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Freshwater Biodiversity and Life Cycle Analysis

Abstract

Human pressures increasingly threaten the highly biodiverse freshwater ecosystems. Life Cycle Analysis (LCA) is a
useful tool to reveal the impacts of products and services on freshwater biodiversity. Current methodologies in LCA
address the impact of climate change driven by reduced average river discharge on freshwater biodiversity. However,
given the ectothermic nature of fish, previous studies have highlighted the importance of including water temperature
changes as a driver of species loss. In addition, the impact of climate-driven changes in extremes might be more
important than changes in average conditions. This thesis develops a novel methodology to include the impacts of
climate change on freshwater biodiversity in LCA. A novel dataset of range contractions, based on extreme streamflow
and water temperature parameters, is converted into extinction risk via a metric originating from the classic Species
Area Relationship (SAR). A characterization factor is derived for each of the 63 greenhouse gases (GHGs) included in
the study. The recommended sets of global characterization factors range from 1.33-107'® - 7.16-10""" PDF-yr-kg™" for
the average approach and 4.62-107'% - 2.49.10"" PDF-yr-kg™' for the average and marginal approach respectively.
The results imply that freshwater biodiversity impacts per unit of GHG have been underestimated in previous LCA
methods that excluded the impact of extreme values and water temperature-driven losses. Future contributions can
help to increase taxonomic coverage (e.g., by including lentic species and macro-invertebrates) and by developing
complementary models to reflects all the various levels of biodiversity.
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1 Introduction

1.1 Threats to freshwater biodiversity

Freshwater ecosystems are characterized by a rich diver-
sity of species and habitats. While they span only 2.3%
of the global surface, they accommodate 9.5% of the ani-
mal species (Reid et al., 2019). Freshwater species are
considered disproportionally threatened in comparison
to terrestrial species (Collen et al., 2014; Wiens, 2016).
Freshwater biodiversity decline in terms of average pro-
portional change in population sizes is estimated at 84%
between 1970 and 2016, remarkably higher than the av-
erage decline for all species of 68% (World Wildlife Fund,
2020).

There are multiple drivers responsible for the freshwater
biodiversity decline, many of which are considered human-
induced (Reid et al., 2019). Dudgeon (2019) categorizes
the threats into six categories: (I) over-exploitation; (II)
pollution; (Ill) flow regulation; (IV) land-use change; (V) in-
vasive species invasion; and (VI) climate change. Climate
change is considered a rising threat to freshwater species
and can exacerbates some of the aforementioned threats
(Intergovernmental Science-Policy Platform on Biodiver-
sity and Ecosystem Services, 2019; World Wildlife Fund,
2018).

A freshwater biodiversity crisis can have devastating im-
pacts on water and food availability for humans, human
health, resilience to natural hazards, and even climate
change (Cowx & Portocarrero Aya, 2011). The ecosys-
tem services provided by freshwater ecosystems exceed a
value of 4 trillion US$ annually (Flitcroft et al., 2019). Thus,
there is a high urgency for society to maintain healthy
freshwater ecosystems, as they are essential to human
well-being and sustain livelihoods of human settlements.
One strategy forward is to tackle the lack of consideration
in decision-making, which is considered a fundamental
cause of the freshwater biodiversity crisis (Darwall et al.,
2018).

1.2 The potential of Life Cycle Analysis

Life Cycle Analysis (LCA) is an important decision-making
tool to guide the transition towards more sustainable prod-
ucts. It offers a standardized approach to quantify en-
vironmental sustainability and to identify hotspots (large
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impacts) across the life-cycle of products, processes, or
supply chains (Chaplin-Kramer et al., 2017). LCA can
address multiple impact categories as desired by the prac-
titioner (e.g., climate change, eutrophication, land use)
and is therefore praised for being an inclusive tool (Ciacci
& Passarini, 2020). However, the inclusion of biodiversity
in LCA is highly debated and incomplete, especially when
it comes to freshwater species (Winter et al., 2017). The
pitfall of excluding or underestimating impacts on biodiver-
sity is that it could lead to decisions with undesired effects
on biodiversity (Teillard et al., 2016).

1.3 State-of-the-art

Winter et al. (2017) mapped the current status of imple-
mentation of biodiversity and the various pressures in LCA
and found that many pressures have not been covered
yet. Land use is the most frequently addressed biodiver-
sity pressure, especially for terrestrial species, a variety of
models is available (e.g., Chaudhary et al., 2015), while
freshwater species remain underrepresented. Within the
LC-impact family, the impact categories global warming,
water consumption, ecotoxicity, and eutrophication cover
a freshwater species damage pathway (Verones et al.,
2020).

The global warming and water consumption impact cate-
gories are modeled by Hanafiah et al. (2011). Hanafiah
et al. (2011) developed a methodology that builds upon
the species discharge relationship, which predicts species
richness from the average discharge at the mouth of a river
basin. Tendall et al. (2014) complemented the method-
ology for freshwater consumption by increasing the taxo-
nomic coverage with macro-invertebrate species, by creat-
ing regionalized fish species-discharge relationships, and
by considering the location of water consumption within a
river basin.

The state-of-the-art LCA models considering global warm-
ing effects on freshwater biodiversity face several short-
comings. Firstly, water temperatures are not included.
A recent study by Barbarossa et al. (2021) shows that
freshwater fish species are more severely threatened by
water temperature alterations than streamflow alterations.
One explanation is that fish are directly influenced by the
water temperature being an ectothermic species (Comte
& Olden, 2017). Both water temperature and streamflow
parameters are important habitat factors for freshwater
species (Knouft & Ficklin, 2017; Poff, 2018). An impact
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pathway solely considering reduced river discharge may
thus underestimate extinction risk.

Secondly, there is a lack of models that quantify the im-
pacts of climate change based on altered extremes rather
than average conditions. Extreme water temperatures are
expected to occur more frequently due to climate change,
yet the implications to freshwater fish life-history strategies
are not fully understood (Desforges et al., 2021). Fish
exposed to high-temperature fluctuations show high levels
of cortisol and catecholamines, which in turn affects their
stress-coping abilities to other stressors (Alfonso et al.,
2020). Extreme thresholds have shown to be better predic-
tors for estimating extinction risk than long-term averages
(Barbarossa et al., 2021; Liu et al., 2015; Roman-Palacios
& Wiens, 2020).

Thirdly, the coverage in terms of river basins and species
remains limited. Hanafiah et al. (2011) excluded river
basins above 42 °N since the recent glaciation period
affects the species discharge relationship. To overcome
these shortcomings and to further improve the reliability of
characterization factors, this study aims to develop a novel
methodology to complement the knowledge on freshwater
biodiversity in LCA.

1.4 Research objective

The main research question, 'How can the impact of cli-
mate change extremes on freshwater biodiversity be trans-
lated into characterization factors for implementation into
existing LCA frameworks?’, demands a novel methodol-
ogy to develop characterization factors. The characteriza-
tion factors can be used in the impact assessment phase
of an LCA study to convert inventory data on greenhouse
gas (GHG) emissions into an estimate of environmental
impact on freshwater biodiversity. The main research
question is guided by the following sub-questions: (I) How
can geographical range contractions be converted into ex-
tinction risk? and; (I1) How can extinction risk be translated
into characterization factors?

2 Methodology

The modeling of characterization factors is performed in
R software (R Core Team, 2020), the scripts are available
in App. A. Characterization factors require fate factors
and effect factors. The characterization factors report

2 Methodology

the risk of freshwater species extinction, expressed as
the Potentially Disappeared Fraction (PDF), as a result
of global warming. Verones et al. (2017) recommend
the unit of PDF to stimulate consistency amongst LCA
studies. Extinction risk is defined as the proportion of
species that are committed to extinction (Thomas et al.,
2004). Species extinction is not an instant process but
takes place gradually over time. A time lag exists between
the pressure and the effect, meaning that the duration of
the pressure influences to what extent the effect will occur
(Verones et al., 2020).

Fate factors translate the impact of GHGs emitted to the
atmosphere to an increase in global air temperature. Ef-
fect factors translate the increase in global air temperature
to extinction risk. Fate factors are readily available by De
Schryver et al. (2010), while effect factors are derived us-
ing a novel approach developed in this study. The calcula-
tion of the global characterizations factors is summarized
ineq. 1

dr dE

Foa:vc:Fch'EFoazi'i
CFgtotaz, o TRl T UGHG AT

(1)

where CF is the characterization factor [PDF-yr-kg™'] for
the global scale, the type of GHG x, the cultural perspec-
tive ¢, FF is the fate factor [°C-yr-kg™"], and EF is the effect
factor [PDF-°C"]. FF equals the change in global air tem-
perature T [°C] over the change in emitted GHGs [kg].
EF equals the change in extinction risk E [PDF] over the
changeinT.

The characterization factors are limited to the global scale
due to the fate factors. Fate factors for global warming are
of global nature since the short tropospheric mixing time
of one year ensures that GHGs are spread during their
lifetime (De Schryver et al., 2010; Hauschild & Huijbregts,
2015).

2.1 Fate factor

Fate factors are provided by De Schryver et al. (2009) for
63 GHGs directly related to global warming (Forster et al.,
2007). De Schryver et al. (2009) adopted a linear step-
wise calculation to account for global air temperature rise
resulting from increasing radiative forcing due to increased
GHG concentrations. Multiple value choices in the mod-
eling of fate factors are summarized into three cultural
perspectives: the individualist, the hierarchist, and the
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egalitarian perspective. An critical value choice is the time
horizon, which determines the duration of the pressure.
The hierarchist perspective serves as the benchmark in
this study and considers a time horizon of 100 years. The
other perspectives are included in App. B. Only direct fate
factors are included for the ozone-depleting substances
in the hierarchist perspective because of the high uncer-
tainties involved in calculating indirect radiative forcing
mechanisms (Hanafiah et al., 2011).

2.2 Effect factor

2.2.1 Converting range contractions to extinction
risk

The extinction risk needed for the numerator of the effect
factor in eq. 1 is calculated based on data on species-
specific range contractions by Barbarossa et al. (2021) for
a scenario assuming no dispersal. The dataset comprises
11,425 riverine fish species. A range loss is calculated
from the number of five arc-minute grid cells in which
at least one or more extreme thresholds are exceeded.
Thresholds are set for water flow and temperature pa-
rameters, specifically the minimum and maximum weekly
flow, the number of zero flow weeks and, the minimum
and maximum weekly water temperature. Scenarios are
created by combining five global climate models and four
representative concentration pathways, aggregated for
the warming targets 1.5, 2.0, 3.2 and, 4.5 °C.

The range contractions by Barbarossa et al. (2021) are
converted into extinction risk using the extinction metrics
from Thomas et al. (2004), outlined in Eqs 2, 3, and 4.
Both Egs 2 and 3 sum up the range contractions before
multiplying with the z coefficient. These metrics tend to
be weighted more heavily towards species with large dis-
tributional areas. Endemic species tend to have small
ranges and are prone to extinction due to being restricted
to a single geographic range (Lewis, 2006; Parmesan,
2006). For this reason, Eq. 4 is chosen as the bench-
mark metrics, while the remaining metrics are used for a
comparison exercise.

YA *
B=1— new
! (EAoriginal )

1 Apew :
S 1 Gl I
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The extinction risks E4, E>; and Eg are expressed in PDF.
The n refers to the number of species [-], and z is a coeffi-
cient [-] derived from the Species-Area Relationship (SAR).
Aqriginal refers to the area available before the range con-
traction, and A\, refers to the area available after range
contraction, both expressed in km?. A,ew can be calcu-
lated with the percentage of the area threatened [%] and
Aoriginal (€. 5), both provided by Barbarossa et al. (2021).

RT
ﬁ . Aoriginal (5)

Apew =
The extinction metrics are based on the SAR, a law that
predicts the scaling of species richness with the increasing
area available to species. In eq. 6, the SAR is expressed
as a power relationship where S is species richness [-],
A is the area [km?], and ¢ and z are constants [-]. The
z constant is derived by developing a SAR specific to
freshwater riverine species. The classic power SAR is
linearized by double-logarithmic transformation (see App.
C). Data provided by Tedesco et al. (2017) on species
richness [-] and drainage area [km?] for 3,116 river basins
globally are used. Only native freshwater species are
considered since exotic species can influence the z com-
ponent (Baiser & Li, 2018).

S =c A (6)

2.2.2 Marginal effect factors

After retrieving the extinction risk, there are two approaches
to extract an effect factor: the average and the marginal
approach (elaborated in App. D). Verones et al. (2019)
recommend providing both effect factors to remain consis-
tent with other LCA methodologies and allow practitioners
to choose the most suitable set for their case study.

The marginal effect factors show the effect of an increase
in pressure by an incremental amount. To this end, the
derivative at the reference state is taken, which is the
current situation in this case. The World Meteorological
Organization (2021) annually reports the global mean tem-
perature increase compared to the pre-industrial baseline
(1850-1900), averaged from five different climate models.
The global air temperature increase at the current situa-
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tion is calculated as the mean annual global temperature
increase between 2011 to 2020 and amounts to 1.04 °C.
A time period of 10 years is taken to consider potential out-
liers and remain close to the current situation, and reflect
the recent stark increase in global mean temperatures
(World Meteorological Organization, 2021).

The relationship between extinction risk and temperature
increase is assumed to be linear between 0 and 1.5 °C;
therefore, the derivative at 1.2 °C equals the slope be-
tween the two points (eq. 7).

dE E(1.5)
EFmar inal — = 7
gl a0, 15 "

2.2.3 Average effect factors

The average effect factors reflect the average change
in extinction risk per unit of temperature increase. Two
data points are required for calculating the average effect
factors (Verones et al., 2019): the reference state, i.e.,
the current situation, and the prospective future state, set
at the highest warming target of 4.5 °C. The extinction
risk at the current situation is determined in eq. 8, using
the slope from eq. 7. Then, the average effect factor is
calculated in eq. 9.

E(4.5) — E(1.2)

EFavera e —
g 45—-1.2

2.2.4 Basin level effect factors

The same approach as described above is repeated to
calculate effect factors at the basin scale. For each river
basin, E is calculated for a subset of species occurring
in the river basin in question. To this end, the species’
geographic ranges are overlaid with the river basins to
determine the proportion of the range of each species
belonging to a specific basin. Then, following the method-
ology from Barbarossa et al. (2021), basin-level ranges
are estimated by summing up the area of the grid cells in
which none of the extreme thresholds are exceeded for
each climate scenario. The different climate scenarios are
aggregated at the four warming targets, and the arithmetic
mean values are taken for each warming target.

3 Results

Rivers basins with a drainage area smaller than 500 km?
are excluded due to higher uncertainties in the delineation
of species ranges based on hydrological units coarser
than km? (International Union for Conservation of Nature,
2018). Furthermore, in case of geographic range expan-
sion, Anew is capped to Agriginal to simulate zero extinction
risk.

2.2.5 Comparison with other approaches

Since there are multiple ways to estimate extinction risk,
this section describes other available metrics to compare
the range of plausible effect factors. Here, the alterna-
tive metrics E4 and E, provided by Thomas et al. (2004)
are examined. Other metrics evolve around the unit of
Potentially Affected Fraction (PAF). For example, studies
assume that half of the affected species or all affected
species face extinction (Hauschild & Huijbregts, 2015; Jol-
liet et al., 2003). Barbarossa et al. (2021) define the PAF
for each grid cell and warming target as the proportional
number of species threatened over the total number of
species. The grid cell-based PAFs are converted to global
PAFs using the following weighting approach to account
for the varying grid cell sizes (eq. 10)

Y(PAF; ,A;)

PAF, ., = S A

(10)

where g refers to the global scale, w to the warming target,
and i to the grid cell, extinction risks are derived from PAF
by either setting PAF values equal to PDF (Epag1) or by a
factor of 0.5 (EPAF0.5)-

Epap1 = PAF (11)

Epapos =05 PAF (12)

3 Results

3.1 Species Area Relationship

Linear regression of the logarithms of species richness
(S) and area (A) provided the following SAR (eq. 13)

lOgl()(S) =0.21- lOgl()(A) +1.19 (13)
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Figure 1: Species Area Relationship plotted as a power function. The sample number of rivers is 3116, each shown
as a dot. The line represents a linear regression line, and the shaded area shows the 95% confidence interval.
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where 0.21 and 1.19 are regression coefficients. The SAR
is depicted in Fig. 1. The z value of 0.21 (r> = 0.18) is
used to calculate the extinction risk.

3.2 Global characterization factors

The average global characterization factors span a wider
range than the marginal global characterization factors
(Fig. 2). The ranges amount to 1.33-107"° - 7.16.10""
PDF.yr -kg™' and 4.62:107"6 - 2.49.10-"" PDF-yr- kg™ for
the average and marginal approach respectively. The
ranges are caused by fate factors specific to each GHG,
resulting in characterization factors specific to each GHG.
The largest characterization factors found are for the GHG
sulfur hexafluoride. Most characterization factors are
skewed to the lower end of the ranges (Fig. 2). The aver-
age approach is also characterized by higher arithmetic
mean and the median values (respectively 1.44.10"" &
5.17 PDF.yr-kg™'?) than the marginal approach (respec-
tively 4.99-10"2 & 1.79-10°'2 PDF-yr-kg™).

6e-11

4e-11

2e-11

Characterization factor [PDF-yr-kg™]

0e+00

Average

Marginal
Type

Figure 2: Ranges of the global characterization factors
for the average and marginal approach, providing a char-
acterization factor for each of the 63 GHG. The boxes
represent the interquartile ranges, the marked lines inside
the boxes represent the medians, and the dots represent
the minima and maxima.

3.3 Basin level effect factors

The range describing the effect factors specific to each
river basin spans from 0 - 1.57-10"' PDF.°C™ for the av-

3 Results

erage effect factors and 0 - 2.41-10"" PDF-°C"! for the
marginal effect factors. Thus, the marginal approach is
associated with a wider range of effect factors on the river
basin level than the average approach. High marginal
effect factors are found for river basins expected to be
highly affected by climate change ata 1.5 °C warming tar-
get. However, the arithmetic mean and median values are
higher for the average approach (1.55-102 & 6.42.103
PDF-°C' respectively) than for the marginal approach
(1.45-102 & 2.61-103 PDF-°C"" respectively).

A weighted mean is calculated to consider the size of each
river basin. The weighted mean values for the various
river basins range from 2.69-102 PDF.°C™ for the aver-
age effect factor and 1.96-102 PDF-°C™' for the marginal
effect factor. This finding implies that, on average, 2.69%
or 1.96% of the species are committed to local extinction
per °C increase. Fig. 3 shows the average and marginal
effect factors. The spatial pattern is similar in both sub-
plots; higher effect factors are typically found in the arid
regions in Australia, Northern Africa, the Middle East and,
Central Asia. Basins at higher altitudes are less prone to
extinction. South America has high average effect factors.
The regional effect factors are highly variable among the
river basins.

It was not possible to derive effect factors for all river
basins. For the average approach, missing values are
slightly higher due to missing data for the 4.5 °C warming
target. The effect factors for 22.3 % (marginal approach)
and 29.7 % (average approach) of the river basins equal
zero, meaning these river basins are not expected to be
affected by climate change.

10
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Figure 3: Basin level average (A) and marginal (M) effect factors [PDF-°C"]. Missing values are grey.
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3.4 Comparing effect factors

The effect factors are compared with the metrics of E;,
E2, Epar1, and Eparo s in Fig. 4. Most extinction metrics
provide lower effect factors compared to the benchmark
effect factor (Eg). Only Epagq, which assumes that all
potentially affected species are committed to extinction,
provides remarkably higher effect factors.

4 Discussion

4.1 Comparison of results

Hanafiah et al. (2011) derived characterization factors via
the species discharge relationship, while the new charac-
terization factors proposed in this study are derived via
assessing range contractions due to exceeding extremes

4 Discussion

in water temperature and flow habitat factors. Although
direct comparison of the global characterization factors is
not possible due to varying units, the ranges of marginal
effect factors on the river basin scale can be compared.
The range consisting of marginal effect factors for the vari-
ous river basins reported by Hanafiah et al. (2011), 3-103
-2-102 PDF-°C™, is smaller than found in this study (O -
2.41-10" PDF-°C™").

LC-IMPACT adapted the effect factor calculated by Hanafiah
et al. (2011) to consider non-marginal changes by esti-
mating the number and change of fish species per river
basin and dividing by the total number of species for the
global effect factor (Steinmann & Huijbregts, 2019). They
arrive at an average weighted effect factor of 1.15.10-2
PDF-°C™", which is almost half the area-weighted basin-
average effect factor of 2.69-102 derived in this study.
Furthermore, the provided global characterization factors
0f5.47-107"% - 1.08-10""2 PDF-yr-kg™' (the range describes
characterization factors specific to a GHG) by Steinmann
and Huijbregts (2019) are up to 1 order of magnitude lower
than calculated in this study.

A plausible explanation for the lower bound in the range
of values can be found in the selection of river basins: this
study calculated marginal and or average effect factors
for 9,176 river basins, while Hanafiah et al. (2011) limited
the selection to 326 rivers basins, which are all located
below 42 °N. Indeed, the basins at higher latitudes have
low effect factors, as highlighted in Fig. 3. A plausible
explanation for the upper bound in the range of values lies
in the inclusion of direct water temperature effects, which
is not considered by Hanafiah et al. (2011). Hanafiah et al.
(2011) acknowledge that temperature can have a signifi-
cant influence and draws upon the example of Verones
et al. (2010), where seasonal temperature effects resulted
in differences up to five orders of magnitude for the effect
of thermal pollution on freshwater fish in the Rhine. The
highest effect factors were found in the summer months.
Therefore the inclusion of water temperature is likely to
explain the higher maximum effect factors.

In the impact category family ReCiPe 2016 (Huijbregts
etal., 2016) and LC-impact 2016 (Steinmann & Huijbregts,
2019), a global average effect factor of 3.7-102 PDF.°C""
is used for terrestrial species. This future-oriented effect
factor is based on a meta-analysis by Urban (2015). In
comparison, the average effect factors from Fig. 4 all
have slightly higher values. This finding is in line with
the general expectation that freshwater species are more

12
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Figure 4: Bar chart displaying various effect factors in PDF-°C™" for the average and marginal type. Extinction metrics
adopted are the equations provided by Thomas et al. (2004): E4, E,, and the benchmark equation Eg. Eparq and
Eparo5 are based on Potentially Affected Fractions of species.

severely threatened by climate change than terrestrial
species (Collen et al., 2014).

4.2 Limitations

4.2.1 Concerning fate factors

Limitations concerning the fate factors are the exclusion
of indirect effects ozone-depleting chemicals. If included,
the characterization factors of certain GHGs would be
negative. For the long-lived GHGs, the egalitarian cultural
perspective may be more suitable, as a large proportion of
the radiation will occur after 100 years (Steinmann & Hui-
jbregts, 2019). However, the egalitarian cultural perspec-
tive is characterized by higher uncertainties (Huijbregts
et al., 2016).

4.2.2 Concerning range contractions

This study is based on the results of Barbarossa et al.
(2021) that comprehensively assessed threats to geo-
graphic ranges of riverine fish species by examining hy-
drological extremes’ species-specific thresholds for five
habitat parameters concerning water temperature and

4 Discussion

streamflow. A set of variables cannot fully capture the
effects of global warming on fish species. For example,
seasonal effects are not considered but could be impor-
tant, especially if species are adapted to specific water
flow and temperature patterns (Barbarossa et al., 2021).

The hydrological model used for deriving the range con-
tractions does not account for water stratification, which is
why lentic species are excluded (Barbarossa et al., 2021).
Riverine species are considered a representative proxy for
freshwater biodiversity (1zzo et al., 2016). However, limit-
ing to one taxon remains an important limitation in LCA as
highly sensitive species can be overlooked (Curran et al.,
2011). Tendall et al. (2014) included macro-invertebrates
(Ephemera, Plecoptera, and Trichoptera) in their model
and stated that these species better represent smaller
streams. Tendall et al. (2014) found that these species
are more vulnerable to changes in discharge compared
to fish species.

4.2.3 Concerning extinction risk

Extinction risk is related to many ecological principles
which do not fit easily within the LCA framework (Curran
et al., 2011). Endpoint modeling in LCA is characterized
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by high uncertainty (Hauschild & Huijbregts, 2015), yet it
provides more tangible value to society in understanding
the state of freshwater biodiversity. Estimates of extinction
risk cannot accurately reflect all ecological principles and
have shown high variability among studies, both within
the LCA and non-LCA fields (Curran et al., 2016). Bellard
et al. (2012) classified multiple important factors according
to their expected effect on extinction risk. The following
factors are selected from the list as highly relevant to this
study: the negligence of positive effects (classified as an
overestimating factor), the negligence of species response
(a highly overestimating factor), resource and biotic fac-
tors (a highly underestimating factor) and negligence of
dynamics at the ecosystem level (a highly underestimating
factor). The question remains to which extent this quali-
tative list of underestimating and overestimating effects
balance out. A more detailed contextualization of these
trade-offs for the results of this study is provided below.

Potential positive effects of climate change could be that
the minimum water temperature is no longer exceeded
for particular species in certain habitats.

Yousefi et al. (2020) show that climate change has winners
and losers; some species lose habitat while others gain. A
trade-off here is that the winners of climate change could
be invasive species, which could displace native species
and alter trophic webs (Flitcroft et al., 2019). Hanafiah
et al. (2013) developed characterization factors for the
introduction of exotic species for the transportation of
goods through the Rhine-Main-Danube waterway. They
assessed the relative contribution of the introduction of
exotic species, global warming, and other impact cate-
gories by applying characterization factors (including the
characterization factors for global warming developed by
Hanafiah et al. (2011)) to a case study of transported
goods. The introduction of exotic species was found to
explain 70-85% of the effect on freshwater biodiversity.
Positive effects are not expected to have a large overes-
timating effect on the calculation of extinction risk, since
many positive effects are associated with negative effects
such as invasive species expansion.

Species responses to climate change form a broad cate-
gory, where dispersal abilities and adaptive capacity are
highly relevant. While the speed of climate change is
expected to exceed the adaptation or dispersal ability of
freshwater species (Radinger et al., 2017; Radinger &
Wolter, 2015; Reid et al., 2019), it requires careful consid-
eration. Dispersal of riverine fish species remains poorly
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understood (Harte & Kitzes, 2012) and is restricted due
to the dendritic structure of river basins, natural barriers,
and fragmentation. Fragmentation is expected to increase
due to drying impacts arising from climate change (Jaeger
et al., 2014; Knouft & Ficklin, 2017). This might impair the
ability of fish to combat climate change by dispersal. On
the other hand, species adaptation frequently occurs at
the edge of species’ ranges and may be of importance for
particular species (Knouft & Ficklin, 2017), especially for
those with short generation time (Radinger et al., 2017).
Therefore, not considering this factor in this study likely
overestimates the extinction risks obtained.

Resource and biotic factors comprise inter-specific rela-
tionships, trophic webs, and ecological networks. While
these are neglected in the assessment for complexity rea-
sons, the interactions could result in cascading effects
and co-extinctions, also called chains of extinction (Harte
& Kitzes, 2012). One example is the Allee effect, which
describes a positive relationship between fithess and pop-
ulation size (Dulvy et al., 2003; Tedesco et al., 2013).
Various mechanisms could explain the Allee effect, e.g.,
low reproduction due to mate limitation. Predator satia-
tion, cooperative breeding, and cooperative defense are
proven mechanisms to explain the Allee effect in fish pop-
ulations (Kramer et al., 2009). This factor is expected to
underestimate the extinction risks derived in this study.

Finally, dynamics at the ecosystem level do not typically
fit within the linear damage relationships adopted in LCA.
Examples are tipping points or other stochastic processes
leading to extinction (Curran et al., 2011; Tedesco et al.,
2013). The vulnerability of species to stochastic events is
highly variable, due to different habitat preferences, small
population sizes, or limited ranges (Moyle et al., 2013).
Examples of stochastic events triggered due to global
warming are large floods (Mirza, 2011). This factor is also
expected to underestimate the extinction risks derived in
this study.

4.2.4 Concerning the Species-Area Relationship

There is no consensus in the literature whether the SAR
potentially overestimates (He & Hubbell, 2011) or under-
estimates (Connor & McCoy, 2013; Harte & Kitzes, 2012)
extinction risk. According to Harte and Kitzes (2012),
the SAR depends not only on the size of habitats but
also on the shape of habitats. Connor and McCoy (2013)
state that the fragmentation will disturb the SAR for ar-
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eas below 100 ha. Furthermore, the scale sensitivity of
the SAR needs further research (Pereira et al., 2012).
The SAR assumes that species are homogeneously dis-
tributed (He & Hubbell, 2011). And species richness may
be overestimated for river basins above 42 °N by the
SAR, since those basins have not reached their maximum
species richness potential since the last glaciation period
(Hanafiah et al., 2011).

The methodology in this study only requires the SAR for
deriving the z component to be used in the extinction
metric by Thomas et al. (2004). Therefore, a sensitivity
analysis is carried out with the standard z value of 0.25
used by Thomas et al. (2004). The z component can be
considered a sensitive modeling parameter: for a 16%
increase in z, the effect factors increase by 10.7% (to
7.63-102 PDF-°C") for the average approach and 16.4%
(to 2.78-102 PDF-°C™") for the marginal approach. De-
spite the limitations, SAR approaches remain the best tool
available to date (Oberdorff et al., 2011).

4.2.5 Concerning marginal and average effect
factors

Both the marginal and average approaches to deriving
effect factors have trade-offs (Heijungs, 2021; Huijbregts
et al.,, 2011). The marginal approach is useful to address
the question of incremental efficiency. In Fig. D.1 it can
be seen that steeper slopes are expected at higher tem-
perature increases. The marginal effect factors do not
consider extinction risk at higher warming targets, explain-
ing the conservative estimates compared to the average
effect factor. Therefore, the average effect factor is better
suitable for the long-term perspective.

4.3 Recommendations

Recommendations for future advancements are to ex-
pand taxonomic coverage to include lentic species and
macro-invertebrates to improve the representativeness of
species coverage for freshwater biodiversity. This study
focuses on the species richness metric, which describes
the community level and neglects the genetic and land-
scape levels of biodiversity. Complementary models can
be useful to compare other facets of biodiversity to de-
scribe ecosystem health more accurately (Curran et al.,
2011; Tendall et al., 2014). A valuable metric for comple-
mentary LCA studies is functional diversity, which consid-
ers functional traits of a species and reflects ecosystem
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functioning better than species richness (Scherer et al.,
2020).

Another important task for future studies is to harmonize
more impact categories containing an impact pathway
for freshwater biodiversity into existing LCA impact as-
sessment families such as LC-IMPACT. For example, the
characterization factors for the impact of the introduction
of exotic species (Hanafiah et al., 2013) on freshwater
biodiversity can only be applied to the case of transported
goods. Methodologies use differing units, and therefore
conclusions on the contribution of the different stressors
cannot be established. Besides, numerous stressors still
need to be included in the LCA framework for freshwater
biodiversity to cover all the threats mentioned by Dudgeon
(2019).

5 Conclusion

A novel methodology has been developed to translate the
impact of climate change on freshwater biodiversity into
characterizations factors intended for LCA studies. Global
and basin-level extinction risks are quantified based on the
geographic range contractions estimated by Barbarossa
et al. (2021), which are converted with the extinction met-
rics from Thomas et al. (2004) to extinction risk. The z
coefficient needed for the extinction metrics is determined
by developing a SAR specific to freshwater fish species.
Marginal and average effect factors are derived from map-
ping extinction risk against corresponding global mean
temperature increases. Finally, characterization factors
are derived by multiplying the effect factors by the fate
factors provided by De Schryver et al. (2009).

The recommended sets provide a global characterization
factor for each of the 63 GHGs and range from 1.33-10°15 -
7.16-10"" PDF.yr-kg™' and 4.62.10'6 -2.49.10"" PDF-yr-kg"
for the average and marginal approach respectively. LCA
practitioners can use the characterization factors to trans-
late inventory data on GHG emissions arising throughout
the life-cycle of a product into an estimate of the fraction of
freshwater species extinction. The new set of characteri-
zation factors is up to one order of magnitude higher than
previously calculated ones, stressing the importance of
considering extreme values and including water tempera-
ture variables besides streamflow variables when assess-
ing impacts of climate change in LCA. The new advances
can contribute to a better understanding of the environ-
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mental impact of products and attribute to more compre-
hensive sustainability assessments of climate change by
including impacts on freshwater biodiversity.

5 Conclusion 16
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A Code availability

The following files are available at https://github.com/Sifdevisser/LCA_Freshwater biodiversity MSc_thesis:
+ SAR.R. This file contains all the code related to the development of the Species Area Relationship , e.g., for the
results in section 3.1.

» GlobalCF.R. This file contains all the code related to the global effect- and characterization factors, e.g., for the
results in sections 3.2 and 3.4.

» Average area basin.R. This file handles the geographical range contractions on the basin-level scale. The
BasinEF.R file further elaborates upon the output table.

» BasinEF.R. This file contains all the code from basin-level range contractions to basin-level effect factors, e.g.,
for the results in section 3.3.

A Code availability 17



Freshwater Biodiversity and Life Cycle Analysis

B Characterization factors

Multiple value choices are made in the modeling of the characterization factors. Firstly, the value choices in the
modeling of the fate factors are summarized (Table B1) into the concept of cultural perspectives for consistency
purposes (De Schryver et al., 2009). Each cultural perspective envisions a scenario. The individualist perspective is
optimistic and considers a shorter time horizon. The egalitarian perspective, on the other hand, urges to consider
long time horizons and worst-case scenarios. The hierachist perspective aims to include model aspects based on the
level of scientific consensus and believes that with proper management, certain impacts can be avoided. Secondly,
5 different extinction metrics are available for translating range contractions into extinction risk (E4, Ez, Eg, Epas1,
and Eparg5). The first 3 are extinction metrics provided by Thomas et al. (2004), while the other 2 are based on PAF
values, where Epar1 assumes all potentially affected species are commited to extinction and Eparg 5 considers half
of the potentially affected species to be committed to extinction. Thirdly, there are 2 approaches for deriving effect
factors from extinction risk: the marginal and the average approach.

Table B1: Cultural perspective

Category Individualist Hierarchist Egalitarian
Time horizon 20 yr 100 yr 1000 yr
Climate-carbon feedbacks for non-CO? GHG No Yes N/A

Future socio-economic developments Optimistic Baseline Pessimistic
Adaptation potential Adaptive Controlling Comprehensive
Indirect effects ozone-depleting chemicals included Yes No No

Note. Adapted from Recipe 2016: A harmonized life cycle impact assessment method at midpoint and endpoint level,
p.24, by Huijbregts et al., 2016. Retrieved October 10, 2020, from https://www.rivm.nl/bibliotheek/rapporten/2016-
0104.pdf

All 30 sets of characterization factors are provided so that the LCA practitioner can choose which set fits their
research design best. The sets for the hierarchist perspective and the Eg extinction metrics are central in this study
(Table B.2.1 and B.2.2). The characterization factors for the individualist perspective can be found in subsection B.1
(Table B.1.1 and B.1.2 for the average and marginal approach respectively), the hierarchical perspective can be found
in subsection B.2 (Table B.2.1 and B.2.2 for the average and marginal approach respectively) and the egalitarian
perspective can be found in subsection B.3 (Table B.3.1 and B.3.2 for the average and marginal approach respectively).

B.1 Individualist perspective

Table B.1.1: Average global characterization factors [PDF-yr-kg™'] for the individualist cultural perspective

Unit E4 E2 Es Eprar1 Eparos
1 CO, 359-10-"% 3.86-10"'® 579.10-'® 858.10""® 429.10° 6
2 CHy 299-10-% 32 .10 481.10"" 713.10- 357.10° "
3 N2O 1.14.10- 122.10-"% 183.10-" 272.10-"® 136-10" "3
Ozone-depleting substances
4 CFC-11 -6.33-10-"% —6.79-10""® -1.02-10-"2 -151.10"'2 —-756-10""
5 CFC-12 9.16-10-" 9.82.10-" 147-.-10"'7 219-10'2 1.09-10~"
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Table B.1.1 continued. Average global characterization factors [PDF-yr-kg™'] for the individualist cultural perspective

Unit Eq Ez Es Epar1 Eparos

6 CFC-13 424.107'% 455.10-'% 6.83-10"" 1.01-10~" 5.07 - 1012
7 CFC-113 1.27-10~12 1.36-10-'2 2.05-10-"'2 3.03-10""2 1.52.10"12
8 CFC-114 302-107"2 324.107'2 486-10"'2 7.21-10"12 3.61-10 12
9 CFC-115 2.04-10-"% 219.10°' 329.10°' 487.10°" 2.44 .10~ 12
10 Carbon tetrachloride -1.23-107"% -132.107"% —-198-10""2 —-293.10""2 —-147.10""
11 Methyl bromide -2.02-107"2? -216-10""% —-324.10""% —-481-10""% —-241.10""
12 Methyl chloroform —271-107"% —291.107" -436-10"" —-647-10"" -3.23.10""
13 HCFC-22 1.64-10-12 176102 265.-10"2 3.92.10"" 1.96-10-12
14 HCFC-123 1.05-10- "3 1.13.10° 1 1.69-10- 251.10°" 1.26-10"13
15 HCFC-124 8.13-10-"® 872.10° "3 1.31-10"1" 1.94.10-1 9.71.10-1
16 HCFC-141b 7.62-10"13 8.17-10~13 1.23.10"12 1.82-10"12 9.09-10 18
17 HCFC-142b 2.08-10"'2 224.107" 336-107'2 4.98.10 " 2.49.10 12
18 HCFC-225ca 1.69-10- 13 1.81-10-  271.-10-"  4.03.10°" 2.01-10-"
19 HCFC-225cb 7.96-10"" 854.10° "3 1.28.10- 1 1.90-10- 1" 9.50-10~13
20 Halon-1211 -1.71-10-" -183.10-" -275.10-" —4.08-10-" —-2.04.10"
21 Halon-1301 -284.10-" -305-10-" —-457.10-" -6.78-10""" -3.39.10~ "
22 Halon-2402 -252.10-" —271.10-" —-4.06-10-" —-6.03-10-" —-3.01-10—"
Hydrofluorcarbons

23 HFC-23 471-10% 505.-10-'2 7.58.10"" 1.12.10~" 5.62-10 12
24 HFC-32 9.16-10-" 9.82.10" "3 147-102 219.10° " 1.09-10-12
25 HFC-43-10mee 1.63-10" 1 1.74-10"2 262-10"'2 3.88.-10"" 1.94.10712
26 HFC-125 249.107'2 268-107'2 4.02-107' 596-10"12 2.98 .10 12
27 HFC-134a 1.50-10-12 1.61-10"2 242.10-'2 359.10"" 1.79-10-12
28 HFC-143a 231.107"2 248.10"' 372.107' 552.10°" 2.76 1012
29 HFC-227ea 2.08-10-"2 224.10-'2 336-10"" 498.10° " 2.49 .10 12
30 HFC-245fa 1.33.10" 12 1.42.10-12 2.14-1012 3.17-10~ 12 1.58-10"12
31 HFC-152a 1.72-10-13 1.84-10- 276-10"" 4.10.-10"" 2.05-10""1
32 HFC-236fa 3.18-10-"% 341.107'% 513.10"'2 7.60-10"1'2 3.80-10 12
33 HFC-365mfc 9.93.10" 13 1.06-10- 12 1.60-10-"'2 237.10°" 1.19.10-1

Perfluorinated compounds

34  Sulphur hexafluoride 6.38-10""2 6.84.10"" 1.03-10—" 1.52.10~" 7.61-10"12
35 Nitrogen trifluoride 526-10~'2 565.10-'2 847.10-2 126-.10-'" 6.28.10 1
36 PFC-14 205-10'2 219.10"" 329.10°'> 488-10"'2 244.10°"?
37 PFC-116 339-10-"2 364-10"'% 546-10"'7 809-10"'2 4.05-10""
38 PFC-218 248.-10-"2 266-10"' 4.00.-10"' 593.107' 296-10""?
39 PFC-318 2.87-10-" 3.08-10-" 462.-107" 6.86-10"" 3.43.10°'?
40 PFC-3-1-10 249-107'2 267-10""2 4.00-10"' 594.10"'2 297.10" "2
41 PFC-4-1-12 256-10"'2 274.-10-"% 412.107' 6.11-10"'2 3.06-10"'2
42 PFC-5-1-14 260-10-"2 279.107" 419.107" 6.21-107' 3.11.10° "2
43 PFC-9-1-18 216-10-"2 232.10-" 348.10"' 516-10"' 258.10" "2
44  Trifluoromethyl sulphur pentaflu- 5.18-10-'2 555.10-'> 834.10"'2 1.24.10""" 6.18-10"'?
oride

Fluorinated ethers
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Table B.1.1 continued. Average global characterization factors [PDF-yr-kg™'] for the individualist cultural perspective

Unit Eq Ez Es Epar1 Eparos
45 HFE-125 543.10'2 583.10"'2 875-10"'2 1.30-10""" 6.49-10'2
46 HFE-134 479-107'2 514.10"'2 772.107'2 114.10"" 572.10°12
47 HFE-143a 1.04-107"2  111.10""2 167-10""2 247-10"2 124.107"
48 HCFE-235da2 484.10-" 519.10-"% 778.10-" 1.15.10"2 577.10~"
49 HFE-245ch2 1.09-107'2  117.-10-"2 1.76-10"'2 261-10""'2 1.30-10""2
50 HFE-245fa2 894.10"" 959.10°'® 144.10""2 214.107'2 1.07-10'2
51 HFE-254cb2 548.10-"% 587-10-"® 882-10-" 131-10"'2 6.54.10""
52 HFE-347mcc3 779-10-% 835.10-"® 125.10-% 186-10-"2 9.30-10""3
53 HFE-347pcf2 753-10-  8.08-10-" 121-10-'2 1.80-10-'2 8.99.-10 "3
54 HFE-356pcc3 152-10""® 163-10"® 245.10-"® 363-10" 1.81.10°1
55 HFE-449sl 422-107"  453.10"® 6.79-10"" 1.01-107"2 504-10"18
56 HFE-569sf2 787-10-% 845.10-" 127-10-"® 188.10""® 940-10~'"
57 HFE-43-10pccc124 248-10"2 266-10""2 4.00-10-"% 593.10'2 296.-10""2
58 HFE-236cal2 3.16-10"'2 339.10-'2 508-10"'2 754.10""'2 3.77-10'2
59 HFE-338pcc13 199-107'2 214.10"'2 321-10°'2 476-10""'2 238.10°"2

Perfluoropolyethers

60 PFPMIE 3.00-10-"'2 321.10"' 482-10"" 7.15.10"'2 3.58-10"12

Hydrocarbons and other compounds

61 Dimethylether 586-10"" 6.29-10"'® 944.10' 1.40-10-' 7.00-10""6
62 Methylene chloride 1.21-10-"% 129.10-" 1.94.10-' 288.10"" 1.44.10~"
63 Methyl chloride 17810~ 191.10-" 287-10~' 426.-10"" 213.10°"

Table B.1.2: Marginal global characterization factors [PDF-yr-kg™'] for the individualist cultural perspective

Unit E, =) Es EraF1 Eparos
1 CO, 1.04.10°16 1.72.10°16 2.01-10"16 3.74-1016 1.87-10°16
2 CH, 8.66-10"1° 143.10~ 1 167101 3.11-10 1 1.55.10~
3 N>O 3.30-10 1 5.45.10- 14 6.36- 1014 1.18.10~13 5.92.10 4

Ozone-depleting substances

4 CFC-11 -1.84-10-"% -3.03-10-" -354.10"" -6.59.10-1 -3.29.10""
5 CFC-12 266-10"" 438.-10""® 512.10- 952.10"" 4.76.10°"3
6 CFC-13 123-10""2 2.03-10"'2 237-10"' 441.10""2 221.10°"
7 CFC-113 368-10-% 6.08-10-" 7.10-10-" 132.107"% 6.61-10""
8 CFC-114 8.76-10"" 145.10"'2 169-10"'2 314.107'2 1.57-10"'?
9 CFC-115 592.10-8  977-10-" 114.10"'2 212.107'2 1.06-10"'?
10 Carbon tetrachloride -3.56-10""% -588-10""% -6.86-10""* -1.28.10""> -6.39-10~"3
11 Methyl bromide -5.84-10""% —964-10-" -1.13-10""? -210-10""2 —-1.05-10"?
12 Methyl chloroform -7.85-10"" -130-10"" -151.10"" -282.10" —-1.41.10""
13 HCFC-22 476-10"" 786-10-" 918-10-" 1.71.107'2 854.10°™
14 HCFC-123 3.05-10- 504.10-' 588.-10-" 1.09.-10-" 547.10"™
15 HCFC-124 2.36-10"" 3.89-10"" 454.10-" 845.10""® 4.23.10°"
16 HCFC-141b 221-10""  364-10"" 426.10- 792.10"" 3.96-10~"
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Table B.1.2 continued. Marginal global characterization factors [PDF-yr-kg™'] for the individualist cultural perspective

Unit Eq Ez Es Epar1 Epraros

17 HCFC-142b 6.04-10-"% 997.10°" 1.16-10""2 2.17.10°" 1.08-10- 12
18 HCFC-225ca 489-10- 807-10" 942.10° " 1.75-10"13 8.77-10— "
19 HCFC-225cb 231.-10-"% 381.107" 445.10-" 828.10° " 4.14.10°13
20 Halon-1211 —-495.10-"% -817-10"" —-954.10-"% -178.10-" -8.88.10"1"2
21 Halon-1301 -824.10-"% -136-10-" -159.10-" -295.10-" —-1.48.10""
22 Halon-2402 -732.10-"% -121.10-" -141.10-" -263.10-" -1.31.10""
Hydrofluorcarbons

23 HFC-23 1.36-10"2 225.10"'2 263-10"" 4.89.10 "2 2.45.10712
24 HFC-32 266-10-"% 438.10-"® 512.10-"® 952.10~" 4.76-10"13
25 HFC-43-10mee 471-10-% 7.78-10-" 9.09.-10" " 1.69-10-12 8.45.10~13
26 HFC-125 7.23.10°13 1.19.10- 1 1.39-10-"2 259.10° " 1.30-10" 1"
27 HFC-134a 435.10-" 719.10-" 8.39.10°" 1.56-10" 12 7.81-10°13
28 HFC-143a 6.70-1018 1.11-10-12 129102 240-10"1" 1.20-10-12
29 HFC-227ea 6.04-10-"% 997.10" " 1.16-10-2  2.17.10"" 1.08-10-12
30 HFC-245fa 385-10-" 635.10°" 741.10° '3 1.38.10- 12 6.90.10 13
31 HFC-152a 498-10-" 8.21.10-" 959.10~™ 1.78-10° 13 8.92.10~ 1
32 HFC-236fa 9.23.10" 13 1.52.10"12 1.78-10"12 3.31-10"12 1.66-10-12
33 HFC-365mfc 288-10-"% 475.10-"® 555.10-" 1.03.10°"2 516-10~13

Perfluorinated compounds

34  Sulphur hexafluoride 1.85-10-2 3.05-10-'2 356-10"'2 6.63-10" " 3.32.10"12
35 Nitrogen ftrifluoride 153.10~12 252.107'2 294.1012 5.47 - 1012 2.74.10712
36 PFC-14 5.93.10"1'3 9.79-10~13 1.14.10-'2  2.13.10712 1.06- 1012
37 PFC-116 9.83.10" 13 1.62-10"12 1.89-10"12 3.52.10" 12 1.76-10~12
38 PFC-218 7.20-10"13 1.19-10- 12 1.39.-10-2 258.10" " 1.29.10-12
39 PFC-318 8.32.10"13 1.37-10-12 1.60-10-2 299.10-" 1.49.10- 12
40 PFC-3-1-10 7.21.10°13 1.19.10-12 1.39.10~12 259.10"12 1.29.10-12
41 PFC-4-1-12 7.42.10~13 1.22.10-12 1.43.10~'2 266-10"12 1.33.10-12
42 PFC-5-1-14 7.54 .10~ 13 1.24 .10 12 145.10-"2  2.71.10"" 1.35.10"12
43 PFC-9-1-18 6.27-10- 13 1.03-10- "2 1.21-10-2  225.10~ " 1.12.10- 12
44  Trifluoromethyl sulphur pentaflu- 1.50-10-'2 248.10-' 289.10"'> 538-10"'2 269-10""2
oride

Fluorinated ethers

45 HFE-125 158-10"'2 260-10"'2 3.04-10"'2 565-10""'2 2.83.10 "2
46 HFE-134 1.39-1072  229.10""2 268-10"'2 498.10"'2 249.10 "
47 HFE-143a 3.00-10-" 495.10-" 579.10-" 1.08.-10"'2 538.10" 1
48 HCFE-235da2 140-10-"® 231.10-"® 270-10-" 503.10- 251.10""
49 HFE-245cb2 316-10"1% 522.10-"® 6.10-10°"® 1.13.10"'2 567-10"1
50 HFE-245fa2 259.10-"% 428.10-"® 500-10-" 930-10" 465.10°"
51 HFE-254cb2 159.10-'® 262-10-"® 3.06-10-" 570-10-" 2.85.10""
52 HFE-347mcc3 226-10""% 373.10-" 435.10""® 810-10"' 4.05.-10°18
53 HFE-347pcf2 2.18-10- 360-10-" 421.10- 7.83-10"" 392.10° "3
54 HFE-356pcc3 440-10- 727-10-"% 849.10-' 158.-10"" 790-10""
55 HFE-449s| 122-10"  202-10-"® 236-10-" 439.10-" 219.10° "
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Table B.1.2 continued. Marginal global characterization factors [PDF-yr-kg™'] for the individualist cultural perspective

Unit Eq = Es Epar1 Eparos
56 HFE-569sf2 228-10~ 1 3.77-10~ 1 4.40-10~ " 8.19.10 " 4.09-10~ "
57 HFE-43-10pccc124 7.20-10"13 1.19-10-12 1.39-10-12 2581012 1.29-10-12
58 HFE-236ca12 9.16-10"13 1.51.10~12 1.76 .10~ 12 3.28.10"12 1.64.10-12
59 HFE-338pcc13 5.78-10-13 9.54.10- 13 1.11.10~12 2.07-10"12 1.04.10~12

Perfluoropolyethers

60 PFPMIE 8.68-10- 1.43.107'2 167-10""2 311.107'2 1.56-10"'?

Hydrocarbons and other compounds

61 Dimethylether 1.70-10-'® 281.10°'® 328.10-"® 6.10-10"' 3.05-10°"6
62 Methylene chloride 350-10-" 577.10-" 6.74-10" 125.10-™ 6.27-10""°
63 Methyl chloride 517-10-" 854-10-'" 997-10-" 1.86-10-" 9.28.10"'°

B.2 Hierarchist perspective

Table B.2.1: Average global characterization factors [PDF-yr-kg™'] for the hierarchist cultural perspective

Unit E; E, Eg Epari Eparos
1 CO, 1.78.10~1 1.91.10°1 2.87-10"1° 426.10~1° 2.13.10° 1%
2 CH4 3.53.10" 14 3.78-10" 1 5.68-10" 14 8.42 .10 421.10~ 1
3 N,O 5.82-10"13 6.24-10"13 9.37-10" 13 1.39-1012 6.95-10"13

Ozone-depleting substances

4  CFC-11 9.28-10-" 996-10-" 149.10-" 222.10-" 1.11.10~"
5 CFC-12 213.10-" 228.10-" 342.10-" 508-10-" 254.10""
6 CFC-13 282-10-" 3.02.-10-" 453.10-" 6.72-10" 3.36-10""
7 CFC-113 1.20-10-" 129.10-" 193.10-" 286-10""" 1.43.10~ "
8 CFC-114 1.96-10-" 210-10-" 3.16-10~" 468.-10""" 2.34.10 "
9 CFC-115 1.44.10-"" 154.10-" 231.10°"" 343.10-" 1.72.10""
10  Carbon tetrachloride 273-1072  293.10""2 4.40-10-'2 6.53-10"'2 3.26-10""?
11 Methyl bromide 937-10-"% 1.01.-10-"% 151.10°™ 224.10-"“ 112.10° ™
12 Methyl chloroform 2.86-10~" 3.07-10-" 460-10-" 6.83-10-" 341.10""
13 HCFC-22 353-10712 378.107'2 568-10"12 842.-107'2 421.10° "
14 HCFC-123 151-10""® 162-10-" 244.10-" 362-10-" 1.81.10""
15 HCFC-124 1.19-107"%  128.10""2 192.107'2 284.10"2 142.10° "
16 HCFC-141b 142.10-2 152.10'2 228.10"'% 3.38-10"'2 1.69-10'2
17 HCFC-142b 449.10-2 482.10-'2 723.10-" 1.07-10""" 536-10""2
18 HCFC-225ca 238.-10- 255.10-"% 383.10-" 568-10"" 284.10° "3
19 HCFC-225cb 1.16-10""? 125.10'2 187.10"'2 278.10""2 1.39.10 "
20 Halon-1211 368-107"2 3.95.107'2 593.10"'2 880-10"'2 4.40.-10 1"
21  Halon-1301 1.39.-10-" 150-10-" 225.10-" 3.33.10°"" 167-10"M
22 Halon-2402 321-10-"% 344.107'% 517-10"'2 766-10"'2 3.83.10 "2
Hydrofluorcarbons

23 HFC-23 2.88-10-" 3.09-10-" 464-10-" 6.89-10~" 3.44.10" M
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Table B.2.1 continued. Average global characterization factors [PDF-yr-kg™'] for the hierarchist cultural perspective

Unit Eq Ez Es Epar1 Epraros
24 HFC-32 1.32-107'2  141.10-'% 212.10""% 3.15.107'% 157-.10"
25 HFC-43-10mee 320-10"2 343.107" 515.10"'2 764-10"'% 3.82.10° "
26 HFC-125 6.85-10-2 734.10-"% 1.10.-10-"" 163-10-" 817-10""
27 HFC-134a 279-107'2 299.10-" 449.107'% 6.66-10"'2 3.33.10°12
28 HFC-143a 873-10-"2 936-10""> 141.10-" 208-10-" 1.04-10~"
29 HFC-227ea 6.29-10-2 6.75-10-"% 1.01-10-" 150-10-" 751.107"
30 HFC-245fa 2.02-107'2 217-107"% 325.107'% 482.-10""'2 241.10°"
31 HFC-152a 243.10-% 260-10-" 3.91.10-" 579.10-" 290-10~"
32 HFC-236fa 1.91.10-" 205.10-" 3.08-10-" 457.10""" 228.10~™
33 HFC-365mfc 155-10-'2 166-10"'2 249.10"' 3.70-107'> 1.85-10""
Perfluorinated compounds
34  Sulphur hexafluoride 445.10-" 477.10-" 716-10" 1.06-10""°© 531.10~M
35 Nitrogen trifluoride 352-10-" 3.77-10-"" 566-10-"" 840-10-" 4.20-10~"
36 PFC-14 144.10-" 155.10-" 232.10-" 344.10""" 1.72.10° M
37 PFC-116 238-10-" 256-10-" 3.84.10-"" 569-10-" 285.10""
38 PFC-218 1.72-10-" 185.10-" 278.10-" 4.12.10°"" 2.06-10"M
39 PFC-318 2.00-10-" 215.10-" 3.22.10-"" 478.10-" 239.10~ "
40 PFC-3-1-10 1.73-10-" 185.10-" 278.10-" 4.13.10-"" 2.06-10""
41 PFC-4-1-12 1.79-10-"  192.10-" 288.10-" 4.27.10°"" 214.10°M
42 PFC-5-1-14 1.81-10-" 195.10-" 292.10-" 433.10°"" 217.10~M
43 PFC-9-1-18 147-10-" 157.10-" 236-10-" 350.-10""" 1.75.10~M
44  Trifluoromethyl sulphur pentaflu- 3.47-10-"  3.73.10-"" 559.10-" 8.30-10-" 4.15.10~"
oride

Fluorinated ethers
45 HFE-125 291-10-" 3.12.10-" 468.-10-"" 6.95-10-" 3.47.10~"
46 HFE-134 1.23-10-"  132.10-" 198.10-" 294.10""" 147.10°M
47 HFE-143a 148-10-'2 158.10'2 238-10"" 353.-107'> 1.76-10""?
48 HCFE-235da2 6.80-10-% 730-10-" 1.10.10-"% 162-10"'2 812.10""
49 HFE-245cb2 157-10-'2 168-10-'2 253.10"" 3.75.-10"'> 1.87-10""
50 HFE-245fa2 1.29-10-'2 1.38.10"'2 207-10"" 3.08-10"'> 1.54.10"
51 HFE-254cb2 770-10-" 826-10"" 124.10"' 184-10'2 9.20.10° "3
52 HFE-347mcc3 1.13-1072  121-10-"2 181.-10"" 269-10""> 1.34.10 "
53 HFE-347pcf2 1.13-10-2  121-10-'2 182.10"" 270-10-" 1.35.10° "
54 HFE-356pcc3 214.10-% 230-10-" 345.10°" 512.10-" 256-10""3
55 HFE-449s| 599.-10-" 643.-10-" 965-10-" 143.10""2 7.15.10° "3
56 HFE-569sf2 1.11-10-®  119.10-" 179.10-"® 266-10"" 1.33.10° "
57 HFE-43-10pccc124 366-10-"2 3.92.10-'% 589.10"'2 874-10"'2 437.10 "
58 HFE-236ca12 552-10-"2 592.10-'> 889-10-' 132-10-" 6.59.10 "2
59 HFE-338pcc13 293-107'2 3.14.107"% 4.72.107'% 7.00-10"' 3.50-10"12
Perfluoropolyethers
60 PFPMIE 2.01-10-" 216-10-" 3.24.10-"" 480-10-" 240-10~"
Hydrocarbons and other compounds
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Table B.2.1 continued. Average global characterization factors [PDF-yr-kg™'] for the hierarchist cultural perspective

Unit E4 E> Es Epar1 Eparos
61 Dimethylether 826-10-" 8.86-10""® 133-10""™ 197-10" 9.86-10"'°
62 Methylene chloride 1.71-10- 183.10-" 275.10~" 4.08-10"' 2.04-10"™
63 Methyl chloride 252.10-"% 270-10-" 4.05.-10-' 6.01-10-" 3.00-10~™

Table B.2.2: Marginal global characterization factors [PDF-yr-kg™'] for the hierarchist cultural perspective

Unit Eq E> Es EpaF1 Eparos
1 CO, 517-10-" 854.10"'® 997.10""® 186-10"" 9.28.10'°
2 CHy 1.02-10-"% 169.10-" 197.10-' 367-10-" 1.83.10~"
3 N2O 169-10- 278.10-"% 325.10-" 6.05-10""® 3.03-10° "

Ozone-depleting substances

4  CFC-11 269-10"2  444.10"2 519.10-'2 966-10""2 4.83.10 "2
5 CFC-12 6.17-10-2  1.02-10-" 1.19.10-" 221.-10-" 1.11.10~"
6 CFC-13 8.16-10-"2 135.10~"" 157.10-" 293.10-" 1.46-10"
7 CFC-113 347-10-"% 573.10-'% 6.70-10-'2 125.10-" 6.23.10 "2
8 CFC-114 568-10-2 938.10-'2 1.10-10-" 2.04-10-" 1.02-10~"
9 CFC-115 417-10-'% 6.88-10-'2 8.03-10"'2 150-10-" 7.48.10" "
10  Carbon tetrachloride 793-10-" 131.107'2 153.10"2 284.-10""2 1.42.10 "2
11 Methyl bromide 272-107"  448.10"" 524.10°'® 974.10"" 4.87.10°"
12 Methyl chloroform 829-10-" 137.-10-'® 160-10"" 297.10""® 149.10° "
13 HCFC-22 1.02-10-"% 169-10-2 197.10""2 367-10""2 1.83.10" "1
14 HCFC-123 439.10- 725.10" 847.10" 158.10"'® 7.88.10"™
15 HCFC-124 345.10-"% 569.-10-" 665-10-" 124.10"'2 6.19.-10° "3
16 HCFC-141b 411-10-  6.78-10"% 792.10-" 147.10-"% 7.36-10""
17 HCFC-142b 1.30-107"2 215.10'2 251.107'2 467-10""2 2.34.10" 12
18 HCFC-225ca 6.90-10-™ 114.10-" 133.107" 247-10-" 124.10° "
19 HCFC-225cb 337-10-"% 557.107"® 650-10-" 121-10'2 6.05-10" "3
20 Halon-1211 1.07-10-2  176-10-'2 206-10"" 3.83-10-'2 1.92.10 "
21 Halon-1301 404-10-'2 667-10"'2 780-10"'2 145.10-" 7.25.10 12
22 Halon-2402 9.30-10~"% 154.10-"% 179.10'2 334.10"'% 167-10""
Hydrofluorcarbons

23 HFC-23 836-10-2 138.10-"" 161-10-" 3.00-10-" 150-10~"
24 HFC-32 382-10-" 6.31.10°"® 737.-100" 137-10"'2 6.85-10" "3
25 HFC-43-10mee 9.28-10-" 153.10-"% 179-10-' 333.10'2 1.66-10 "2
26 HFC-125 199-10-"2 328.10"'2 383.10"'2 7.12-10""'2 3.56-10"2
27 HFC-134a 8.09-10-"% 133.10-"% 156-10"'2 290-10""2 1.45.10" "
28 HFC-143a 253.10712 418.107"2 488-10"'2 9.08-10""2 454.10°12
29 HFC-227ea 1.82-10-2 3.01-10-'2 352.10"" 6.54-10"'2 3.27-10"
30 HFC-245fa 586-10-" 966-10-" 1.13-10-' 210-10-' 1.05.-10 "2
31 HFC-152a 7.03-10-"% 116-10-" 136-10"" 252.10""® 1.26.10""
32 HFC-236fa 555.10"2  915.10-"% 1.07-10-" 199.10~"" 9.95.10" "2
33 HFC-365mfc 449.10-  741.10-"® 866-10"" 161-10"'2 8.05-10""3
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Table B.2.2 continued. Marginal global characterization factors [PDF-yr-kg™'] for the hierarchist cultural perspective

Unit Eq Ez Es Epar1 Epraros
Perfluorinated compounds
34  Sulphur hexafluoride 1.29-10-" 213.10~" 249.10°" 463-10"" 2.31.10°"
35 Nitrogen ftrifluoride 1.02-10-" 168-10-" 197.10-"" 366-10"" 1.83.10""
36 PFC-14 418-107'2 6.90-10"'2 8.06-10"'2 150-10-" 7.50-10""2
37 PFC-116 6.91-10-% 114.10-" 133.10-" 248.10-" 124.10° "
38 PFC-218 500-10'2 825.10-' 964-10"'2 1.79.-10-"" 897.10""
39 PFC-318 581-10-'2 958.10-'2 1.12.10-" 2.08-10"" 1.04.10"™
40 PFC-3-1-10 501-10'2 827-10'> 966-10"'2 1.80-10""" 8.99.1071"2
41 PFC-4-1-12 519.10~'2 856-10-'2 1.00-10-" 1.86-10""" 9.30-107"2
42 PFC-5-1-14 526-10'2 868-10-'> 1.01-10-" 1.89.10""" 9.43.10° "
43 PFC-9-1-18 426-10-'2 7.02-10-'2 820-10"" 153.10-" 7.63-10""?
44  Trifluoromethyl sulphur pentaflu- 1.01-10-""  1.66-10-"" 1.94.10-" 361-10-" 1.81.10~"

oride
Fluorinated ethers
45 HFE-125 8.44.10-2 139.10-" 163.10-" 3.03-10-" 151.10~M
46 HFE-134 357-10""2 590-10-"% 6.89-10-'2 1.28.10""" 6.41.107 1"
47 HFE-143a 428-10-" 7.06-10-" 825.10"" 154.10"'? 7.68-10""
48 HCFE-235da2 197-10-" 326-10"" 3.80-10"" 7.08-10"" 3.54.10""
49 HFE-245cbh2 455.10- 751.10-" 8.78-10"" 163-10"'2 8.17-10""
50 HFE-245fa2 37310 6.16-10"" 720.-10-" 134.10"" 6.70-10°"
51 HFE-254cb2 223-10-  369-10-" 430-10-" 8.01-10" 400-10°"
52 HFE-347mcc3 326-10""% 538-10-" 6.29-10°" 1.17.107'% 585.10""
53 HFE-347pcf2 328-10""% 541.10-" 6.31-107" 117.107'? 587.-10~"
54 HFE-356pcc3 6.22-10-  1.03-10-"® 120-10-"™ 223-10°"® 111.10°"
55 HFE-449s| 1.74.10-"® 287-10-"% 335.10-" 6.23.-10-" 3.11.10""
56 HFE-569sf2 323.-10-" 532.10-"% 6.22-107"™ 116-10"" 578.10~"
57 HFE-43-10pccc124 1.06-10""% 1.75.-10"'2 2.04.10""> 3.80-10"" 1.90-10-"
58 HFE-236ca12 160-10"'2 264-10"'2 3.08-107'? 574.10""'2 2.87-10""?
59 HFE-338pcci13 850-10-" 140-10-" 164-10"'2 3.05-10"'% 152.10° "
Perfluoropolyethers
60 PFPMIE 583-10-'2 962-10-' 1.12.10-" 2.09-10-" 1.05.10"™
Hydrocarbons and other compounds
61 Dimethylether 2.39-10""® 395.10"'® 462.-10"'® 859.10-' 429.10'°
62 Methylene chloride 495.10-" 817-10" 954.10"" 1.78.10" 8.88-10""°
63 Methyl chloride 7.30-10"" 120-10-" 1.41.10~™ 262-107" 1.31.10~™
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B.3 Egalitarian perspective

Table B.3.1: Average global characterization factors [PDF-yr-kg™'] for the egalitarian cultural perspective

Unit = = Es Epar Epraros
1 CO, 254.10-"% 273.10-' 4.09.10-' 6.07-10- 3.03-10~™
2 CHy 492.10-% 528.10-“ 792.10' 1.18.10""® 588-10"™
3 N;O 1.39-10-'2 150-10-'2 225.10-" 3.33.10"" 1.67-10""
Ozone-depleting substances
4 CFC-11 145.10-" 156-10-" 234.10-" 346-10""" 1.73.10 M
5 CFC-12 471.10-" 505.10-" 758.10-" 1.12.10°'© 562.10"M
6 CFC-13 272-107% 291.10-"° 437.107"© 6.49-10""0 3.24.10°1
7 CFC-113 241.10-" 259.10-" 3.89.10-" 576-10-" 288-10""
8 CFC-114 967-10-" 1.04.-10-"© 156-10-" 231.10-" 1.15.10°"°
9 CFC-115 351-10-" 3.77.10-"© 566-10-" 839.-10-" 4.19.10°"°
10 Carbon tetrachloride 390-10-" 4.18.107'% 6.28-107'2 931-10"'2 4.65-10 "2
11 Methyl bromide 1.31-10-% 140-10-"“ 211.10" 3.13.107" 156-10"™
12 Methyl chloroform 399.10-" 428.10-" 6.43.-10°" 953.10°" 4.77.10""
13 HCFC-22 492.10-'2 528.10-'% 792.10-" 1.18.10""" 588.10"
14 HCFC-123 211-10-%  227.10-" 340.10°" 505-10-" 252.10""
15 HCFC-124 166-10-'2 178.10"'2 267-10"" 3.96-10"'> 1.98.10" "
16 HCFC-141b 1.98-10-2 212.10'2 3.18-10"" 4.72.107'% 236-10""?
17 HCFC-142b 6.33-102 6.79-10-" 1.02.-10-" 151.10-" 756-10""2
18 HCFC-225ca 332-10-" 356.-10-" 535.10-" 793.10-" 3.96-10" "3
19 HCFC-225chb 162-10"'2 174.10"'2 261-10""% 3.87-107"% 1.94.10 "
20 Halon-1211 513.-10-"% 551.107'2 827-10"' 123.-10-" 6.13.10°"?
21 Halon-1301 248-10-" 266-10-"" 399.10-" 592.10-" 296-10""
22 Halon-2402 449.10"'2 482-.10-'2 723.10-" 1.07-10""" 536-10""
Hydrofluorcarbons
23 HFC-23 1.30-10-"  140-10- 209.-10-" 3.11.10°"© 155.10°1
24 HFC-32 1.84-10-2 197-10"'2 296-10"" 439.10°'% 220-10""
25 HFC-43-10mee 449-10"'2 482.10"'2 723.10"% 1.07-107"" 536-10""
26 HFC-125 9.84.10-2 106-10-"" 158.10-" 235.10-" 1.18.10~"
27 HFC-134a 389-10-"2 4.18.10-' 6.27-10"'2 930-10"' 465-10 "2
28 HFC-143a 143-.10-" 153.10-" 230-10-" 341.10°" 1.71.10° M
29 HFC-227ea 9.28-10-" 996-10-"% 149.10-" 222.10-" 1.11.10~"
30 HFC-245fa 2.82-107'2 3.02-107" 454.10"'% 6.73-10"' 3.37-107"
31 HFC-152a 338-10-" 363.-10°"® 545.10"' 8.08-10"" 4.04.10" "3
32 HFC-236fa 783-10-" 840-10-"" 126-10-"© 187-10""% 935.10~"
33 HFC-365mfc 217-10"'2  232.10-"% 349.10°'% 517-10"'2 259.10°"2
Perfluorinated compounds
34  Sulphur hexafluoride 2.02-10° 2.17-107° 3.25-10° 4.82-107° 2.41-.107°
35 Nitrogen trifluoride 3.89-107"° 4.17.107"© 6.26-10""© 928.10""9 4.64.-10""°
36 PFC-14 1.01-10-8 1.08-108 1.63-10°8 2.41-108 1.21.10°8
37 PFC-116 3.34-10° 3.58-10° 5.38-10° 7.98-107° 3.99.10°°
38 PFC-218 6.38-10"% 6.84-10"" 1.03.10°° 1.52.10°° 7.61-10°1°
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Table B.3.1 continued. Average global characterization factors [PDF-yr-kg™'] for the egalitarian cultural perspective

Unit Eq Ez Es Epar1 Epraros
39 PFC-318 9.07-10~" 973.107"° 1.46.10°° 2.17-107° 1.08-10°
40 PFC-3-1-10 6.38-10-"% 6.84-10-"© 1.03.10°° 1.52.10° 7.61-10°1
41 PFC-4-1-12 1.04-107° 1.11-107° 1.67-10° 2.47-107° 1.24.107°
42 PFC-5-1-14 822.10% 881-10-"© 1.32.10°° 1.96-10° 9.81-10"1
43 PFC-9-1-18 2.15-10""%  231.107"° 347.10°"0 514.10"' 257.10°1°
44  Trifluoromethyl sulphur pentaflu- 4.13-10='0  443.10-"° 6.65-107"° 9.86-10""© 4.93.10°"

oride
Fluorinated ethers
45 HFE-125 779-10-" 835.10-"" 125.10-"% 186-10-"© 930.-10""
46 HFE-134 1.76-10-"" 1.89.10-" 283.10""" 420-10-" 210-10""
47 HFE-143a 2.06-10""2 221.107" 331.107'% 4.91-10" 246-10""?
48 HCFE-235da2 9.50-10-" 1.02-10-'? 153.10"'2 227.107'? 1.13.107"2
49 HFE-245ch2 219-10-"? 235.10°'2 353.-10"'2 523.107'2 2621072
50 HFE-245fa2 1.80-10-"% 1.93.10'2 289.-10""> 429.10"" 215.10""
51 HFE-254cbh2 1.07-107"% 1.15.107'2 1.73.107"? 256-10"" 1.28.10""?
52 HFE-347mcc3 157-10~'2 1.68-10"'2 252.10"'? 374.-10"'2 1.87-10""?
53 HFE-347pcf2 157-10-"% 169.-10"'2 254.10-"% 376-10"'2 1.88.10" "
54 HFE-356pcc3 299-10-  321.10-" 482.10-" 7.14.10-" 357.10° "
55 HFE-449s| 834-10""% 895.-10-" 1.34.107'2 199-10"'7 9.96-10~"
56 HFE-569sf2 155-10-" 167-10-" 250-10-" 371-10- 1.85.10~"
57 HFE-43-10pccc124 509-10'2 546-10"'2 820-10"'2 1.22.10"" 6.08-107"2
58 HFE-236ca12 770-10""2 826-10-" 1.24.10-" 184.10"" 9.20.10""
59 HFE-338pcc13 409-107'2 439.10'2 659-107'2 977-10""'2 4.88-10""
Perfluoropolyethers
60 PFPMIE 239-10-" 257.10-"° 385.10""" 571.107" 286-10"1°
Hydrocarbons and other compounds
61 Dimethylether 1.16-107"  1.24.10"" 186-10"" 276-10"" 1.38-10""
62 Methylene chloride 238-10-% 256-10~' 384.10" 569-10-'% 285.10""
63 Methyl chloride 351.10-"% 377-10-'% 566-10"" 839-10-" 4.19.10° ™

Table B.3.2: Marginal global characterization factors [PDF-yr-kg™'] for the egalitarian cultural perspective

Unit Eq E> Es EpaF1 Eparo.s
1 CO, 7.37-10""%  122.107" 142.10~" 264-10"" 1.32.10~™
2 CHq 1.43.10~"% 235.10-" 275.10' 512.10-™ 256-10~"
3 N;O 404-10-" 6.67-10"" 780-10"" 145.10"2 7.25.10-"
Ozone-depleting substances
4 CFC-11 421-107"% 6.94-.10-"2 811-10"" 151.10-" 7.54.10 "2
5 CFC-12 1.36-10-"" 225.10-" 263-10""" 4.89.10"" 245.10° "
6 CFC-13 7.88-10-" 130-107"° 152.10"'0 283.-107"0 1.41.10°1
7 CFC-113 7.00-10-2 115.10-"" 135.10-" 251.10-" 1.25.10~M
8 CFC-114 2.80-10-" 463-10-"" 540-10-" 1.01-10-'© 503.10""
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Table B.3.2 continued. Marginal global characterization factors [PDF-yr-kg™'] for the egalitarian cultural perspective

Unit Eq Ez Es Epar1 Epraros
9 CFC-115 1.02-10-" 168-10-" 1.96-10-" 365-10""0 1.83.10° 1
10 Carbon tetrachloride 1.13-10-2  187-10-'2 218.10"" 4.05-10"'> 2.03-10""
11 Methyl bromide 380-10-" 6.27-10°"® 732.10-"™ 136-10-" 6.81-10°"°
12 Methyl chloroform 116-10-"  191.10-"% 223.10-" 4.15.10"" 2.08-10" "
13 HCFC-22 143.102 235.10""'% 275.10"'% 512.10""'% 256-10""
14 HCFC-123 6.13-10-"* 1.01.-10-"® 118.10-"% 220.-10-" 1.10.10°"
15 HCFC-124 481-10- 794.10-"% 928.10-" 173.10°'* 863-10° "
16 HCFC-141b 573-10-" 946-.10-" 110-10-'2 206-10-'2 1.03.10 "2
17 HCFC-142b 1.84-10-'2 3.03-10~' 354.10-'2 6.59-10"'% 3.29.10° "
18 HCFC-225ca 963-10-" 159.10-" 186-10-" 345.10°" 173.10° "3
19 HCFC-225cb 470-10-" 7.76-10-"® 9.06-10-" 1.69-107"> 843.10°"
20 Halon-1211 149.10-2 246-10'2 287-10"" 534.10"'% 267-10"
21 Halon-1301 7.18-10-"%  1.19.10~ ™ 1.38.10-"" 258.10~ M 1.29.-10~M
22 Halon-2402 1.30-10""% 215.10" 251.10""'2 467-10"'% 234.10""
Hydrofluorcarbons
23 HFC-23 377-10-" 622.10-" 7.27.10~" 1.35-10-"% 6.76-10~"
24 HFC-32 533-10- 880-10-" 1.03-10-'2 1.91.10"'2 957.10""
25 HFC-43-10mee 1.30-10"2  215.10'2 251.10""2 467-10"'2 234.10 "
26 HFC-125 285-102 471.10-"% 550.-10-'% 1.02-10-" 512.10°"
27 HFC-134a 1.13-10-"% 186-10"' 218.10""'2 4.05-10"'% 2.02.-10""
28 HFC-143a 414.107'% 6.84-10""% 799.-10"'% 149.10-" 743.10°"
29 HFC-227ea 269-107"'2 4.44.107"? 519-107'2 966-10"'> 4.83.10""2
30 HFC-245fa 8.18-10-" 135.107'2 158-10"'2 293.-10""2 147.10"?
31 HFC-152a 9.81-10-"* 162-10-" 189.10-" 352.10°" 1.76.-10" "3
32 HFC-236fa 227-10-"  375.10-" 438.10-" 8.14.10-" 4.07.10""
33 HFC-365mfc 6.28-10-"%  1.04-10-"% 121.107"% 225.10-"2 1.13.10°"
Perfluorinated compounds
34  Sulphur hexafluoride 586-10-"° 966-10-"© 1.13-.10°° 2.10-10° 1.05-10°°
35 Nitrogen trifluoride 1.13-10-"  186-10"% 217.10"" 4.04-10"'© 2.02.10"1
36 PFC-14 2.93.10°° 4.83-107° 564-10° 1.05-108 525.107°
37 PFC-116 9.69-10-"© 1.60-10~° 1.87-107° 3.48-107° 1.74-107°
38 PFC-218 1.85-10-" 305-10-" 356-10"" 6.63-10""© 3.32.10° 1
39 PFC-318 263-107" 434.10-"° 507-10°"© 943.10""0 472.10°1
40 PFC-3-1-10 1.85-10-" 305-10-" 356-10"" 6.63-10""© 3.32.10° 1
41 PFC-4-1-12 3.00-10°"© 495.10-"© 579.10-'© 1.08-10°° 5.38.10-1°
42 PFC-5-1-14 238-10"" 393.107" 459.10-'0 854.10-" 4.27.10°1
43 PFC-9-1-18 6.24-10~" 1.03-10-"  120-10-'% 224.10"" 1.12.10°1°
44  Trifluoromethyl sulphur pentaflu- 1.20-10-'0 1.98.10-"© 2.31.10°'© 429.10-" 215.10-1
oride
Fluorinated ethers
45 HFE-125 226-10-" 373.10-" 435.10-" 8.10.-10-" 4.05.10~"
46 HFE-134 510-10-"% 842-10-" 983-10-" 1.83-10""" 9.14.10" "2
47 HFE-143a 597-10-" 985.10-" 115.10"'2 214.10-'2 1.07-10"?
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Table B.3.2 continued. Marginal global characterization factors [PDF-yr-kg™'] for the egalitarian cultural perspective

Unit E4 E> Es Epar1 Eparos
48 HCFE-235da2 275-10-"%  455.10-"% 531.107" 988.10"" 494.10° "
49 HFE-245cb2 6.35-10"%  1.05-10-" 122.10-'% 228-10-2 1.14.10°"
50 HFE-245fa2 521-10-"% 860-10-" 1.00-10-'2 187-10"'2 934.10" '3
51 HFE-254cb2 311-10-"% 514.10-" 6.00-10-" 1.12.10""% 558.10" '3
52 HFE-347mcc3 454.10-"% 749.10-" 875.-10-" 163-10"'% 8.14.10°"
53 HFE-347pcf2 457-10-" 753.10-" 8.80-10-" 1.64-10"' 8.19.10° "
54 HFE-356pcc3 867-10-" 143.10-" 167-10-" 311.10°" 156-10" '3
55 HFE-449sl 242.10-"%  399.10-" 466-10"" 868-10"" 434.10° "
56 HFE-569sf2 450-10-"“ 743.10- 868-10-" 162-10-' 8.08.-10"™
57 HFE-43-10pccc124 148-10""'2 244.10"'% 285.10-' 530-10"' 265-10""
58 HFE-236ca12 223-10-2 369-10-" 430-10-'2 8.01-10"'2 4.00-10""
59 HFE-338pcc13 1.19-10-"2  1.96-10"2 229.10""2 425.10-'2 213.10° "
Perfluoropolyethers
60 PFPMIE 6.94.10~" 11410  134.10-"0 249.10-0 1.24.10°1
Hydrocarbons and other compounds
61 Dimethylether 335.10-"% 553.10"'® 646-10-'® 1.20-10-' 6.01-10"'6
62 Methylene chloride 6.91-10-"% 114.10-" 133.10-" 248.107" 1.24.10~ ™
63 Methyl chloride 1.02-10- 168-10-" 196-10- 365-10" 1.83.10™
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C Double logarithmic transformation of the Species Area Relationship

The following eqs show how the logarithmic function used for linear regression (eq. C.5) can be rewritten to the classic
SAR (eq. C.1). The S refers to species richness, z and b are regression coefficients, and A refers to the area. First,
the terms in eq. C.1 are written as an exponent of 10, which isolates S (eq. C.2). Second, the exponents of the
right-hand-side term are separated (eq. C.3). Third, the z coefficient, which is multiplied with the logarithm of A, can
be rewritten as the exponent of the logarithm of A. Fourth, as the logarithm base of A and the base of the exponent are
both equal to 10, it can be simplified to A. The last right-hand-side term is renamed c to simulate the classic SAR (eq.
C.5).

log10(S) = z - log1o(A) + b (C.1)
S — 107 logi0(A)+b (C.2)

S = 1071eg10(4) L 10b (C.3)

S = 10910 (A)" 10 (C.4)
S=A%.¢c (C.5)

C Double logarithmic transformation of the Species Area Relationship 30



Freshwater Biodiversity and Life Cycle Analysis

D Deriving different types of effect factors

Fig. D.1 shows how the marginal and average effect factors are derived after plotting extinction risk against temperature
increase.
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Figure D.1: The plot displays the extinction risk [PDF] against increased global air temperature [°C]. The current
situation at 1.2 °C is plotted as a red asterisk and is derived using the slope between 0 and 1.5 °C. The average effect
factor is based on the slope at the current situation, while the average effect factor is the distance between the current
situation and the point at 4.5 °C.
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