὴ ȟ  

Equation 2.4  

Where dTemp is the temperature change (°C/kg) and GWP is the Global Warming Potential of GHG x (in 

kg CO2 eq), over a time horizon TH (years) and dTempCO2 is the temperature change caused by 1 kg of CO2. 

2.2.3. From temperature increase to endpoint damage  

The effect of a temperature increase on terrestrial ecosystems and human health was derived from De 

Schryver et al. (2009, 2011 respectively), while the effect on freshwater ecosystems was taken from 

Hanafiah et al. (2011). Equations 2.5 through 2.7 show how these effect factors were calculated. 

ὉὊ ὍὲὧὭὨὩὲὧὩȟ ϽὛὩὺὩὶὭὸώȟ
ȟ
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Equation 2.5 

Where EFHH (DALY/°C) is the effect factor for human health, incidence is the additional incidence of 

disease/flooding event i (incidences/°C) and severity is the damage caused by these incidences 

(DALY/incidence) in region r (Africa, Eastern Mediterranean, Latin American and the Caribbean, South East 

Asia, Western Pacific and developed countries). Please note that this factor includes both the effect 

(incidences) and the damage (DALY). 

The effect factor for terrestrial ecosystems is shown in equation 2.6. 

ὉὊ
ρ

ВὛ
ϽὛȟ Ͻὒέίίȟ

ȟ 

 

Equation 2.6 

Where EFTE (PDF/°C) is effect factor for terrestrial ecosystems. Species is the number of species and Loss 

is the percentual loss of species (%/°C) within species group t (mammals, birds, frogs, reptiles, butterflies 

and plants), in region r (Australia, Mexico, South Africa, Brazil and Europe). Equation 2.7 shows the effect 

factor for aquatic ecosystems.  

ὉὊ
ρ

Вὠ
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Equation 2.7 

Where EFFE (PDF/°C) is the effect factor for freshwater ecosystems, dQmouth is the change in river discharge 

(m3 yr-1/°C) Qmouth is the total river discharge (m3/yr) and V is the volume (m3) of the river in river basin i. 

The damage factors for terrestrial ecosystems (Urban 2015) represent the potentially disappeared 

fraction of species (PDF) per degree temperature increase. A value of 0.037 PDF/°C is reported (based on 

a meta analysis of different climate scenario studies).  The studies that are included in the meta-analysis 

focus on global extinction risk for species, and the damage factor is thus in line with the rest of the impact 

categories. For freshwater ecosystems, Hanafiah et al. (2011) reported an effect factor of 2.04*10-9 PDF 

m3/°C; this factor was derived by taking the sum of the potentially disappeared fractions of species per 

river basin multiplied by the total water volume of each river basin, based on all river basins below 42°. 

We modified this approach by removing duplicates from the used database. Also, we estimated the 

number and change of fish species in each watershed based on Xenopoulos et al. (2005) for different 

climate scenarios (since changes may be non-marginal in some scenarios and for some watersheds). To 

get to a global PDF we then divide with the total number of fish species. River basins north of a latitude 

of 42° are not included because recent (in evolutionary terms) glaciation during ice ages has caused the 

number of species there to be lower than what would be expected from the discharge. Therefore the 

relationship between river discharge and number of fish species does not hold for these river basins.  To 

get an average, weighted effect factor of 1.15 *10-2 PDF/°C we average across all climate scenarios.   
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2.3. Uncertainties  
The CFs for this impact category are based on reported data from existing literature. Assessing the 

sensitivity of the CFs to uncertainties in the individual parameters is therefore only possible to a limited 

extent and is dependent on the reported data in the original reports. For the first part of the cause-and-

effect chain uncertainties in the AGWP of CO2 are provided by Joos et al. (2013). The 90% confidence 

interval spans from 67.9 to 117·10ҍ15 yr Wmҍ2 kg-CO2
ҍ1 (for a 100 year time horizon) and this range 

becomes larger for longer time horizons. Uncertainty estimates for the GWPs of the other greenhouse 

gases are provided by the IPCC as 90% intervals. Note that these uncertainties are a combination of the 

uncertainty in the AGWP of CO2 and the uncertainty in the AGWP of the GHG under consideration. For 

CH4 an uncertainty estimate of ±40% is given (for a 100 year time horizon), for GHGs with a lifetime of a 

century or more a value ±30% is estimated to cover the 90% interval (for a 100 year time horizon). While 

for shorter-lived GHGs this interval is estimated to be ±35% (for a 100 year time horizon).  

Such a detailed quantitative assessment of the other steps in the cause-and-effect chain is not available. 

Time integrated temperature factors are likely to be similar to the AGWP but with additional uncertainty, 

especially for longer time horizons were the climate feedbacks are highly relevant. Damage factors for 

human health are uncertain because of subjective choices (covered in section 2.4.2) as well as inherently 

uncertain due to limited knowledge. Assumptions related to the human health effects are listed in table 

2.1 (from De Schryver et al. 2009). Most of the parameters used in these models are uncertain, so it is 

likely that the modelled relative risks also include a substantial amount of uncertainty. The same is true 

for the damage factors for terrestrial and aquatic ecosystems. For terrestrial species this is caused by 

uncertainty in the model that projects species extinction, which include many uncertain parameters 

among which the magnitude of possible dispersal per species and which species groups are included. For 

aquatic species there is uncertainty in the amount of discharge change caused by a rise in global 

temperature and the response of fish species to this change in discharge. Additionally it is not likely that 

the response of fish is representative of all aquatic species, therefore the level of robustness is considered 

low (see also section 2.4.2).  

Table 2.1. Health effects considered, related assumptions and burden of disease type (from De Schryver et al. 2009). 

Causes     of    health 
effects 

Assumptions Burden of disease 

Malnutrition Models  of  grain  cereals  and  soybean  to  estimate  the  effects  of  
change  in temperature, rainfall and CO2 on future crop yields were 
used. 

Nutritional deficiencies 

Diarrhoea Effects of increasing temperature on the incidence of all-cause 
diarrhoea were addressed, while effects of rainfall were excluded. 

Diarrhoeal diseases 

Heat stress Temperature attributable deaths were calculated. The burden of 
disease of all cardiovascular diseases were used. 

All cardiovascular diseases 

Natural disasters The increased incidence of coastal and inland flooding were assessed. Drowning 
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2.4.  Value choices 
2.4.1.  Time horizon   

A prominent value choice in the modelling of the climate change is the time horizon. GHGs have widely 

different atmospheric lifetimes, making it important to properly state the time horizon over which impacts 

are considered. We calculated CFs for 100 years and for 1000 years, thus the user can choose between 

using the more robust 100 year time horizon or the less robust and more uncertain, but more complete 

1000 year time horizon. 

 

2.4.2. Level of robustness  

Other relevant value choices that are considered are: 

- whether or not there is a strong potential for adaptation, 

- whether future socio-economic developments are favourable 

The human health and ecosystem effects were classified according to their level of robustness (Table 2.2). 

For the area of protection human health the expected increase in some diseases is dependent on the 

future socio-economic development. For some diseases, a positive socio-economic development thus 

prevents an increase in case occurrences. For others diseases like diarrhea and malaria, as well as for 

coastal flooding, an increase will occur even if the future socio-economic developments are positive. All 

these effects on human health are therefore considered to be health effects with a high level of 

robustness. In contrast, other effects may or may not occur and are therefore considered to have a low 

level of robustness. All effects on freshwater ecosystems were considered to have a low level of 

robustness because the CF was based on fish species only. It is uncertain whether these fish species are 

representative of the total freshwater ecosystem. 

Table 2.2: Included effects in four sets of the CFs per area of protection. Note that for human health there are four different 

sets, while for terrestrial and freshwater ecosystems there are two sets each (no difference between certain and all effects or 

no difference with time horizon). 

Area of protection Certain effects, 
100 yrs 

Certain 
effects, 
1000 yrs 

All effects, 100 yrs All effects, 1000 
yrs 

Source 

Human Health Diarrhea 

Malaria 

Coastal flooding 

Diarrhea 

Malaria 

Coastal 
flooding 

Cardiovascular 
disease 

Malnutrition 

Inland flooding 

Diarrhea 

Malaria 

Coastal flooding 

Cardiovascular 
disease 

Malnutrition 

Inland flooding 

Diarrhea 

Malaria 

Coastal flooding 

De Schryver et al. 
(2011) 

Terrestrial 
Ecosystems 

All species 
included 

All species 
included 

All species included All species included Urban (2015) 

Freshwater 
Ecosystems 

None None Fish as 
representative of 
the entire 

Fish as 
representative of 
the entire 

Hanafiah et al. (2011)  
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freshwater 
ecosystem, 

Based on global river 
basins below 42° 

freshwater 
ecosystem, 

Based on global 
river basins below 
42° 

 

2.4.3. Characterization factors  
Table 2.3: Characterization factors for human health (HH). Substances with characterization factors of zero are very short-lived 

substances and are only relevant if the effects are studied over time periods shorter than a few years.  Thus, over 100 years, 

their impacts disappear. 

 Human health [DALY/kg] 

Substance 
Certain effects, 
100 yrs 

All effects, 100 
yrs 

Certain effects, 
infinite 

All effects, 
infinite 

Carbon dioxide 4.28E-07 1.41E-06 3.81E-06 1.25E-05 

Methane 1.20E-05 3.94E-05 1.82E-05 5.96E-05 

Fossil methane 1.28E-05 4.22E-05 1.87E-05 6.13E-05 

Nitrous oxide 1.13E-04 3.72E-04 3.00E-04 9.86E-04 

Chlorofluorocarbons      

CFC-11 1.99E-03 6.55E-03 3.34E-03 1.10E-02 

CFC-12 4.36E-03 1.43E-02 1.03E-02 3.39E-02 

CFC-13 5.95E-03 1.95E-02 4.83E-02 1.59E-01 

CFC-113 2.49E-03 8.18E-03 5.37E-03 1.76E-02 

CFC-114 3.68E-03 1.21E-02 1.33E-02 4.37E-02 

CFC-115 3.28E-03 1.08E-02 3.27E-02 1.07E-01 

Hydrochlorofluorocarbons      

HCFC-21 6.33E-05 2.08E-04 9.39E-05 3.08E-04 

HCFC-22 7.53E-04 2.47E-03 1.13E-03 3.70E-03 

HCFC-122 2.52E-05 8.29E-05 3.78E-05 1.24E-04 

HCFC-122a 1.10E-04 3.63E-04 1.65E-04 5.41E-04 

HCFC-123 3.38E-05 1.11E-04 5.06E-05 1.66E-04 

HCFC-123a 1.58E-04 5.20E-04 2.36E-04 7.75E-04 

HCFC-124 2.25E-04 7.41E-04 3.36E-04 1.10E-03 

HCFC-132c 1.45E-04 4.75E-04 2.16E-04 7.08E-04 

HCFC-141b 3.35E-04 1.10E-03 4.99E-04 1.64E-03 

HCFC-142b 8.47E-04 2.78E-03 1.27E-03 4.16E-03 

HCFC-225ca 5.43E-05 1.78E-04 8.14E-05 2.67E-04 

HCFC-225cb 2.25E-04 7.38E-04 3.35E-04 1.10E-03 

(E)-1-Chloro-3,3,3-trifluoroprop-1-ene 4.28E-07 1.41E-06 9.53E-07 3.13E-06 

Hydrofluorocarbons      

HFC-23 5.31E-03 1.74E-02 2.16E-02 7.09E-02 

HFC-32 2.90E-04 9.51E-04 4.32E-04 1.42E-03 

HFC-41 4.96E-05 1.63E-04 7.44E-05 2.44E-04 

HFC-125 1.36E-03 4.46E-03 2.08E-03 6.84E-03 

HFC-134 4.79E-04 1.57E-03 7.10E-04 2.33E-03 

HFC-134a 5.56E-04 1.83E-03 8.29E-04 2.72E-03 

HFC-143 1.40E-04 4.61E-04 2.09E-04 6.88E-04 

HFC-143a 2.05E-03 6.75E-03 3.48E-03 1.14E-02 

HFC-152 6.85E-06 2.25E-05 1.05E-05 3.45E-05 

HFC-152a 5.90E-05 1.94E-04 8.76E-05 2.88E-04 

HFC-161 1.71E-06 5.62E-06 2.32E-06 7.61E-06 

HFC-227ca 1.13E-03 3.71E-03 1.74E-03 5.70E-03 

HFC-227ea 1.43E-03 4.71E-03 2.31E-03 7.60E-03 

HFC-236cb 5.18E-04 1.70E-03 7.71E-04 2.53E-03 

HFC-236ea 5.69E-04 1.87E-03 8.52E-04 2.80E-03 

HFC-236fa 3.45E-03 1.13E-02 1.49E-02 4.90E-02 

HFC-245ca 3.06E-04 1.01E-03 4.56E-04 1.50E-03 

HFC-245cb 1.98E-03 6.49E-03 3.35E-03 1.10E-02 

HFC-245ea 1.01E-04 3.30E-04 1.50E-04 4.93E-04 
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HFC-245eb 1.24E-04 4.08E-04 1.85E-04 6.08E-04 

HFC-245fa 3.67E-04 1.21E-03 5.48E-04 1.80E-03 

HFC-263fb 3.25E-05 1.07E-04 4.82E-05 1.58E-04 

HFC-272ca 6.16E-05 2.02E-04 9.18E-05 3.02E-04 

HFC-329p 1.01E-03 3.32E-03 1.55E-03 5.09E-03 

HFC-365mfc 3.44E-04 1.13E-03 5.13E-04 1.69E-03 

HFC-43-10mee 7.06E-04 2.32E-03 1.05E-03 3.46E-03 

HFC-1132a 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

HFC-1141 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

(Z)-HFC-1225ye 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

(E)-HFC-1225ye 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

(Z)-HFC-1234ze 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

HFC-1234yf 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

(E)-HFC-1234ze 4.28E-07 1.41E-06 6.08E-07 2.00E-06 

(Z)-HFC-1336 8.56E-07 2.81E-06 1.07E-06 3.52E-06 

HFC-1243zf 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

HFC-1345zfc 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,6-Nonafluorohex-1-ene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooct-1-ene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-Heptadecafluorodec-1-ene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Chlorocarbons and hydrochlorocarbons      

Methyl chloroform 6.85E-05 2.25E-04 1.02E-04 3.35E-04 

Carbon tetrachloride 7.40E-04 2.43E-03 1.13E-03 3.70E-03 

Methyl chloride 5.13E-06 1.69E-05 7.79E-06 2.56E-05 

Methylene chloride 3.85E-06 1.26E-05 5.69E-06 1.87E-05 

Chloroform 6.85E-06 2.25E-05 1.04E-05 3.43E-05 

1,2-Dichloroethane 4.28E-07 1.41E-06 5.73E-07 1.88E-06 

Bromocarbons, hyrdobromocarbons and Halons      

Methyl bromide 8.56E-07 2.81E-06 1.50E-06 4.93E-06 

Methylene bromide 4.28E-07 1.41E-06 6.47E-07 2.13E-06 

Halon-1201 1.61E-04 5.28E-04 2.40E-04 7.87E-04 

Halon-1202 9.88E-05 3.25E-04 1.48E-04 4.84E-04 

Halon-1211 7.49E-04 2.46E-03 1.12E-03 3.67E-03 

Halon-1301 2.69E-03 8.84E-03 5.11E-03 1.68E-02 

Halon-2301 7.40E-05 2.43E-04 1.11E-04 3.64E-04 

Halon-2311/Halothane 1.75E-05 5.76E-05 2.62E-05 8.61E-05 

Halon-2401 7.87E-05 2.59E-04 1.17E-04 3.84E-04 

Halon-2402 6.29E-04 2.07E-03 9.45E-04 3.10E-03 

Fully Fluorinated Species      

Nitrogen trifluoride 6.89E-03 2.26E-02 4.88E-02 1.60E-01 

Sulphur hexafluoride 1.01E-02 3.30E-02 1.31E-01 4.30E-01 

(Trifluoromethyl)sulfur pentafluoride 7.45E-03 2.45E-02 6.75E-02 2.22E-01 

Sulfuryl fluoride 1.75E-03 5.75E-03 2.79E-03 9.16E-03 

PFC-14 2.84E-03 9.32E-03 4.20E-02 1.38E-01 

PFC-116 4.75E-03 1.56E-02 6.79E-02 2.23E-01 

PFC-c216 3.94E-03 1.29E-02 5.07E-02 1.67E-01 

PFC-218 3.81E-03 1.25E-02 4.81E-02 1.58E-01 

PFC-318 4.08E-03 1.34E-02 5.30E-02 1.74E-01 

PFC-31-10 3.94E-03 1.29E-02 4.96E-02 1.63E-01 

Perfluorocyclopentene 8.56E-07 2.81E-06 1.19E-06 3.91E-06 

PFC-41-12 3.66E-03 1.20E-02 4.89E-02 1.61E-01 

PFC-51-14 3.38E-03 1.11E-02 4.38E-02 1.44E-01 

PFC-61-16 3.35E-03 1.10E-02 4.31E-02 1.41E-01 

PFC-71-18 3.26E-03 1.07E-02 4.21E-02 1.38E-01 

PFC-91-18 3.08E-03 1.01E-02 3.69E-02 1.21E-01 

Perfluorodecalin(cis) 3.10E-03 1.02E-02 3.72E-02 1.22E-01 

Perfluorodecalin(trans) 2.69E-03 8.84E-03 3.24E-02 1.06E-01 

PFC-1114 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

PFC-1216 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Perfluorobuta-1,3-diene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Perfluorobut-1-ene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Perfluorobut-2-ene 8.56E-07 2.81E-06 1.13E-06 3.70E-06 

Halogenated alcohols and ethers      



 

29 
 

HFE-125 5.31E-03 1.74E-02 1.39E-02 4.58E-02 

HFE-134 (HG-00) 2.38E-03 7.81E-03 3.61E-03 1.18E-02 

HFE-143a 2.24E-04 7.35E-04 3.34E-04 1.10E-03 

HFE-227ea 2.76E-03 9.06E-03 4.81E-03 1.58E-02 

HCFE-235ca2(enflurane) 2.49E-04 8.19E-04 3.72E-04 1.22E-03 

HCFE-235da2(isoflurane) 2.10E-04 6.90E-04 3.13E-04 1.03E-03 

HFE-236ca 1.81E-03 5.96E-03 2.73E-03 8.95E-03 

HFE-236ea2(desflurane) 7.66E-04 2.52E-03 1.14E-03 3.76E-03 

HFE-236fa 4.19E-04 1.38E-03 6.24E-04 2.05E-03 

HFE-245cb2 2.80E-04 9.19E-04 4.17E-04 1.37E-03 

HFE-245fa1 3.54E-04 1.16E-03 5.28E-04 1.73E-03 

HFE-245fa2 3.47E-04 1.14E-03 5.18E-04 1.70E-03 

2,2,3,3,3-Pentafluoropropan-1-ol 8.13E-06 2.67E-05 1.20E-05 3.93E-05 

HFE-254cb1 1.29E-04 4.23E-04 1.92E-04 6.31E-04 

HFE-263fb2 4.28E-07 1.41E-06 8.48E-07 2.79E-06 

HFE-263m1 1.24E-05 4.08E-05 1.88E-05 6.17E-05 

3,3,3-Trifluoropropan-1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

HFE-329mcc2 1.31E-03 4.31E-03 1.98E-03 6.51E-03 

HFE-338mmz1 1.12E-03 3.68E-03 1.68E-03 5.53E-03 

HFE-338mcf2 3.97E-04 1.31E-03 5.93E-04 1.95E-03 

Sevoflurane (HFE-347mmz1) 9.24E-05 3.04E-04 1.38E-04 4.52E-04 

HFE-347mcc3 (HFE-7000) 2.27E-04 7.45E-04 3.38E-04 1.11E-03 

HFE-347mcf2 3.65E-04 1.20E-03 5.44E-04 1.79E-03 

HFE-347pcf2 3.80E-04 1.25E-03 5.67E-04 1.86E-03 

HFE-347mmy1 1.55E-04 5.10E-04 2.32E-04 7.61E-04 

HFE-356mec3 1.66E-04 5.44E-04 2.47E-04 8.11E-04 

HFE-356mff2 7.27E-06 2.39E-05 1.07E-05 3.52E-05 

HFE-356pcf2 3.08E-04 1.01E-03 4.59E-04 1.51E-03 

HFE-356pcf3 1.91E-04 6.27E-04 2.85E-04 9.35E-04 

HFE-356pcc3 1.77E-04 5.80E-04 2.64E-04 8.66E-04 

HFE-356mmz1 5.99E-06 1.97E-05 8.69E-06 2.86E-05 

HFE-365mcf3 4.28E-07 1.41E-06 5.92E-07 1.94E-06 

HFE-365mcf2 2.48E-05 8.15E-05 3.72E-05 1.22E-04 

HFE-374pc2 2.68E-04 8.81E-04 4.00E-04 1.31E-03 

4,4,4-Trifluorobutan-1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

2,2,3,3,4,4,5,5-Octafluorocyclopentanol 5.56E-06 1.83E-05 8.21E-06 2.70E-05 

HFE-43-10pccc124(H-Galden 1040x,HG-11) 1.21E-03 3.96E-03 1.80E-03 5.90E-03 

HFE-449s1 (HFE-7100) 1.80E-04 5.92E-04 2.68E-04 8.81E-04 

n-HFE-7100 2.08E-04 6.83E-04 3.10E-04 1.02E-03 

i-HFE-7100 1.74E-04 5.72E-04 2.59E-04 8.52E-04 

HFE-569sf2 (HFE-7200) 2.44E-05 8.01E-05 3.62E-05 1.19E-04 

n-HFE-7200 2.78E-05 9.14E-05 4.12E-05 1.35E-04 

i-HFE-7200 1.88E-05 6.18E-05 2.82E-05 9.27E-05 

HFE-236ca12 (HG-10) 2.29E-03 7.52E-03 3.48E-03 1.14E-02 

HFE-338pcc13 (HG-01) 1.25E-03 4.09E-03 1.86E-03 6.09E-03 

1,1,1,3,3,3-Hexafluoropropan-2-ol 7.79E-05 2.56E-04 1.16E-04 3.81E-04 

HG-02 1.17E-03 3.84E-03 1.74E-03 5.71E-03 

HG-03 1.22E-03 4.01E-03 1.82E-03 5.98E-03 

HG-20 2.27E-03 7.45E-03 3.45E-03 1.13E-02 

HG-21 1.66E-03 5.47E-03 2.48E-03 8.16E-03 

HG-30 3.14E-03 1.03E-02 4.76E-03 1.56E-02 

1-Ethoxy-1,1,2,2,3,3,3-heptafluoropropane 2.61E-05 8.57E-05 3.87E-05 1.27E-04 

Fluoroxene 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

1,1,2,2-Tetrafluoro-1-(fluoromethoxy)ethane 3.73E-04 1.22E-03 5.56E-04 1.83E-03 

2-Ethoxy-3,3,4,4,5-pentafluorotetrahydro-2,5-bis[1,2,2,2-
tetrafluoro-1-(trifluoromethyl)ethyl]-furan 2.40E-05 7.87E-05 3.54E-05 1.16E-04 

Fluoro(methoxy)methane 5.56E-06 1.83E-05 8.00E-06 2.63E-05 

Difluoro(methoxy)methane 6.16E-05 2.02E-04 9.18E-05 3.02E-04 

Fluoro(fluoromethoxy)methane 5.56E-05 1.83E-04 8.34E-05 2.74E-04 

Difluoro(fluoromethoxy)methane 2.64E-04 8.67E-04 3.94E-04 1.29E-03 

Trifluoro(fluoromethoxy)methane 3.21E-04 1.06E-03 4.79E-04 1.57E-03 

HG'-01 9.50E-05 3.12E-04 1.41E-04 4.64E-04 

HG'-02 1.01E-04 3.32E-04 1.50E-04 4.93E-04 
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HG'-03 9.46E-05 3.11E-04 1.41E-04 4.64E-04 

HFE-329me3 1.95E-03 6.39E-03 3.16E-03 1.04E-02 

3,3,4,4,5,5,6,6,7,7,7-Undecafluoroheptan-1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Pentadecafluorononan-1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
Nonadecafluoroundecan-1-ol 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

2-Chloro-1,1,2-trifluoro-1-methoxyethane 5.22E-05 1.71E-04 7.79E-05 2.56E-04 

PFPMIE(perfluoropolymethylisopropyl ether) 4.15E-03 1.36E-02 3.76E-02 1.23E-01 

HFE-216 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Trifluoromethylformate 2.52E-04 8.26E-04 3.75E-04 1.23E-03 

Perfluoroethylformate 2.48E-04 8.15E-04 3.70E-04 1.21E-03 

Perfluoropropylformate 1.61E-04 5.28E-04 2.40E-04 7.88E-04 

Perfluorobutylformate 1.68E-04 5.51E-04 2.50E-04 8.21E-04 

2,2,2-Trifluoroethylformate 1.41E-05 4.64E-05 2.13E-05 7.01E-05 

3,3,3-Trifluoropropylformate 7.27E-06 2.39E-05 1.11E-05 3.65E-05 

1,2,2,2-Tetrafluoroethylformate 2.01E-04 6.61E-04 3.00E-04 9.84E-04 

1,1,1,3,3,3-Hexafluoropropan-2-ylformate 1.42E-04 4.68E-04 2.12E-04 6.97E-04 

Perfluorobutylacetate 8.56E-07 2.81E-06 1.06E-06 3.47E-06 

Perfluoropropylacetate 8.56E-07 2.81E-06 1.11E-06 3.63E-06 

Perfluoroethylacetate 8.56E-07 2.81E-06 1.31E-06 4.32E-06 

Trifluoromethylacetate 8.56E-07 2.81E-06 1.32E-06 4.34E-06 

Methylcarbonofluoridate 4.06E-05 1.34E-04 6.08E-05 2.00E-04 

1,1-Difluoroethylcarbonofluoridate 1.16E-05 3.79E-05 1.71E-05 5.62E-05 

1,1-Difluoroethyl2,2,2-trifluoroacetate 1.33E-05 4.36E-05 1.97E-05 6.46E-05 

Ethyl 2,2,2-trifluoroacetate 4.28E-07 1.41E-06 8.76E-07 2.88E-06 

2,2,2-Trifluoroethyl2,2,2-trifluoroacetate 3.00E-06 9.84E-06 4.36E-06 1.43E-05 

Methyl 2,2,2-trifluoroacetate 2.22E-05 7.31E-05 3.34E-05 1.10E-04 

Methyl 2,2-difluoroacetate 1.28E-06 4.22E-06 2.09E-06 6.85E-06 

Difluoromethyl 2,2,2-trifluoroacetate 1.16E-05 3.79E-05 1.72E-05 5.66E-05 

2,2,3,3,4,4,4-Heptafluorobutan-1-ol 1.45E-05 4.78E-05 2.16E-05 7.08E-05 

1,1,2-Trifluoro-2-(trifluoromethoxy)-ethane 5.31E-04 1.74E-03 7.92E-04 2.60E-03 

1-Ethoxy-1,1,2,3,3,3-hexafluoropropane 9.84E-06 3.23E-05 1.49E-05 4.89E-05 

1,1,1,2,2,3,3-Heptafluoro-3-(1,2,2,2-tetrafluoroethoxy)-propane 2.78E-03 9.12E-03 5.34E-03 1.75E-02 

2,2,3,3-Tetrafluoro-1-propanol 5.56E-06 1.83E-05 8.28E-06 2.72E-05 

2,2,3,4,4,4-Hexafluoro-1-butanol 7.27E-06 2.39E-05 1.08E-05 3.56E-05 

2,2,3,3,4,4,4-Heptafluoro-1-butanol 6.85E-06 2.25E-05 1.04E-05 3.40E-05 

1,1,2,2-Tetrafluoro-3-methoxy-propane 4.28E-07 1.41E-06 4.28E-07 1.41E-06 

perfluoro-2-methyl-3-pentanone 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

3,3,3-Trifluoropropanal 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

2-Fluoroethanol 4.28E-07 1.41E-06 5.61E-07 1.84E-06 

2,2-Difluoroethanol 1.28E-06 4.22E-06 1.93E-06 6.35E-06 

2,2,2-Trifluoroethanol 8.56E-06 2.81E-05 1.27E-05 4.18E-05 

1,1'-Oxybis[2-(difluoromethoxy)-1,1,2,2-tetrafluoroethane 2.11E-03 6.91E-03 3.20E-03 1.05E-02 

1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12-hexadecafluoro-2,5,8,11-
Tetraoxadodecane 1.92E-03 6.31E-03 2.93E-03 9.62E-03 

1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12,13,13,15,15-eicosafluoro-
2,5,8,11,14-Pentaoxapentadecane 1.55E-03 5.10E-03 2.37E-03 7.78E-03 
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Table 2.4: Characterization factors for terrestrial ecosystems (TE) and freshwater ecosystems (FE). Substances with 

characterization factors of zero are very short-lived substances and are only relevant if the effects are studied over time periods 

shorter than a few years.  Thus, over 100 years, their impacts disappear. 

 

 Terrestrial ecosystems [PDF*y/kg] Aquatic ecosystems [PDF*y/kg] 

Substance 

Certain 
effects, 
100 yrs 

All 
effects, 
100 yrs 

Certain 
effects, 
infinite 

All 
effects, 
infinite 

Certain 
effects, 
100 yrs 

All 
effects, 
100 yrs 

Certain 
effects, 
infinite 

All effects, 
infinite 

Carbon dioxide 1.76E-15 1.76E-15 1.57E-14 1.57E-14 0 5.47E-16 0 4.87E-15 

Methane 4.93E-14 4.93E-14 7.47E-14 7.47E-14 0 1.53E-14 0 2.32E-14 

Fossil methane 5.28E-14 5.28E-14 7.67E-14 7.67E-14 0 1.64E-14 0 2.39E-14 

Nitrous oxide 4.66E-13 4.66E-13 1.24E-12 1.24E-12 0 1.45E-13 0 3.84E-13 

Chlorofluorocarbons          
CFC-11 8.20E-12 8.20E-12 1.37E-11 1.37E-11 0 2.55E-12 0 4.26E-12 

CFC-12 1.80E-11 1.80E-11 4.25E-11 4.25E-11 0 5.58E-12 0 1.32E-11 

CFC-13 2.45E-11 2.45E-11 1.99E-10 1.99E-10 0 7.60E-12 0 6.18E-11 

CFC-113 1.02E-11 1.02E-11 2.21E-11 2.21E-11 0 3.18E-12 0 6.87E-12 

CFC-114 1.51E-11 1.51E-11 5.47E-11 5.47E-11 0 4.70E-12 0 1.70E-11 

CFC-115 1.35E-11 1.35E-11 1.34E-10 1.34E-10 0 4.20E-12 0 4.18E-11 

Hydrochlorofluorocarbons          
HCFC-21 2.60E-13 2.60E-13 3.86E-13 3.86E-13 0 8.10E-14 0 1.20E-13 

HCFC-22 3.10E-12 3.10E-12 4.64E-12 4.64E-12 0 9.63E-13 0 1.44E-12 

HCFC-122 1.04E-13 1.04E-13 1.55E-13 1.55E-13 0 3.23E-14 0 4.83E-14 

HCFC-122a 4.54E-13 4.54E-13 6.77E-13 6.77E-13 0 1.41E-13 0 2.11E-13 

HCFC-123 1.39E-13 1.39E-13 2.08E-13 2.08E-13 0 4.32E-14 0 6.47E-14 

HCFC-123a 6.51E-13 6.51E-13 9.70E-13 9.70E-13 0 2.02E-13 0 3.01E-13 

HCFC-124 9.27E-13 9.27E-13 1.38E-12 1.38E-12 0 2.88E-13 0 4.30E-13 

HCFC-132c 5.95E-13 5.95E-13 8.87E-13 8.87E-13 0 1.85E-13 0 2.76E-13 

HCFC-141b 1.38E-12 1.38E-12 2.05E-12 2.05E-12 0 4.28E-13 0 6.38E-13 

HCFC-142b 3.48E-12 3.48E-12 5.21E-12 5.21E-12 0 1.08E-12 0 1.62E-12 

HCFC-225ca 2.23E-13 2.23E-13 3.35E-13 3.35E-13 0 6.95E-14 0 1.04E-13 

HCFC-225cb 9.24E-13 9.24E-13 1.38E-12 1.38E-12 0 2.87E-13 0 4.28E-13 

(E)-1-Chloro-3,3,3-trifluoroprop-1-ene 1.76E-15 1.76E-15 3.92E-15 3.92E-15 0 5.47E-16 0 1.22E-15 

Hydrofluorocarbons          
HFC-23 2.18E-11 2.18E-11 8.88E-11 8.88E-11 0 6.78E-12 0 2.76E-11 

HFC-32 1.19E-12 1.19E-12 1.78E-12 1.78E-12 0 3.70E-13 0 5.52E-13 

HFC-41 2.04E-13 2.04E-13 3.06E-13 3.06E-13 0 6.34E-14 0 9.52E-14 

HFC-125 5.58E-12 5.58E-12 8.56E-12 8.56E-12 0 1.73E-12 0 2.66E-12 

HFC-134 1.97E-12 1.97E-12 2.92E-12 2.92E-12 0 6.13E-13 0 9.08E-13 

HFC-134a 2.29E-12 2.29E-12 3.41E-12 3.41E-12 0 7.11E-13 0 1.06E-12 

HFC-143 5.77E-13 5.77E-13 8.61E-13 8.61E-13 0 1.79E-13 0 2.68E-13 

HFC-143a 8.45E-12 8.45E-12 1.43E-11 1.43E-11 0 2.63E-12 0 4.45E-12 

HFC-152 2.82E-14 2.82E-14 4.32E-14 4.32E-14 0 8.75E-15 0 1.34E-14 

HFC-152a 2.43E-13 2.43E-13 3.60E-13 3.60E-13 0 7.55E-14 0 1.12E-13 

HFC-161 7.04E-15 7.04E-15 9.52E-15 9.52E-15 0 2.19E-15 0 2.96E-15 

HFC-227ca 4.65E-12 4.65E-12 7.14E-12 7.14E-12 0 1.44E-12 0 2.22E-12 

HFC-227ea 5.90E-12 5.90E-12 9.52E-12 9.52E-12 0 1.83E-12 0 2.96E-12 

HFC-236cb 2.13E-12 2.13E-12 3.17E-12 3.17E-12 0 6.62E-13 0 9.86E-13 

HFC-236ea 2.34E-12 2.34E-12 3.50E-12 3.50E-12 0 7.27E-13 0 1.09E-12 

HFC-236fa 1.42E-11 1.42E-11 6.14E-11 6.14E-11 0 4.41E-12 0 1.91E-11 

HFC-245ca 1.26E-12 1.26E-12 1.88E-12 1.88E-12 0 3.92E-13 0 5.83E-13 

HFC-245cb 8.13E-12 8.13E-12 1.38E-11 1.38E-11 0 2.53E-12 0 4.29E-12 

HFC-245ea 4.14E-13 4.14E-13 6.17E-13 6.17E-13 0 1.29E-13 0 1.92E-13 

HFC-245eb 5.10E-13 5.10E-13 7.61E-13 7.61E-13 0 1.59E-13 0 2.37E-13 

HFC-245fa 1.51E-12 1.51E-12 2.25E-12 2.25E-12 0 4.69E-13 0 7.00E-13 

HFC-263fb 1.34E-13 1.34E-13 1.98E-13 1.98E-13 0 4.16E-14 0 6.16E-14 

HFC-272ca 2.53E-13 2.53E-13 3.78E-13 3.78E-13 0 7.88E-14 0 1.17E-13 

HFC-329p 4.15E-12 4.15E-12 6.38E-12 6.38E-12 0 1.29E-12 0 1.98E-12 

HFC-365mfc 1.41E-12 1.41E-12 2.11E-12 2.11E-12 0 4.40E-13 0 6.56E-13 

HFC-43-10mee 2.90E-12 2.90E-12 4.34E-12 4.34E-12 0 9.03E-13 0 1.35E-12 

HFC-1132a 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 
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HFC-1141 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

(Z)-HFC-1225ye 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

(E)-HFC-1225ye 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

(Z)-HFC-1234ze 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

HFC-1234yf 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

(E)-HFC-1234ze 1.76E-15 1.76E-15 2.50E-15 2.50E-15 0 5.47E-16 0 7.77E-16 

(Z)-HFC-1336 3.52E-15 3.52E-15 4.40E-15 4.40E-15 0 1.09E-15 0 1.37E-15 

HFC-1243zf 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

HFC-1345zfc 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

3,3,4,4,5,5,6,6,6-Nonafluorohex-1-ene 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8,8-Tridecafluorooct-1-
ene 0.00E+00 

0.00E+0
0 0.00E+00 

0.00E+0
0 0 

0.00E+0
0 0 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
Heptadecafluorodec-1-ene 0.00E+00 

0.00E+0
0 0.00E+00 

0.00E+0
0 0 

0.00E+0
0 0 0.00E+00 

Chlorocarbons and hydrochlorocarbons          
Methyl chloroform 2.82E-13 2.82E-13 4.20E-13 4.20E-13 0 8.75E-14 0 1.31E-13 

Carbon tetrachloride 3.04E-12 3.04E-12 4.64E-12 4.64E-12 0 9.46E-13 0 1.44E-12 

Methyl chloride 2.11E-14 2.11E-14 3.20E-14 3.20E-14 0 6.56E-15 0 9.96E-15 

Methylene chloride 1.58E-14 1.58E-14 2.34E-14 2.34E-14 0 4.92E-15 0 7.27E-15 

Chloroform 2.82E-14 2.82E-14 4.29E-14 4.29E-14 0 8.75E-15 0 1.33E-14 

1,2-Dichloroethane 1.76E-15 1.76E-15 2.36E-15 2.36E-15 0 5.47E-16 0 7.33E-16 

Bromocarbons, hyrdobromocarbons and 
Halons          
Methyl bromide 3.52E-15 3.52E-15 6.18E-15 6.18E-15 0 1.09E-15 0 1.92E-15 

Methylene bromide 1.76E-15 1.76E-15 2.66E-15 2.66E-15 0 5.47E-16 0 8.28E-16 

Halon-1201 6.62E-13 6.62E-13 9.86E-13 9.86E-13 0 2.06E-13 0 3.06E-13 

Halon-1202 4.07E-13 4.07E-13 6.07E-13 6.07E-13 0 1.26E-13 0 1.89E-13 

Halon-1211 3.08E-12 3.08E-12 4.60E-12 4.60E-12 0 9.57E-13 0 1.43E-12 

Halon-1301 1.11E-11 1.11E-11 2.10E-11 2.10E-11 0 3.44E-12 0 6.54E-12 

Halon-2301 3.04E-13 3.04E-13 4.55E-13 4.55E-13 0 9.46E-14 0 1.42E-13 

Halon-2311/Halothane 7.22E-14 7.22E-14 1.08E-13 1.08E-13 0 2.24E-14 0 3.35E-14 

Halon-2401 3.24E-13 3.24E-13 4.81E-13 4.81E-13 0 1.01E-13 0 1.49E-13 

Halon-2402 2.59E-12 2.59E-12 3.89E-12 3.89E-12 0 8.04E-13 0 1.21E-12 

Fully Fluorinated Species          
Nitrogen trifluoride 2.83E-11 2.83E-11 2.01E-10 2.01E-10 0 8.81E-12 0 6.24E-11 

Sulphur hexafluoride 4.14E-11 4.14E-11 5.39E-10 5.39E-10 0 1.29E-11 0 1.67E-10 

(Trifluoromethyl)sulfur pentafluoride 3.06E-11 3.06E-11 2.78E-10 2.78E-10 0 9.52E-12 0 8.63E-11 

Sulfuryl fluoride 7.20E-12 7.20E-12 1.15E-11 1.15E-11 0 2.24E-12 0 3.57E-12 

PFC-14 1.17E-11 1.17E-11 1.73E-10 1.73E-10 0 3.63E-12 0 5.36E-11 

PFC-116 1.95E-11 1.95E-11 2.79E-10 2.79E-10 0 6.07E-12 0 8.68E-11 

PFC-c216 1.62E-11 1.62E-11 2.09E-10 2.09E-10 0 5.03E-12 0 6.49E-11 

PFC-218 1.57E-11 1.57E-11 1.98E-10 1.98E-10 0 4.87E-12 0 6.14E-11 

PFC-318 1.68E-11 1.68E-11 2.18E-10 2.18E-10 0 5.22E-12 0 6.78E-11 

PFC-31-10 1.62E-11 1.62E-11 2.04E-10 2.04E-10 0 5.03E-12 0 6.34E-11 

Perfluorocyclopentene 3.52E-15 3.52E-15 4.89E-15 4.89E-15 0 1.09E-15 0 1.52E-15 

PFC-41-12 1.50E-11 1.50E-11 2.01E-10 2.01E-10 0 4.68E-12 0 6.25E-11 

PFC-51-14 1.39E-11 1.39E-11 1.80E-10 1.80E-10 0 4.33E-12 0 5.60E-11 

PFC-61-16 1.38E-11 1.38E-11 1.77E-10 1.77E-10 0 4.28E-12 0 5.51E-11 

PFC-71-18 1.34E-11 1.34E-11 1.73E-10 1.73E-10 0 4.17E-12 0 5.38E-11 

PFC-91-18 1.27E-11 1.27E-11 1.52E-10 1.52E-10 0 3.93E-12 0 4.72E-11 

Perfluorodecalin(cis) 1.27E-11 1.27E-11 1.53E-10 1.53E-10 0 3.96E-12 0 4.75E-11 

Perfluorodecalin(trans) 1.11E-11 1.11E-11 1.33E-10 1.33E-10 0 3.44E-12 0 4.14E-11 

PFC-1114 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 
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PFC-1216 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

Perfluorobuta-1,3-diene 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

Perfluorobut-1-ene 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

Perfluorobut-2-ene 3.52E-15 3.52E-15 4.63E-15 4.63E-15 0 1.09E-15 0 1.44E-15 

Halogenated alcohols and ethers          
HFE-125 2.18E-11 2.18E-11 5.73E-11 5.73E-11 0 6.78E-12 0 1.78E-11 

HFE-134 (HG-00) 9.78E-12 9.78E-12 1.48E-11 1.48E-11 0 3.04E-12 0 4.61E-12 

HFE-143a 9.20E-13 9.20E-13 1.37E-12 1.37E-12 0 2.86E-13 0 4.26E-13 

HFE-227ea 1.14E-11 1.14E-11 1.98E-11 1.98E-11 0 3.53E-12 0 6.14E-12 

HCFE-235ca2(enflurane) 1.03E-12 1.03E-12 1.53E-12 1.53E-12 0 3.19E-13 0 4.76E-13 

HCFE-235da2(isoflurane) 8.64E-13 8.64E-13 1.29E-12 1.29E-12 0 2.69E-13 0 4.00E-13 

HFE-236ca 7.46E-12 7.46E-12 1.12E-11 1.12E-11 0 2.32E-12 0 3.48E-12 

HFE-236ea2(desflurane) 3.15E-12 3.15E-12 4.70E-12 4.70E-12 0 9.79E-13 0 1.46E-12 

HFE-236fa 1.72E-12 1.72E-12 2.57E-12 2.57E-12 0 5.35E-13 0 7.98E-13 

HFE-245cb2 1.15E-12 1.15E-12 1.72E-12 1.72E-12 0 3.58E-13 0 5.33E-13 

HFE-245fa1 1.46E-12 1.46E-12 2.17E-12 2.17E-12 0 4.53E-13 0 6.75E-13 

HFE-245fa2 1.43E-12 1.43E-12 2.13E-12 2.13E-12 0 4.44E-13 0 6.62E-13 

2,2,3,3,3-Pentafluoropropan-1-ol 3.34E-14 3.34E-14 4.92E-14 4.92E-14 0 1.04E-14 0 1.53E-14 

HFE-254cb1 5.30E-13 5.30E-13 7.90E-13 7.90E-13 0 1.65E-13 0 2.45E-13 

HFE-263fb2 1.76E-15 1.76E-15 3.49E-15 3.49E-15 0 5.47E-16 0 1.08E-15 

HFE-263m1 5.10E-14 5.10E-14 7.72E-14 7.72E-14 0 1.59E-14 0 2.40E-14 

3,3,3-Trifluoropropan-1-ol 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

HFE-329mcc2 5.40E-12 5.40E-12 8.15E-12 8.15E-12 0 1.68E-12 0 2.53E-12 

HFE-338mmz1 4.61E-12 4.61E-12 6.93E-12 6.93E-12 0 1.43E-12 0 2.15E-12 

HFE-338mcf2 1.63E-12 1.63E-12 2.44E-12 2.44E-12 0 5.08E-13 0 7.57E-13 

Sevoflurane (HFE-347mmz1) 3.80E-13 3.80E-13 5.66E-13 5.66E-13 0 1.18E-13 0 1.76E-13 

HFE-347mcc3 (HFE-7000) 9.33E-13 9.33E-13 1.39E-12 1.39E-12 0 2.90E-13 0 4.32E-13 

HFE-347mcf2 1.50E-12 1.50E-12 2.24E-12 2.24E-12 0 4.67E-13 0 6.96E-13 

HFE-347pcf2 1.56E-12 1.56E-12 2.33E-12 2.33E-12 0 4.86E-13 0 7.25E-13 

HFE-347mmy1 6.39E-13 6.39E-13 9.53E-13 9.53E-13 0 1.99E-13 0 2.96E-13 

HFE-356mec3 6.81E-13 6.81E-13 1.02E-12 1.02E-12 0 2.12E-13 0 3.16E-13 

HFE-356mff2 2.99E-14 2.99E-14 4.40E-14 4.40E-14 0 9.30E-15 0 1.37E-14 

HFE-356pcf2 1.27E-12 1.27E-12 1.89E-12 1.89E-12 0 3.93E-13 0 5.86E-13 

HFE-356pcf3 7.85E-13 7.85E-13 1.17E-12 1.17E-12 0 2.44E-13 0 3.64E-13 

HFE-356pcc3 7.27E-13 7.27E-13 1.08E-12 1.08E-12 0 2.26E-13 0 3.37E-13 

HFE-356mmz1 2.46E-14 2.46E-14 3.58E-14 3.58E-14 0 7.66E-15 0 1.11E-14 

HFE-365mcf3 1.76E-15 1.76E-15 2.43E-15 2.43E-15 0 5.47E-16 0 7.57E-16 

HFE-365mcf2 1.02E-13 1.02E-13 1.53E-13 1.53E-13 0 3.17E-14 0 4.76E-14 

HFE-374pc2 1.10E-12 1.10E-12 1.65E-12 1.65E-12 0 3.43E-13 0 5.11E-13 

4,4,4-Trifluorobutan-1-ol 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

2,2,3,3,4,4,5,5-Octafluorocyclopentanol 2.29E-14 2.29E-14 3.37E-14 3.37E-14 0 7.11E-15 0 1.05E-14 

HFE-43-10pccc124(H-Galden 1040x,HG-11) 4.96E-12 4.96E-12 7.39E-12 7.39E-12 0 1.54E-12 0 2.30E-12 

HFE-449s1 (HFE-7100) 7.41E-13 7.41E-13 1.10E-12 1.10E-12 0 2.30E-13 0 3.43E-13 

n-HFE-7100 8.55E-13 8.55E-13 1.27E-12 1.27E-12 0 2.66E-13 0 3.96E-13 

i-HFE-7100 7.16E-13 7.16E-13 1.07E-12 1.07E-12 0 2.23E-13 0 3.32E-13 

HFE-569sf2 (HFE-7200) 1.00E-13 1.00E-13 1.49E-13 1.49E-13 0 3.12E-14 0 4.63E-14 

n-HFE-7200 1.14E-13 1.14E-13 1.69E-13 1.69E-13 0 3.56E-14 0 5.26E-14 

i-HFE-7200 7.74E-14 7.74E-14 1.16E-13 1.16E-13 0 2.41E-14 0 3.61E-14 

HFE-236ca12 (HG-10) 9.42E-12 9.42E-12 1.43E-11 1.43E-11 0 2.93E-12 0 4.44E-12 

HFE-338pcc13 (HG-01) 5.12E-12 5.12E-12 7.63E-12 7.63E-12 0 1.59E-12 0 2.37E-12 

1,1,1,3,3,3-Hexafluoropropan-2-ol 3.20E-13 3.20E-13 4.78E-13 4.78E-13 0 9.95E-14 0 1.48E-13 

HG-02 4.80E-12 4.80E-12 7.15E-12 7.15E-12 0 1.49E-12 0 2.22E-12 

HG-03 5.02E-12 5.02E-12 7.49E-12 7.49E-12 0 1.56E-12 0 2.33E-12 

HG-20 9.33E-12 9.33E-12 1.42E-11 1.42E-11 0 2.90E-12 0 4.40E-12 

HG-21 6.85E-12 6.85E-12 1.02E-11 1.02E-11 0 2.13E-12 0 3.18E-12 

HG-30 1.29E-11 1.29E-11 1.96E-11 1.96E-11 0 4.01E-12 0 6.09E-12 

1-Ethoxy-1,1,2,2,3,3,3-heptafluoropropane 1.07E-13 1.07E-13 1.59E-13 1.59E-13 0 3.34E-14 0 4.94E-14 
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Fluoroxene 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

1,1,2,2-Tetrafluoro-1-(fluoromethoxy)ethane 1.53E-12 1.53E-12 2.29E-12 2.29E-12 0 4.76E-13 0 7.11E-13 

2-Ethoxy-3,3,4,4,5-pentafluorotetrahydro-2,5-
bis[1,2,2,2-tetrafluoro-1-
(trifluoromethyl)ethyl]-furan 9.86E-14 9.86E-14 1.46E-13 1.46E-13 0 3.06E-14 0 4.52E-14 

Fluoro(methoxy)methane 2.29E-14 2.29E-14 3.29E-14 3.29E-14 0 7.11E-15 0 1.02E-14 

Difluoro(methoxy)methane 2.53E-13 2.53E-13 3.78E-13 3.78E-13 0 7.88E-14 0 1.17E-13 

Fluoro(fluoromethoxy)methane 2.29E-13 2.29E-13 3.43E-13 3.43E-13 0 7.11E-14 0 1.07E-13 

Difluoro(fluoromethoxy)methane 1.09E-12 1.09E-12 1.62E-12 1.62E-12 0 3.37E-13 0 5.03E-13 

Trifluoro(fluoromethoxy)methane 1.32E-12 1.32E-12 1.97E-12 1.97E-12 0 4.11E-13 0 6.13E-13 

HG'-01 3.91E-13 3.91E-13 5.81E-13 5.81E-13 0 1.21E-13 0 1.80E-13 

HG'-02 4.15E-13 4.15E-13 6.18E-13 6.18E-13 0 1.29E-13 0 1.92E-13 

HG'-03 3.89E-13 3.89E-13 5.81E-13 5.81E-13 0 1.21E-13 0 1.80E-13 

HFE-329me3 8.01E-12 8.01E-12 1.30E-11 1.30E-11 0 2.49E-12 0 4.04E-12 

3,3,4,4,5,5,6,6,7,7,7-Undecafluoroheptan-1-ol 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-
Pentadecafluorononan-1-ol 0.00E+00 

0.00E+0
0 0.00E+00 

0.00E+0
0 0 

0.00E+0
0 0 0.00E+00 

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
Nonadecafluoroundecan-1-ol 0.00E+00 

0.00E+0
0 0.00E+00 

0.00E+0
0 0 

0.00E+0
0 0 0.00E+00 

2-Chloro-1,1,2-trifluoro-1-methoxyethane 2.15E-13 2.15E-13 3.20E-13 3.20E-13 0 6.67E-14 0 9.96E-14 

PFPMIE(perfluoropolymethylisopropyl ether) 1.71E-11 1.71E-11 1.55E-10 1.55E-10 0 5.31E-12 0 4.80E-11 

HFE-216 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

Trifluoromethylformate 1.03E-12 1.03E-12 1.54E-12 1.54E-12 0 3.22E-13 0 4.79E-13 

Perfluoroethylformate 1.02E-12 1.02E-12 1.52E-12 1.52E-12 0 3.17E-13 0 4.73E-13 

Perfluoropropylformate 6.62E-13 6.62E-13 9.87E-13 9.87E-13 0 2.06E-13 0 3.07E-13 

Perfluorobutylformate 6.90E-13 6.90E-13 1.03E-12 1.03E-12 0 2.14E-13 0 3.19E-13 

2,2,2-Trifluoroethylformate 5.81E-14 5.81E-14 8.78E-14 8.78E-14 0 1.81E-14 0 2.73E-14 

3,3,3-Trifluoropropylformate 2.99E-14 2.99E-14 4.58E-14 4.58E-14 0 9.30E-15 0 1.42E-14 

1,2,2,2-Tetrafluoroethylformate 8.27E-13 8.27E-13 1.23E-12 1.23E-12 0 2.57E-13 0 3.83E-13 

1,1,1,3,3,3-Hexafluoropropan-2-ylformate 5.86E-13 5.86E-13 8.73E-13 8.73E-13 0 1.82E-13 0 2.71E-13 

Perfluorobutylacetate 3.52E-15 3.52E-15 4.35E-15 4.35E-15 0 1.09E-15 0 1.35E-15 

Perfluoropropylacetate 3.52E-15 3.52E-15 4.55E-15 4.55E-15 0 1.09E-15 0 1.41E-15 

Perfluoroethylacetate 3.52E-15 3.52E-15 5.41E-15 5.41E-15 0 1.09E-15 0 1.68E-15 

Trifluoromethylacetate 3.52E-15 3.52E-15 5.43E-15 5.43E-15 0 1.09E-15 0 1.69E-15 

Methylcarbonofluoridate 1.67E-13 1.67E-13 2.50E-13 2.50E-13 0 5.20E-14 0 7.77E-14 

1,1-Difluoroethylcarbonofluoridate 4.75E-14 4.75E-14 7.04E-14 7.04E-14 0 1.48E-14 0 2.19E-14 

1,1-Difluoroethyl2,2,2-trifluoroacetate 5.46E-14 5.46E-14 8.09E-14 8.09E-14 0 1.70E-14 0 2.52E-14 

Ethyl 2,2,2-trifluoroacetate 1.76E-15 1.76E-15 3.60E-15 3.60E-15 0 5.47E-16 0 1.12E-15 

2,2,2-Trifluoroethyl2,2,2-trifluoroacetate 1.23E-14 1.23E-14 1.79E-14 1.79E-14 0 3.83E-15 0 5.57E-15 

Methyl 2,2,2-trifluoroacetate 9.15E-14 9.15E-14 1.37E-13 1.37E-13 0 2.84E-14 0 4.27E-14 

Methyl 2,2-difluoroacetate 5.28E-15 5.28E-15 8.58E-15 8.58E-15 0 1.64E-15 0 2.67E-15 

Difluoromethyl 2,2,2-trifluoroacetate 4.75E-14 4.75E-14 7.09E-14 7.09E-14 0 1.48E-14 0 2.20E-14 

2,2,3,3,4,4,4-Heptafluorobutan-1-ol 5.98E-14 5.98E-14 8.87E-14 8.87E-14 0 1.86E-14 0 2.76E-14 

1,1,2-Trifluoro-2-(trifluoromethoxy)-ethane 2.18E-12 2.18E-12 3.26E-12 3.26E-12 0 6.78E-13 0 1.01E-12 

1-Ethoxy-1,1,2,3,3,3-hexafluoropropane 4.05E-14 4.05E-14 6.12E-14 6.12E-14 0 1.26E-14 0 1.90E-14 

1,1,1,2,2,3,3-Heptafluoro-3-(1,2,2,2-
tetrafluoroethoxy)-propane 1.14E-11 1.14E-11 2.19E-11 2.19E-11 0 3.55E-12 0 6.82E-12 

2,2,3,3-Tetrafluoro-1-propanol 2.29E-14 2.29E-14 3.40E-14 3.40E-14 0 7.11E-15 0 1.06E-14 

2,2,3,4,4,4-Hexafluoro-1-butanol 2.99E-14 2.99E-14 4.46E-14 4.46E-14 0 9.30E-15 0 1.39E-14 

2,2,3,3,4,4,4-Heptafluoro-1-butanol 2.82E-14 2.82E-14 4.26E-14 4.26E-14 0 8.75E-15 0 1.32E-14 

1,1,2,2-Tetrafluoro-3-methoxy-propane 1.76E-15 1.76E-15 1.76E-15 1.76E-15 0 5.47E-16 0 5.47E-16 

perfluoro-2-methyl-3-pentanone 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

3,3,3-Trifluoropropanal 0.00E+00 
0.00E+0

0 0.00E+00 
0.00E+0

0 0 
0.00E+0

0 0 0.00E+00 

2-Fluoroethanol 1.76E-15 1.76E-15 2.31E-15 2.31E-15 0 5.47E-16 0 7.17E-16 

2,2-Difluoroethanol 5.28E-15 5.28E-15 7.95E-15 7.95E-15 0 1.64E-15 0 2.47E-15 

2,2,2-Trifluoroethanol 3.52E-14 3.52E-14 5.23E-14 5.23E-14 0 1.09E-14 0 1.63E-14 

1,1'-Oxybis[2-(difluoromethoxy)-1,1,2,2-
tetrafluoroethane 8.66E-12 8.66E-12 1.32E-11 1.32E-11 0 2.69E-12 0 4.09E-12 
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1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12-
hexadecafluoro-2,5,8,11-Tetraoxadodecane 7.90E-12 7.90E-12 1.20E-11 1.20E-11 0 2.46E-12 0 3.74E-12 

1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12,13,13,15,1
5-eicosafluoro-2,5,8,11,14-
Pentaoxapentadecane 6.39E-12 6.39E-12 9.74E-12 9.74E-12 0 1.99E-12 0 3.03E-12 
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3.1.  Areas of protection and environmental mechanisms covered  
 

 
Figure 3.1: Cause-and-effect chain for emissions of ozone depleting substances (ODS) resulting in human health damage (from: 

Huijbregts et al. 2014) 

The ozone layer in the stratosphere absorbs a large part of the harmful UV-radiation coming from the sun. 

In the natural situation ozone is continuously being formed and destroyed. However, a number of man-

made chemicals that contain fluorine, bromine and chlorine groups, called Ozone Depleting Substances 

(ODS), can greatly increase the rate of destruction, leading to a reduction in the thickness of the ozone 

layer. With the thickness of the layer reduced, more of the UV-. ǊŀŘƛŀǘƛƻƴ ǿƛƭƭ ǊŜŀŎƘ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜΦ 

Increased exposure to UV-B radiation can lead to adverse human health effects (Figure 3.1), such as skin 

cancer and cataract, and effects on ecosystems. The latter are, however, not considered here, meaning 

that the only area of protection that is covered is human health. 

3.2.  Calculation of the characterization factors at endpoint level  
The procedure we follow here is equal to the procedure from the latest ReCiPe report (Huijbregts et al., 

2014). The World Meteorological Organization (WMO) reports the Ozone Depletion Potential (ODP) for 

21 different substances (WMO, 2011) these ODPs were used for the calculation of the CFs. The ODP, as 

reported by the WMO, represents the amount of ozone destroyed by a substance during its entire lifetime 

relative to the amount of ozone destroyed by CFC-11 during its entire lifetime. Equation 3.1 shows the 

characterization factor CFend at endpoint level. It consists of the ozone depletion potential (ODP) for 

substance x with time horizon TH and the effect factor EF for the reference substance CFC-11 for time 

horizon TH. 

ὅὊ ȟȟ ὕὈὖȟ Ͻ ὉὊ ȟ  

Equation 3.1 

The WMO (2011) uses a semi-empirical approach to calculate the ODPs. Observational data from different 

air layers is used to predict the release of the bromine and chlorine groups from an ODS. Each bromine 

group has approximately 60 times (65 in arctic regions) more potency to destroy ozone than a chlorine 
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group. By taking into account the release of the chlorine and bromine groups and their potencies the 

change in Equivalent Effective Stratospheric Chlorine (EESC) resulting from the release of 1 kg of ODS was 

calculated. By dividing this value by the EESC effect of CFC-11 one can calculate the ODP as follows 

(equation 3.2):    

ὕὈὖ ȟ  
ЎὉὉὛὅ

ЎὉὉὛὅ
 

Equation 3.2 

Where the ODPinf,x is the ODP for an infinite time horizon for ODS xΣ ҟ99{/x ŀƴŘ ҟ99{/cfc-11 are the changes 

in EESC caused by the emission of 1 kg of ODS x and 1 kg of CFC-11 respectively (Equation 3.2 and 

description from Huijbregts et al. 2014).  

The ODPs from WMO are all based on an infinite time horizon, for a 100-year time horizon a correction is 

needed to calculate the fraction of the bromine and chlorine that is released during the first 100 years of 

the lifetime. Equal to the approach followed in ReCiPe we used the equation from De Schryver et al. (2011) 

(equation 3.3). 

Ὂ ρ Ὡ ẗ 

Equation 3.3 

Where Ft is the fraction of the total damage caused by an ODS during the first t years, k is the removal 

rate of the ODS (yr-1) which is the inverse of the atmospheric life time and the 3 is the average time (in 

years) that is needed for transport from the troposphere to the stratosphere. This fraction Ft is then 

multiplied with ODPinf,x to get to the OPDx,TH with a finite time horizon TH. 

The amount of damage caused by exposure to UV-B radiation has been quantified by Hayashi et al. (2006), 

a summarizing, qualitative formula of the effect factor is shown in Equation 3.4. For more details, see 

Hayashi et al. (2006). 

ὉὊ ὪὕὒὝȟὟὠὄȟίȟὭȟὮȟὼ 

Equation 3.4 

This equation shows that the effect factor is a function of the ozone layer thickness (OLT), the resulting 

UVB radiation (UVB) that reaches the surface as a response to this ozone layer thickness, the season (s), 

latitudinal zone (i), population number of skin type (j) and skin cancer type (x) (note: damage by cataract 

was calculated in a similar matter, but is independent of the skin type).   

The effect of EESC on ozone layer thickness was determined by historical observational data, using year 

1980 as a reference year because prior to this year anthropogenic effects on ozone layer thickness were 

considered negligible. The effect of EESC depends on both the season as well as the latitude. Therefore 

Hayashi et al. (2006) used a model with latitudinal zones of degrees and four different seasons to calculate 

the amount of UV-B radiation that reaches the surface. The optical thickness of the ozone layer rather 
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than the actual thickness determines the amount of direct or scattered UV-B radiation that reaches the 

surface. To correct for this difference, a linear regression between actual and optical thickness was used. 

Three different types of skin cancer (malignant melanoma (MM), basal cell carcinoma (BCC) and squamous 

cell carcinoma (SCC)) were linked to UV-B radiation. The DALY concept was used to determine the severity 

of each of these cancers. The incidence rate of these cancers is inversely related to the amount of 

pigments in the skin. In order to take this into account, the percentage of people with different skin 

colours (white, yellow or black) was determined per longitudinal zone. The resulting damage for CFC-11 

in human health was 5.91E-04 DALY/kg ODS (certain effects, infinite time horizon). For a 100 year time 

horizon this value is 10% lower (5.31 E-04 DALY/kg ODS).  If the effect of cataract is also taken into account 

(all effects, infinite time horizon) this factor increases to 1.34E-03 DALY/kg ODS and 2.33E-04 DALY/kg 

ODS (all effects, 100 year time horizon), repsectively. The resulting endpoints CFs are listed in table 3.2 

for 22 ozone depleting substances. 

3.3.  Uncertainties  
The CFs for this impact category are based on reported data from existing literature. Assessing the 

sensitivity of the CFs to uncertainties in the individual parameters is therefore only possible to a limited 

extent and is dependent on the reported data in the original reports.  Uncertainties in the lifetimes as well 

as the estimated and projected emissions of the different ODSs are described by the WMO (2011). The 

resulting uncertainty in the projected total EESC is moderate, a clear downward trend in total EESC is 

observed and this trend is expected to continue in the future. The year at which the levels return to the 

national background concentration is dependent on both the future emissions as well as the projected 

ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΦ  !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ²ah ǎŎŜƴŀǊƛƻΩǎ ƛǘ is likely that the EESC levels will continue to drop 

significantly within the coming 30 to 50 years, perhaps even to a level where there is hardly any expected 

negative impact form ODS emissions. It is not certain whether we will reach this level because of the 

expected increase in N2O and uncertain developments in the future climate. Therefore impacts of long-

lived substances integrated over time horizons longer than 100 years should be considered highly 

uncertain and it is likely that their impact is overestimated. Unfortunately no direct quantitative 

assessment of the uncertainty on the level of the ODPs is provided by the WMO. ODPs are uncertain both 

because of uncertainties in the fractional release of chlorine and bromine and the lifetime of the ODS 

compared to that of the reference substance CFC-11. In general the lifetimes and therefore the ODPs of 

the shorter lived substances are more uncertain than those of the longer lived ones, which would result 

in more uncertain ODPs. 

Additional uncertainty is present in the damage factors. As Hayashi et al. (2006) state, a more detailed 

assessment of these uncertainties is required; unfortunately no quantitative estimates are provided in 

their publication. However, it is likely that there is model uncertainty in the models that project the 

increase in UV-B radiation reaching the surface, as well as in the fraction of people with different skin 

colours in each region and the additional cancer incidences resulting from that increased exposure to UV-

B radiation. For future impacts, the projected population developments (and the distribution of people 

with different skin colours within those populations) are uncertain. The (implicit) assumption that this 

population remains stable is likely to cause an underestimation of the impact, especially in regions with a 

large projected population growth such as Africa. 
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3.4.   Value choices 
The different ODSs have widely varying atmospheric lifetimes, ranging from 0.8 years for CH3Br to 1020 

years for CFC-115. Therefore the CF is time-horizon dependent. The effects over the first 100 years are 

considered to be certain and robust. Effects in a longer time horizon are more uncertain, because of 

unknown future emissions as well as uncertain climate and population developments. 

There is strong evidence of the link between UV radiation and skin cancer incidence. The evidence for a 

link with cataract is much weaker and these effects should therefore be considered to have a lower 

robustness (Table 3.1). The mechanism by which bromine and chlorine containing substances destroy 

ozone is well known and understood. Nitrous oxide (N2O) also has an ozone depleting capacity (but no 

bromine or chlorine groups)  whether or not to include this substance should be included can be seen as 

a value choice. In this analysis we chose to include N2O, as also recommended in literature (Ravishankara 

et al. 2010; WMO, 2011).  

Table 3.1: Value choices in the modelling of CFs for core and extended value choices (i.e. what is added to get from core to 

extended vaues) 

Choice category  Certain effects All effects 

Included effects  Skin cancer Skin cancer, Cataract 

Table 3.2: The characterization factors for ozone depleting substances, representing human health damage expressed as DALYs 

(DALY/kg ODS). 

Substance Human health impacts [DALY/kg ODS] 

Annex A-I certain effects, 100 yrs All effects, 100 yrs certain effects, infinite All effects, infinite 

CFC-11 5.31E-04 2.33E-04 5.91E-04 1.34E-03 

CFC-12 3.12E-04 1.37E-04 4.85E-04 1.10E-03 

CFC-113 3.53E-04 1.55E-04 5.02E-04 1.14E-03 

CFC-114 1.43E-04 6.30E-05 3.43E-04 7.80E-04 

CFC-115 3.24E-05 1.42E-05 3.37E-04 7.67E-04 

Annex A-II     

Halon-1301 7.47E-03 3.28E-03 9.40E-03 2.14E-02 

Halon-1211 4.66E-03 2.05E-03 4.67E-03 1.06E-02 

Halon-2402 7.64E-03 3.36E-03 7.68E-03 1.75E-02 

Annex B-II     

CCl4 4.75E-04 2.09E-04 4.85E-04 1.10E-03 

Annex B-III     

CH3CCl3 9.46E-05 4.16E-05 9.46E-05 2.15E-04 

Annex C-I     

HCFC-22 2.36E-05 1.04E-05 2.36E-05 5.38E-05 

HCFC-123 5.91E-06 2.60E-06 5.91E-06 1.34E-05 

HCFC-124 1.18E-05 5.19E-06 1.18E-05 2.69E-05 

HCFC-141b 7.09E-05 3.12E-05 7.09E-05 1.61E-04 

HCFC-142b 3.54E-05 1.55E-05 3.55E-05 8.07E-05 

HCFC-225ca 1.18E-05 5.19E-06 1.18E-05 2.69E-05 

HCFC-225cb 1.77E-05 7.79E-06 1.77E-05 4.03E-05 

Annex E     

CH3Br 3.90E-04 1.71E-04 3.90E-04 8.88E-04 

Others     

Halon-1202 1.00E-03 4.42E-04 1.00E-03 2.29E-03 

CH3Cl 1.18E-05 5.19E-06 1.18E-05 2.69E-05 

N2O 5.64E-06 2.48E-06 1.00E-05 2.29E-05 
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4.1.  Areas of protection and environmental mechanisms covered  

Figure 4.1: Cause-and-effect chain from an airborne or waterborne emission of a radionuclide to human health damage (from: 

Huijbregts et al., 2014) 

Radionuclides can be released during a number of human activities. These can be related to the nuclear 

fuel cycle (mining, processing, use or treatment of the nuclear fuel) or during more conventional energy 

generation such as the burning of coal. Airborne radionuclides can be inhaled by humans, while 

radionuclides that end up in freshwater can be ingested during swimming in open water, via drinking 

water produced from surface water or can enter the food cycle via crops.  

When the radionuclides decay, they release ionizing radiation. Human exposure to ionizing radiation 

causes alterations in the DNA, which in turn can lead to different types of cancer and birth defects. Similar 

effects must be expected in other living organisms, but damage to ecosystems is not quantified at the 

moment. Thus, the only area of protection covered is human health (Figure 4.1). 

The effect factors are based on disease statistics resulting from relatively high work-related or accident-

related exposure. An average approach is used to calculate the amount of additional cancer-incidences 

resulting from this exposure. In LCA however the exposure doses are generally very low. Therefore, the 

value based on relatively high exposure was corrected for the difference in cancer incidences per exposure 

dose, thereby approximating a marginal approach. 

4.2. Calculation of the characterization factors at endpoint level  
The calculation procedure here is equal to that of the latest ReCiPe update (Huijbregts et al. 2014), which 

in turn is based mostly on the works from De Schryver et al. (2011) and Frischknecht et al. (2000). The 

division of the value choices (see below) is different, meaning that the CFs with good robustness are not 

mailto:z.steinmann@science.ru.nl
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the same as the factors provided in ReCiPe. However, the total CFs are equal to the endpoint CFs of the 

Egalitarian perspective in ReCiPe, because in both methodologies these reflect all potential impacts. The 

endpoint CF is calculated as shown in equation 4.1, where CD stands for collective dose of radionuclide x, 

and EF for effect factor for radionuclide x, environmental compartment i  (air, freshwater or marine water) 

and time horizon TH 

ὅὊ ȟȟȟ ὅὈȟȟ Ͻ ὉὊ 

Equation 4.1 

Unlike most other CFs the damage is not expressed per kg of emission but rather per kBq. The unit 

Becquerel (Bq) is the number of atom nuclei that decay per second. Even though the CF for every 

radionuclide is based on the same activity level (1kBq = a decay of 1000 nuclei per second), there are 

differences due to the type of radiation, the half-live of the radionuclide and the environmental fate of 

the radionuclide. For emissions to air a Gaussian plume model is used to describe the dispersion around 

the emission location for all but four radionuclides. Tritium (H-3), carbon-14, krypton-85 and iodine-129 

are assumed to disperse globally. Models that cover the global water cycle, the carbon cycle, a two 

compartment dynamic model and a nine compartment dynamic model were used for these radionuclides 

respectively. Emissions to river water are modelled via a box-model with several different river 

compartments. By taking into account the fraction that is taken up by the human population one can 

calculate the collective dose (CD). As shown in equation 4.2, the collective dose (unit: man.Sv) is a measure 

for the total amount of exposure to a radionuclide for the entire, global population.  

ὅὈ  ὉὼὴέίόὶὩ ὖέὴόὰὥὸὭέὲ 

Equation 4.2 

Exposure is the average exposure in Sievert (Sv=J/kg body weight) and Population represents the number 

of people at time t, integrated over time horizon TH. For the longest time horizon (100 000 years) the total 

human population was assumed to be stable at 10 billion people (Dreicer et al., 1995; Frischknecht et al., 

2000). 

The effect factor, shown in equation 4.3, combines the damages of the different disease types that can 

be caused by ionizing radiation. 

ὉὊ  ὍὲὧὭὨὩὲὧὩ ὛὩὺὩὶὭὸώ 

Equation 4.3 

Where Incidence is the extra incidence of disease type i (incidences/man.Sv) and Severity represents the 

human health damage caused by these diseases (DALY/incidence).  
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The incidence rates of the different cancer types and hereditary disease were taken from Frischknecht et 

al. (2000) while the corresponding human health damage (in DALY) per disease type was taken from De 

Schryver et al. (2011). This yields a robust damage factor of 0.617 DALY/man.Sv and a less robust factor 

of 1.239 DALY/man.Sv. Multiplied by the collective dose in man.Sv (taken from De Schryver et al. 2011 for 

almost all radionuclides, Frischknecht (2000) for the others) for emissions to the different compartments 

this yields the final CFs (Table 4.2). 

4.3.  Uncertainties  
The CFs for this impact category are based on reported data from existing literature. Assessing the 

sensitivity of the CFs to uncertainties in the individual parameters is therefore only possible to a limited 

extent and is dependent on the reported data in the original reports. The uncertainties in this impact 

category are a combination of the uncertainty in the environmental fate and the damage factors of the 

different radionuclides. Because of the extremely long lifetimes of most radionuclides it is likely that the 

uncertainty in the first part (fate) is larger than the uncertainty in the second part (damage). Quantitative 

assessments are unavailable, but it is not difficult to identify potential sources of uncertainty in the fate 

modelling. Firstly, quite simple fate models with a limited number of compartments are used for modelling 

the environmental fate of the radionuclides. In contrast to other long-term effects, an important 

distinction for the radionuclides is that the uncertainty of the decay intensity and the type and intensity 

of the released radiation is negligible. The uncertainty concerns the extent to which humans will be 

exposed to the released radiation, which depends on the compartments where the radionuclides end up 

and perhaps more importantly, on the future population levels and distributions. The accuracy is highly 

questionable because the human exposure was modelled in quite a simplistic way. The collective dose is 

determined based on the assumptions that the population is evenly spread throughout the world and will 

ǊŜƳŀƛƴ ǎǘŀōƭŜ ŀǘ ŀ ƭŜǾŜƭ ƻŦ мл ōƛƭƭƛƻƴ ǇŜƻǇƭŜ ŦƻǊ ǘƘŜ ƴŜȄǘ мллΩллл ȅŜŀǊǎΦ .ƻǘƘ ǇǊŜŘƛŎǘƛƻƴǎ ŀǊŜ ƭƛƪŜƭȅ ǘƻ ōŜ 

very inaccurate. The number of 10 billion people will overestimate impacts in the short run, but potentially 

underestimate the future impact if the population grows beyond that number in the (distant) future. 

On top of the uncertain collective dose there is also uncertainty related to the amount and types of cancer 

caused by exposure to radiation. Some of this uncertainty relates to whether or not different types of 

cancer can be caused by radiation, this is covered in the next section on value choices. Another part that 

is uncertain is how to adjust the factors derived from high exposure to radiation to the low exposure levels 

that are assessed in LCA. Partly this is a subjective choice as well, this is therefore also considered in the 

next section. In addition to these sources of uncertainty there is also uncertainty in the amount of DALYs 

caused by each cancer type. It is important to keep in mind that the values used here are representative 

of the current situation, if advances in medical development continue to progress it is likely that the 

burden of (some) types of disease decreases substantially. The longer the time horizon, the more likely it 

is that this will happen. 

4.4. Value choices 
Radioactive half-lives of radionuclides can vary from less than a second to millions of years. The harmful 

ionizing radiation is released during the radioactive decay. The decay is described by an exponential 

function, and radionuclides that decay very slowly (half-lives > 100 years) therefore release the majority 
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of their radiation in the far future, while shorter-lived radionuclides (half-lives <100 years) will release the 

majority of their radiation during the first couple of years after release. It is therefore important to know 

over which time horizon the impact of the different radionuclides is considered. The impacts over a 100 

year time horizon are considered to be robust, while the impacts occurring in a 100 000 year period after 

that are considered uncertain and less robust (Table 4.1). 

It should be noted that even the 100.000 year time horizon is still relatively short compared to the half-

life of Uranium-235 of 7.10 * 108 years. However, the models that were used to derive these factors only 

calculated results for a time period up to 100.000 years όǘŜǊƳŜŘ άƛƴŦƛƴƛǘŜέ ƘŜǊŜύ. 

While it is certain that ionizing radiation can cause hereditary disease and thyroid, bone marrow, lung and 

breast cancer it is less clear whether other types (bladder, colon, ovary, skin, liver, oesophagus, stomach, 

bone surface and remaining types) of cancer can also be caused by exposure to ionizing radiation. 

Therefore in the CF ŦƻǊ άŎŜǊǘŀƛƴ ŜŦŦŜŎǘǎέ only the first four types of cancer and hereditary disease are 

included, while for the CF ǿƛǘƘ άŀƭƭ ŜŦŦŜŎǘǎέ all cancer types are assumed to be caused by ionizing radiation. 

The incidence rate of cancer caused by ionizing radiation was determined by statistics based on accidental 

medium to high exposure (for example from workers in nuclear power plants). It is uncertain by how much 

the high to medium exposure doses should be corrected to get a CF that accurately reflects the very low 

exposure situations considered relevant in life cycle assessment. A factor called the Dose and dose rate 

effectiveness factor (DDREF) is used to correct for the fact that at higher exposures less dose is needed to 

result in the same effect. A factor of 10 is considered an optimistic estimate (based on animal studies), i.e. 

meaning that for the same cancer incidence rate caused by medium to high exposure one would need to 

get a dose that is 10 times higher as a result of (prolonged) low exposure (used for άŎŜǊǘŀƛƴ ŜŦŦŜŎǘǎέ CFs). 

A more conservative estimate is that this factor is only about 2 (used for the cancer types that are added 

ǘƻ ǘƘŜ άŀƭƭ ŜŦŦŜŎǘǎέ /Cǎ). For hereditary diseases no correction factor is applied. 

Table 4.1: Value choices in the modelling for core and extended CFs. The right column shows what is added to the core values 
to reach the extended values. 

Choice category  Certain effects All effects 

Dose and dose rate effectiveness 

factor (DDREF) 
 

10 2 

Included effects 

 

-Thyroid, bone marrow, lung 

and breast cancer 

-Hereditary disease 

- Thyroid, bone marrow, 

lung, breast, bladder, colon, 

ovary, skin, liver, 

oesophagus, stomach, bone 

surface and remaining types 

of cancer 

-Hereditary disease 
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Table 4.2: Characterization factors (CF) for human health damage DALY (DALY/kBq) for emissions to air, freshwater or the 

marine environment.  

 Human health CFs [DALY/kBq] 

Emission to air certain effects, 100 yrs all effects, 100 yrs certain effects, infinite all effects, infinite 

Am-241 3.7E-07 7.4E-07 3.8E-07 7.6E-07 

C-14 7.8E-09 1.6E-08 8.7E-08 1.8E-07 

Co-58 1.7E-10 3.5E-10 1.7E-10 3.5E-10 

Co-60 6.8E-09 1.4E-08 6.8E-09 1.4E-08 

Cs-134 4.9E-09 9.8E-09 4.9E-09 9.8E-09 

Cs-137 1.1E-08 2.2E-08 1.1E-08 2.2E-08 

H-3 5.8E-12 1.2E-11 5.8E-12 1.2E-11 

I-129 7.1E-08 1.4E-07 1.4E-06 2.8E-06 

I-131 6.2E-11 1.2E-10 6.2E-11 1.2E-10 

I-133 3.8E-12 7.7E-12 3.8E-12 7.7E-12 

Kr-85 5.8E-14 1.2E-13 5.8E-14 1.2E-13 

Pb-210 6.2E-10 1.2E-09 6.2E-10 1.2E-09 

Po-210 6.2E-10 1.2E-09 6.2E-10 1.2E-09 

Pu alpha 0.0E+00 0.0E+00 3.4E-08 6.8E-08 

Pu-238 0.0E+00 0.0E+00 2.7E-08 5.5E-08 

Pu-239 2.2E-07 4.3E-07 2.2E-07 4.3E-07 

Ra-226 0.0E+00 0.0E+00 3.7E-10 7.4E-10 

Rn-222 9.9E-12 2.0E-11 9.9E-12 2.0E-11 

Ru-106 6.8E-10 1.4E-09 6.8E-10 1.4E-09 

Sr-90 1.7E-08 3.3E-08 1.7E-08 3.3E-08 

Tc-99 8.0E-09 1.6E-08 8.0E-09 1.6E-08 

Th-230 0.0E+00 0.0E+00 1.9E-08 3.7E-08 

U-234 0.0E+00 0.0E+00 3.9E-08 7.9E-08 

U-235 0.0E+00 0.0E+00 8.6E-09 1.7E-08 

U-238 0.0E+00 0.0E+00 3.3E-09 6.7E-09 

Xe-133 5.8E-14 1.2E-13 5.8E-14 1.2E-13 

Emission to river and 
lakes 

certain effects, 100 yrs all effects, 100 yrs certain effects, infinite all effects, infinite 

Ag-110m 2.0E-10 4.1E-10 2.0E-10 4.1E-10 

Am-241 2.3E-11 4.7E-11 2.5E-11 5.0E-11 

C-14 4.1E-11 8.3E-11 8.6E-11 1.7E-10 

Co-58 1.7E-11 3.3E-11 1.7E-11 3.3E-11 

Co-60 1.8E-08 3.6E-08 1.8E-08 3.6E-08 

Cs-134 5.9E-08 1.2E-07 5.9E-08 1.2E-07 

Cs-137 6.8E-08 1.4E-07 6.8E-08 1.4E-07 

H-3 2.8E-13 5.6E-13 2.8E-13 5.6E-13 

I-129 1.9E-09 3.9E-09 1.1E-06 2.1E-06 

I-131 2.0E-10 4.1E-10 2.0E-10 4.1E-10 

Mn-54 1.3E-10 2.6E-10 1.3E-10 2.6E-10 

Pu-239 2.5E-12 5.1E-12 2.8E-12 5.7E-12 

Ra-226 0.0E+00 0.0E+00 5.2E-11 1.1E-10 

Ru-106 1.6E-12 3.2E-12 1.6E-12 3.2E-12 

Sb-124 3.3E-10 6.7E-10 3.3E-10 6.7E-10 

Sr-90 1.7E-10 3.3E-10 1.9E-10 3.8E-10 

Tc-99 2.1E-10 4.2E-10 2.1E-10 4.2E-10 

U-234 0.0E+00 0.0E+00 9.9E-10 2.0E-09 

U-235 0.0E+00 0.0E+00 9.3E-10 1.9E-09 

U-238 0.0E+00 0.0E+00 9.3E-10 1.9E-09 

Emission to ocean certain effects, 100 yrs all effects, 100 yrs certain effects, infinite all effects, infinite 

Am-241 3.3E-10 6.6E-10 3.3E-10 6.6E-10 

C-14 1.9E-10 3.7E-10 1.9E-10 3.7E-10 

Cm alpha 0.0E+00 0.0E+00 2.3E-08 4.7E-08 



 

46 
 

Co-60 1.6E-10 3.2E-10 1.6E-10 3.2E-10 

Cs-134 3.2E-11 6.4E-11 3.2E-11 6.4E-11 

Cs-137 3.9E-11 7.9E-11 3.9E-11 7.9E-11 

H-3 2.8E-14 5.5E-14 2.8E-14 5.5E-14 

I-129 2.0E-10 4.1E-10 1.1E-06 2.1E-06 

Pu alpha 0.0E+00 0.0E+00 3.0E-08 6.1E-08 

Pu-239 3.6E-11 7.3E-11 3.9E-11 7.8E-11 

Ru-106 7.4E-12 1.5E-11 7.4E-12 1.5E-11 

Sb-125 6.0E-12 1.2E-11 6.0E-12 1.2E-11 

Sr-90 3.1E-12 6.2E-12 3.1E-12 6.2E-12 

Tc-99 5.4E-13 1.1E-12 7.4E-13 1.5E-12 

U-234 0.0E+00 0.0E+00 9.3E-12 1.9E-11 

U-235 0.0E+00 0.0E+00 9.9E-12 2.0E-11 

U-238 0.0E+00 0.0E+00 9.3E-12 1.9E-11 
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The impact assessment method for assessing damage to human health and ecosystems due 

photochemical ozone formation is described based on Van Zelm et al. (2016). 

 

5.1.  Areas of protection and environmental mechanisms covered  
The cause and effect pathway (Figure 5.1) of ozone formation starts with an emission of NOx or NMVOC 

to the atmosphere, followed by atmospheric fate and chemistry in the air; NOx and NMVOCs are 

transformed in air to ozone. Subsequently, this tropospheric ozone can be inhaled by humans or taken up 

by plants, leading to an increased number of mortality cases and final damage to human health, as well 

as disappearance of plant species and final damage to terrestrial ecosystems.  

 

Figure 5.1: Cause and effect pathway from tropospheric ozone precursor emissions to damage to human health and terrestrial 

ecosystems. 

The intake of a pollutant by humans is described by intake fractions (iF, in kg intake per kg emission) that 

quantify the relationship between an emission and intake at the population level. The environmental fate 

ƻŦ ƻȊƻƴŜ ƛǎ ŘŜǎŎǊƛōŜŘ ōȅ ŦŀǘŜ ŦŀŎǘƻǊǎ όCC ƛƴ ǇǇƳϊƘǊϊȅǊ per kg emission) that quantify the relationship 

between an emission and subsequent concentration (Van Zelm et al. 2008). Here, a global chemical 

mailto:r.vanzelm@science.ru.nl
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transport model was applied to determine environmental fate factors and human intake fractions for 56 

emission and receptor regions. To determine human health effect factors, region-specific mortality rates, 

background concentrations and years of life lost were used.  

Here, we included respiratory mortality due to ozone for two reasons: first, these contribute by far the 

most to overall disability adjusted life years, and second, for these the most up-to-date and least uncertain 

data related to relative risks and years of life lost are available (see e.g. Anenberg et al. 2010, Friedrich et 

al. 2011, Murray et al. 2012, WHO 2013).  

To determine environmental impacts on terrestrial ecosystems, grid-cell specific forest and grass shares 

and background concentrations were used as input for plant species sensitivity distributions (Van 

Goethem et al. 2013a) 

5.2.  Calculation of the characteriza tion factors at endpoint level  
5.2.1. Human health damage 

The endpoint characterization factors (CFs) for human health damage due to ozone formation 

caused by emitted precursor substance x in world region i (CFx,i ƛƴ 5![¸ϊƪƎ-1) are defined as the yearly 

ŎƘŀƴƎŜ ƛƴ 5ƛǎŀōƛƭƛǘȅ !ŘƧǳǎǘŜŘ [ƛŦŜ ¸ŜŀǊǎ ό5![¸ύ ƻŦ ŀƭƭ ƛƴƘŀōƛǘŀƴǘǎ όŘ5![¸ ƛƴ ȅǊϊȅǊ-1) due to a change in 

emission of substance x in source region i (dMx,i ƛƴ ƪƎϊȅǊ-1). This CF for human health damage is composed 

of a dimensionless intake fraction (iFȄΣ ƛҦƧ), providing the population intake of ozone in receptor region j (in 

kg/yr) following an emission change of substance x in source region i (in kg/yr), an effect factor (EFe), 

describing the cases of health effect e per kg of inhaled ozone, and a damage factor (DFe), which describes 

the years of life lost per case of health effect e. In equation this reads: 

 ( ) ( )ä ä ö
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õ
æ
ç

å
ÖÖ= ­

j e

jejejixix DFEFiFCF ,,,,       Equation 5.1. 

5.2.1.1. From emission to human intake  

The intake fraction is determined as the change in exposure to ozone in region j (dEXPj), due to a 

change in emission of precursor substance x (dMx,i). dEXP was retrieved by multiplying the change in 

concentration of ozone in each receptor region (dCj) with the population (Nj) in the receptor region j and 

the average breathing rate per person (BR) of 4745 m3ϊyr-1 (13 m3ϊd-1 as recommended by USEPA (1997): 

ὭὊȟO
ȟ

Ͻ Ͻ

ȟ
        Equation 5.2. 

Population numbers (year 2005) were taken from the United Nations (2011). Since all data for the effect 

ŦŀŎǘƻǊ ŀǊŜ ōŀǎŜŘ ƻƴ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ җ ол ȅŜŀǊǎ ƻŦ ŀƎŜΣ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ƴǳƳōŜǊ ǿŀǎ ŀŘƧǳǎǘŜŘ ŦƻǊ ǘƘŜ 

ǇƻǇǳƭŀǘƛƻƴ ǎƘŀǊŜ җ ол ȅŜŀǊǎ ƻŦ ŀƎŜ ƛƴ нллр ό¦ƴƛǘŜŘ bŀǘƛƻƴǎ нлммύ ŀǎǎǳƳƛƴƎ ƴƻ ŜŦŦŜŎǘǎ ŦƻǊ ȅƻǳƴƎŜǊ ǇŜƻǇƭŜΦ 

The emissionςconcentration sensitivities matrices for emitted precursors and relevant end pollutants (or 

pollutant metrics) from the global source-receptor model TM5-FASST (FAst Scenario Screening Tool for 

Global Air Quality and Instantaneous Radiative Forcing), based on perturbation runs with TM5 (Van 

Dingenen et al. 2009; Krol et al. 2005) were used to derive the change in ambient concentration of a 
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pollutant after the emission of a precursor. TM5 is a global chemical transport model hosted by the 

European Commission Joint Research Center (JRC). TM5-FASST takes into account spatial features at the 

emission site as well as dispersion characteristics for the whole world. In this model, the world is divided 

into 56 emission source regions. The regions correspond to countries or a group of countries (see Table 

5.1). The TM5 model output consists of the change in concentration for each region, derived from gridded 

1°×1° concentration results, following a change in emission. This change is determined by lowering the 

year 2000 emissions (Lamarque et al. 2010) by 20% for each of the 56 source regions sequentially. The 

emission-normalized differences in pollutant concentration between the unperturbed and perturbed 

case, aggregated over each receptor region, are stored as the emission ς concentration matrix elements. 

This procedure was performed for both NOx and NMVOC. 

 

5.2.1.2. From human intake to human health damage  

The human effect factor (dINC/dEXP) for health effect e caused by ozone in receptor region j, 

representing the change in disease incidence due to a change in exposure concentration in ambient air, 

was determined by dividing the concentration-response function (CRF in m3ϊyr-1ϊkg-1) by the breathing rate 

BR (m3ϊyr-1) (Gronlund et al. 2015) (equation 5.3): 

ὉὊȟ
Ȣ         Equation 5.3 

Region-specific CRFs were calculated as follows (equation 5.4): 

ὅὙὊȟ
Ͻ ȟ

Ͻ
         Equation 5.4 

         

where RRe is the relative risk to obtain health effect e due to exposure to ozone όǇŜǊ ˃ƎϊƳ-3), MRe,j is the 

mortality rate for health effect e in region j (deaths/person/yr), and Cj is the yearly average background 

concentration of ozone ƛƴ ŀ ǊŜƎƛƻƴ ό˃ƎϊƳ-3). 

We followed recommendations for RRs by Anenberg et al. (2010) and Friedrich et al. (2011), who focus 

on the world and Europe respectively, based on North American cohort studies. The RR for respiratory 

mortality (1.004 per ˃ƎϊƳ-3) based on data of daily 1-hr maximum ozone levels found by Jerrett et al. 

όнллфύ ƛƴ ŀƴ !/{ ŎƻƘƻǊǘ ǎǘǳŘȅ ƻŦ ¦Φ{Φ ŀŘǳƭǘǎ җ ол ȅŜŀǊǎ ƻŦ ŀƎŜ ǿŀǎ ǳǎŜŘΦ !ƭǘƘƻǳƎƘ Ƴŀƴȅ Řŀƛƭȅ ǘƛƳŜ-series 

epidemiology studies demonstrate short-term ozone mortality impacts (Anderson et al. 2004; Bell et al. 

2005), Jerrett et al. (2009) provide the first clear evidence for long-term impacts. 

Mortality rates per health effect (year 2005) were taken from the World Health Organization (WHO 

2015a), and simulated background concentrations per region for the year 2000 were taken from the TM5-

CTM reference run with the Lamarque et al. (2010) year 2000 reference emission scenario.  

The Damage Factor DFe,j is defined as the Disability Adjusted Life Years (DALY) associated to the health 

effect e per incidence case, which were estimated per receiving region j from the world health 

organization (WHO) world health estimates, year 2012 (WHO 2015b): 
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ὈὊȟ
ȟ

ȟ
         Equation 5.5 

For the DALY no discounting was included and uniform age weights were applied.  

 

5.2.2. Terrestrial ecosystem damage  

The endpoint characterization factors (CFs) for ecosystem damage due to ozone formation caused by 

emitted precursor substance x in world region i (CFx,i in PDFϊyrϊkg-1) are defined as the area-integrated 

change in Potentially Disappeared Fraction (PDF) of forest and natural grassland species due to a change 

in emission of substance x in source region i (dMx,i ƛƴ ƪƎϊȅǊ-1). This CF for ecosystem damage is composed 

of a Fate Factor (FFȄΣƛҦgΣ ǳƴƛǘΥ ǇǇƳϊƘϊȅǊϊƪg-1), quantifying the relationship between the emission of 

precursor substances in region i and ozone exposure in receiving grid cell g, and an Effect Factor (EFn,j in 

P5Cϊ ppm-1ϊh-1), quantifying the relationship between ozone exposure and the damage to natural 

vegetation n (forest and grassland). In equation this reads: 

( )ää Ö= ­

g n

gngixixECO EFFFCF ,,,,         Equation 5.6 

5.2.2.1. From emission to environmental concentration  

To determine the ecosystem fate factor, the AOT40, i.e. the sum of the differences between the 

hourly mean ozone concentration and 40 ppb during daylight hours over the relevant growing season in 

ppmϊh, was used as metric of the cumulative concentration change. The fate factor represents the sum 

in the change in AOT40 in grid cell g due to a change of emission of precursor x in source region i (Van 

Goethem et al. 2013b): 

&&ȟO В
Ў

Ў ȟ
         Equation 5.7 

Monthly AOT40 concentrations per unit of emission of NOx and NMVOC were calculated on a 1°x1° 

resolution from hourly ozone concentrations resulting from the year 2000 reference run with TM5 

chemical transport model. For the Northern Hemisphere the same growing seasons for grassland and 

forest were taken as was done for Europe by Van Goethem et al. (2013b), namely May till July and 

April till  September, respectively. For the Southern Hemisphere for grassland the months November till 

January and for forests the months October till March were taken. 

5.2.2.2. From concentration to ecosystem damage  

The ecosystem effect factor (EF) was derived from Van Goethem et al. (2013b), and corrected for 

species density:  

%&ȟ
Ў ȟ

Ў
ϽὃȟϽ

ᶰ         Equation 5.8 



 

51 
 

  where PRDg is the vascular plant richness density in grid g belonging to terrestrial biogeographical 

region br (species/km2), PR is the total vascular plant richness in the world (species), and Ag,n is the area 

(m2) occupied by vegetation type n in grid cell g. The effect factor was determined with data on AOT40 

concentrations for which 50% reduction in productivity (EC50) was found for a number of forest or 

grassland species (taken from Van Goethem et al. (2013a, 2013b)). Here, we chose to use the linear 

ecosystem effect factor, assuming a linear change in PAF with changing AOT40 that represents the average 

effect between a PAF of 0.5 and 0 (Van Goethem et al. 2013bύΦ ¢ƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ά!h¢пл ŎƻƴŎŜƴǘǊŀǘƛƻƴ 

per ǳƴƛǘ ƻŦ ȅŜŀǊƭȅ ŜƳƛǎǎƛƻƴέ ǾŀƭǳŜǎ ǇŜǊ ƎǊƛŘ ǿŜǊŜ ƳǳƭǘƛǇƭƛŜŘ by the corresponding natural area of either 

grassland or forest (Van Zelm et al. 2016). PRD and PR were obtained from Kier et al. (2009). PR equals 

омрΩфлоΦ 

5.3. Uncertainties  
The CFs were derived from emission-concentration sensitivities (dC/dM) obtained from a 20% emission 

perturbation. Because AOT40 is a threshold based concentration indicator, there is more uncertainty 

attached to it compared to the use of linear scaling concentrations (Van Dingenen et al. 2009). When a 

concentration is, for example, slightly above the threshold of 40 ppb and then reduced when looking at 

the 20% perturbation, this can have large impacts on the results. For a limited number of representative 

source regions the dC/dM coefficients were calculated for large perturbations of inorganic pollutants (-

80%, +100%) and compared to the extrapolated 20% perturbation (Van Zelm et al. 2016). For M6M, 

precursor NOx, a deviation up to 14% was seen. For AOT40, however, deviations can be large. The large 

deviation for AOT40 under an 80% reduction of NOx (36% average) is explained by the linear extrapolation 

of a threshold metric from a regime above threshold to a regime below threshold.  

The negative intake fractions for ozone due to emissions of NOx ŀǊŜ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǎƻπŎŀƭƭŜŘ ǘitration 
effect. As a result of the rapid reaction of ozone with NO to form NO2, concentrations of ozone tend to 
be lower close to sources of NO emissions, such as near dense urban traffic, major highways, and 
industrial sources. Countries that show negative characterization factors for NOx therefore have 
relatively large characterization factors for NMVOC. 
 

 5.4.  Value choices 
5.4.1. Time horizon   

For ozone formation impacts, time horizon is not of importance as only short-living substances are 

involved. Thus there is no distinction according to time horizon. 

5.5.  Resulting characterization factors  
Figure 5.2 shows the region-specific characterization factors for human health damage due to ozone 

precursor emissions. Lowest factors (apart from the negatives) were obtained for emissions of NMVOC in 

New Zealand, Australia, Indonesia, and South America, while largest factors were obtained for NOx 

ŜƳƛǎǎƛƻƴǎ ƛƴ {ƻǳǘƘ !ǎƛŀΣ ²Ŝǎǘπ!ŦǊƛŎŀΣ LƴŘƛŀ ŀƴŘ /ƘƛƴŀΦ ¢ƘŜ ŜƳƛǎǎƛƻƴ ǿŜƛƎƘǘŜŘ ŀǾŜǊŀƎŜ ŦƻǊ ǘƘŜ ǿƻǊƭŘ ŦƻǊ 

NMVOC is 1.4ϊ10π7 DALY/kg. The emission weighted average for the world for NOx is 9.1ϊ10π7 DALY/kg. 

Negative intake fractions and thus CFs were obtained for NOx emitted in Belgium, the Netherlands, 
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Luxembourg, Great-Britain, and Ireland. A negative value means that the emission of NOx leads to an 

overall reduction of ozone exposure. 

NOx 

 

NMVOC 

 

Figure 5.2.: Characterization factors for human health damage caused by ozone formation (10-6 5![¸ϊƪƎ-1) (Taken from Van 

Zelm et al. 2016). 

Figure 5.3 shows the region-specific characterization factors for ecosystem damage due to ozone 

precursor emissions. Lowest factors were obtained for emissions of NMVOC in New Zealand, Mongolia, 

and Argentina, and for NOx emissions in New Zealand, Taiwan and China. Largest factors were obtained 

for NOx emissions in Mid America. The emission weighted average for the world for NMVOC iǎ оΦтϊмлπмс 

PDFϊȅǊϊƪƎ-1Φ ¢ƘŜ ŜƳƛǎǎƛƻƴ ǿŜƛƎƘǘŜŘ ŀǾŜǊŀƎŜ ŦƻǊ ǘƘŜ ǿƻǊƭŘ ŦƻǊ bhȄ ƛǎ мΦлϊмлπмр PDFϊȅǊϊƪƎ-1.  

 

NMVOC 

 

 

Figure 5.3.: Characterization factors for ecosystem damage caused by ozone formation (10-15 PDFϊyrϊkg-1). 
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