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Chapter 9
The Link Between Life Cycle Inventory
Analysis and Life Cycle Impact Assessment

Jutta Hildenbrand and Rickard Arvidsson

Abstract In this chapter, the link between life cycle inventory analysis (LCI) and
life cycle impact assessment (LCIA) is discussed. For the feasibility of conducting
a life cycle assessment (LCA) and for making its results more robust, it is necessary
that data collected in the LCI stage are suitable for the LCIA methods, and in par-
ticular for comparative studies, it is relevant to provide matching levels of detail for
all compared options. Four illustrative examples are provided: (i) the differences in
receiving compartment resolution for toxic emissions, (ii) differences in stressor
resolution for particulate matter formation, (iii) lacking characterization factors for
metal use, and (iv) lacking characterization factors for sum parameters and not fully
specified emissions (such as BOD, TOC and “alkanes, unspecified”’). Two important
lessons to consider for maintaining a strong link between LCI and LCIA are high-
lighted based on these examples. First, it is suggested that it is important to have the
same resolution between LCI data and LCIA methods. Scenario analysis, where
different resolutions are assumed and tested, can be a strategy in cases where differ-
ences in resolutions are unavoidable. Second, ways to handle the absence of charac-
terization factors are discussed, including the development of additional
characterization factors that match the available LCI data and derivation of charac-
terization factors from process information.
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1 Introduction

A life cycle inventory analysis is often described as the most time-consuming part
of a life cycle assessment (LCA) study, mainly because it is linked to collecting and
validating data. An underlying assumption is then that ready-made life cycle impact
assessment (LCIA) methods can be used with the collected information and that the
inventory data is fit for the chosen assessment method (Guinée 2015). This means
that it is vital to have guidance on what data to search for and to be able to use the
data in the subsequent LCIA. One vital part of this is what data could later be pur-
posefully used in the selected LCIA methods. If the LCIA methods selected do not
include impacts from a certain stressor — or if no LCIA method at all includes an
impact that is potentially linked to an emission — there is no point in searching for
inventory data on emissions of that stressor from an LCA perspective. However, it
could be argued that data for emissions are published in environmental reports due
to a potential environmental impact, even if the cause-effect chain is not completely
clear, therefore, when emission or resource demand information is available it
should be considered on principle. Conversely, if there is no inventory data for a
certain type of emissions — such as acidifying emissions — there is no point in includ-
ing LCIA methods for impacts caused by that type of emissions. There is thus a
clear link between LCI and LCIA, which follows naturally from the equation used
to calculate inventory data into impact scores (IS) (Hauschild and Huijbregts 2015):

ISj = Zi Zk Zl Qi,kJCFj,i,k,/ O.1)

In Eq. 9.1, CF stands for characterization factor, Q for the quantity of emission
or resource use, i is a certain contributor to the impact category j, & is the location of
the emission or resource use, and / is the environmental compartment to which the
emission occurs or from which the resource is extracted. If no CF for the contributor
i exist, there is little point in gathering data on Q for that contributor. And con-
versely, if there exist no data on Q for a contributor, and if it is not possible to derive
data based on estimates, such as from emission factors for an individual process, the
existence of a CF for the contributor is of little help. Consequently, LCI and LCIA
should preferably be linked to one another, and fit together like two pieces of a
puzzle (Fig. 9.1).

Such mismatches between LCI and LCIA can be of vital importance in compara-
tive LCAs. Assume that two products A and B are being compared. For A, available
data on resource use and emissions is possible to match with CFs from

Fig. 9.1 Ideal illustration
of how life cycle inventory
analysis (LCI) and life
cycle impact assessment
(LCIA) should preferably
fit together
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contemporary LCIA methods. But for B, CFs might be missing for several emis-
sions, or the resolution of the LCI data might not match that of the CFs. For exam-
ple, the LCI data for B might contain many “toxic emissions to water,” but as will
be shown in Sect. 2, contemporary toxicity impact assessment methods need a spec-
ification regarding which type of water (fresh- or seawater). If those emissions
related to B are then excluded and A receives a higher impact, it will remain unclear
if B truly has lower impacts than A, or if the result is an artifact stemming from
mismatches between LCI data and LCIA methods. As a short summary, for com-
parative studies, it is highly relevant to provide symmetry of LCI data regarding
resolution and completeness.

This chapter is thus about the link between LCI and LCIA. This link is some-
thing that should be reflected upon in the goal and scope of the study, as well as
iteratively throughout the whole LCA study and in particular while performing sen-
sitivity analysis. Four illustrative examples of potential mismatches between LCI
and LCIA are shown — in other words, examples when LCI and LCIA do not neces-
sarily fit as nicely together as the illustration in Fig. 9.1 suggests. The purpose of
these examples is to highlight pitfalls that can arise in an LCA study. The chapter
concludes with some recommendations that will hopefully contribute to the reader
being able to avoid such pitfalls in the future.

2 Receiving Compartment Resolution: The Example
of Toxic Emissions

The emission of toxicants to the environment is an important problem — indeed,
many historical risks that spurred regulatory responses were related to chemicals
such as polychlorinated biphenyls and tributyltin (Harremoés et al. 2001). Other
current chemicals risk causing severe impacts to human health and the environment
include, for example, cadmium (Jirup and Akesson 2009) and endocrine disruptors
(Bergman et al. 2013). Impacts from such emissions can range from local damage
to ecosystem collapse and are clearly of relevance to include in LCA.

The current consensus model for assessing toxicity impacts in LCA is called
USEtox, which has been developed as part of the Life Cycle Initiative of the United
Nations Environment Programme and the Society for Environmental Toxicology
and Chemistry (Hauschild et al. 2008; Rosenbaum et al. 2008). The currently most
recent version of USEtox — version 2.01 — can be found on its webpage usetox.org,
along with information and documentation about the underlying model. Still in use
is also the USES-LCA 2.0 model (Huijbregts et al. 2000), which is the base for
toxicity assessment used in the most recent version of the LCIA package ReCiPe
from 2016 (Huijbregts et al. 2016; Huijbregts et al. 2017) and also included in the
baseline set proposed by CML for midpoint indicators (Guinée et al. 2002). These
two methods differ in a number of regards. For example, the measurement units for
the toxicity impacts in USEtox are increased morbidity cases per kg substance for
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human toxicity and PAF m? day per kg substance for ecotoxicity, where PAF stands
for potentially affected fraction of species. For USES-LCA, the measurement unit
for both human toxicity and ecotoxicity is 1,4-DCB equivalents, where DCB stands
for the reference substance dichlorobenzene. The USES-LCA model includes three
different ecotoxicity impact categories (freshwater and marine water ecotoxicity
potential as well as terrestrial ecotoxicity potential). The authors of USEtox chose
to include only freshwater ecotoxicity as an impact category due to lack of experi-
mental data for terrestrial and marine ecosystems (Rosenbaum et al. 2008).

Another notable difference is that they consider emissions to different environ-
mental compartments. USEtox considers emissions to the eight compartments
indoor air, industrial indoor air, urban air, continental rural air, continental freshwa-
ter, continental seawater, continental natural soil, and continental agricultural soil.
USES-LCA considers emissions to the five compartments air, freshwater, seawater,
agricultural soil, and industrial soil. By “consider,” we here mean that CFs are pro-
vided for emissions to these compartments. See Fig. 9.2 for an illustration of the
coverage of the two models. USEtox consequently has a higher resolution regarding
the air compartment, whereas the two models have the same resolution for the water
compartment. Regarding the soil compartment, they both include agricultural soil,
but USEtox includes natural soil and USES-LCA includes industrial soil.

The question for LCA practitioners is whether the compartment resolutions of
these two models map with available inventory data? Some data — in particular old
data or data found in non-LCA databases and sources, including environmental and
sustainability reports based on mandatory data required by supervisory

Fig. 9.2 Illustration of the Emissions Compartments
coverage of the USEtox N
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authorities — might not have specified the receiving compartment at all but only note
that an emission occurs. In other cases, there might be a receiving compartment
reported (or possible to deduce), but the resolution of the compartment is limited.
For example, emissions from road transport can be modeled and calculated based
on fuel use and emission factors, for example, in models based on the Handbook
Emission Factors for Road Transport (HBEFA), developed by INFRAS
(Switzerland), which are currently used in Germany, Austria, Switzerland, Norway,
and Sweden and supported by the Joint Research Centre (JRC) of the European
Union. Air is the natural receiving compartment for such combustion-related emis-
sions, but as noted above, the USEtox model also requires information about
whether the air is urban, rural, household indoor, or industrial indoor. Clearly, the
two first are the only ones of relevance for traffic-related emissions, but the HBEFA
does not specify whether emissions occur in urban or rural areas. The choice of
specific receiving compartment and corresponding characterization factor might
have an influence on the results, for example, by a factor of 47 as shown in Table 9.1.
For an LCA study using USEtox, such unspecified emission data should therefore
preferably be assigned more specific receiving compartments based on other infor-
mation sources.

Also, in other cases, the practitioner may need to make a qualified assumption
about the receiving compartment given some knowledge about the emission, for
example, assuming that volatile substances are emitted into air. Data inventoried in
the often-used LCA database Ecoinvent database (2013) are clearer regarding
receiving compartment, but generally only report emissions to three aggregated
compartments: air, soil, and water. Whether that air is urban, rural, or even indoor is
unknown, so is whether the water is fresh- or seawater or soil is industrial or agri-
cultural. The higher resolution of the USEtox and USES-LCA models is then of
little help to the (many) users of the ecoinvent database. In general, newer LCIA
methods that were developed after data were published in databases could not be
considered when the data were first collected, and it is not always possible to pro-
vide more detailed information with data updates.

It is perhaps easy to think that the higher resolution a model has, the better it is.
However, as discussed in Sect. 1, without LCI data to fit the LCIA model, the assess-
ment will become hindered. Providing a higher resolution in the LCIA model can
thus paradoxically result in problems for the conducting of the LCA and perhaps
even result in less comprehensive LCA results. For example, if emissions to soil are
available in the LCI data and a low-resolution LCIA method provides CFs for

Table 9.1 Midpoint-level human toxicity characterization factors with two significant numbers
from the USEtox 2.01 model for urban and rural air, respectively, using the example of
tetrachloroethylene (CAS RN: 127-18-4)

Characterization factor, cancer + non-cancer
Emission compartment [10-7 CTUh/kg]

Urban air 0.18
Rural air 8.5
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(unspecified) soil only, there is a possibility to conduct the assessment using Eq. 9.1.
However, if the LCIA method provides CFs for more specified soil compartments,
such as natural or agricultural soil, then the LCI data and the LCIA model do not fit
together. As mentioned above, it may in some cases be possible to make a qualified
assumption about a likely compartment based on available information. In other
cases, one possible way to handle such a situation of resolution mismatch could be
through different what-if scenarios (Hojer et al. 2008). For example, one can assume
in one scenario that all soil emissions are to natural soil, and that all soil emissions
are to agricultural soil in another scenario. However, if there is a large mismatch
between the LCI data and LCIA models, that would result in quite many scenarios,
making the interpretation step more challenging.

3 Stressor Resolution: The Example of Particulate
Matter Formation

Particulate matter (PM) is an air pollutant harmful to human health, which has been
reported to cause roughly three million deaths annually (WHO 2016). The damag-
ing PM fractions are particles with diameters below 10 pm, called PM 10, since they
can penetrate deep into the lungs. Furthermore, smaller particles than that, with
diameters below 2.5 pm, called PM2.5 are even more damaging than larger-sized
PM. In LCIA, particulate matter has sometimes been included as part of the human
health impact category, as in the EDIP2003 (Hauschild and Potting 2003) and
USES-LCA (Huijbregts et al. 2000) methods. More recently, it has become more
common to view it as a separate impact category. The question then becomes:
Which particles to consider? In particular, which particle size fraction should be
considered? Less than 2.5 pm, less than 10 pm, or something else?

In the ReCiPe 2008 impact assessment method, PM10 is considered (Goedkoop
et al. 2013), but in the newer version of ReCiPe from 2016, PM2.5 is considered
instead (Huijbregts et al. 2016). Both the IMPACT 2002+ (Humbert et al. 2012) and
IMPACT World+ (Bulle et al. 2019) impact assessment methods use PM2.5. The
recent recommendation from the UNEP/SETAC life cycle initiative is also an
impact assessment method based on PM2.5 as input (Frischknecht and Jolliet 2016).
There thus seems to be a tendency toward preferring PM2.5 over PM10.

The question is how this focus on PM2.5 in contemporary LCIA methods match
available inventory data? The ecoinvent database reports particle emission data in
three size ranges: (i) <2.5 pm, thus corresponding to PM2.5, (ii) >2.5 pm and
< 10 pm, thus corresponding to PM10 minus PM2.5, and (iii) >10 pm, which cor-
responds to particle sizes not considered harmful to human health. The inventory
data corresponding to the lowest of these ranges thus match the CFs reflecting
PM2.5 well. The sum of the first two match CFs reflecting PM10. The second and
third ranges by themselves have no CFs available that match them.
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There thus seems to be a good potential for a match between LCI data and LCIA
methods for PM formation, but practitioners should be aware that particle emission
data can be reported for different sizes. A careful matching of particle emission data
and CFs is therefore important. In cases where they do not match, there might be
ways around that. For example, it is stated in the user manual for the IMPACT
2002+ method that inventory data is often available for PM10 rather than PM2.5
(Humbert et al. 2012). To account for this, they recommend to use the relationship
that the PM2.5 content of PM 10 in air is approximately 0.6. The PM10-based inven-
tory data can then be multiplied by 0.6 as a correction factor to reflect PM2.5 emis-
sions instead. Similarly, they write that the PM2.5 share of the total particular matter
(PM,y) is approximately 0.33, which can be used to correct inventory data reporting
the total particulate matter. These correction factors can be used in cases when the
LCIA method considers PM2.5 but the inventory data is reported as PM 10 or PM,,.

4 Missing Characterization Factors: The Example
of Metal Use

Metals are important raw materials to many life cycles. For many products, the
inventory consists of a considerably long list of metal input flows. For some prod-
ucts, the use of metals is the perhaps highest concern of the inventory. One example
of this is electric vehicles, where scarcity of metals required for the batteries, such
as lithium, has been reported to be a major concern for their future use (Kushnir and
Sandén 2012). Another example is the use of tellurium, gallium, ruthenium, and
silver that may limit the development of solar cells (Tao et al. 2011). Yet another
example is liquid-crystal displays, where the use of indium is making the screens
more expensive, which has spurred the development of alternative transparent and
conductive materials produced from less scarce materials (Arvidsson et al. 2016).
Although not all products have metal use as the most pressing issue, most products
would probably have some sort of metal input in a comprehensive inventory.

Unfortunately, there is no consensus on how to assess metal use in LCA. Klinglmair
et al. (2014) conducted a review of existing LCIA models for assessing abiotic
resource depletion and found that there was a lack of consensus on underlying prin-
ciples, but also a lack of consensus regarding which metals should have the highest
abiotic resource depletion potential. For example, for one method (the CML 2002
method), aluminum was considered two orders of magnitude less impacting than
iron. For another method (the EPS 2000 method), aluminum was considered two
orders of magnitude more impacting than iron. Such inconsistencies point toward a
potential for further development of methods for assessing metal use. Such work
will require the specification of what is actually meant by metal scarcity — for
instance, in terms of timeframe (Drielsma et al. 2015).

Another observation by Klinglmair et al. (2014) was that some LCIA models
included many different metals, whereas others considered only a few (Table 9.2).
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Table 9.2 List of life cycle impact assessment (LCIA) models for assessing metal use
Metal Exergy |CML 2002 |EI99 |EDIP 97 |EPS 2000 | IMPACT 2002+ | ReCiPe

Aluminum X

X X X X

Antimony
Arsenic

X

Barium

Beryllium
Bismuth
Cadmium

Chromium X
Cobalt
Copper X
Gallium

>
PR XM

Germanium
Gold
Indium

Iron X

Potassium
Lead X
Lithium

Magnesium

T T B B B T T T B e R I B B B B B R

Manganese | x

Mercury

Molybdenum | x
Nickel X
Niobium

PR XM
P
PR XM

Palladium

>

Platinum

Rhenium

el TR T B B R B e

Selenium

Silicon

Silver X

>
>
>

Sodium

Strontium

Tantalum

Tellurium
Thallium
Tin X

Titanium

Tungsten
Vanadium

Yttrium

Zinc X

L R T R e R R e T R B R - B B R B e R R R B B T O B B R B B e A R e B B e B B B

Lol TR B e B B B - B e B B )
ol R T R B B e B R e B B e

Zirconium
Total 14 12 11 15

Which metals they include are marked by “x.” Obtained from Klinglmair et al. (2014)

S
(8]
(3%
o
W
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Take, for example, the six scarce metals mentioned above: lithium, tellurium, gal-
lium, ruthenium, silver, and indium. Lithium, gallium, and indium are only included
in two models (CML 2002 and EPS 2000). Tellurium is included in three models
(CML 2002, EDIP 97 and EPS 2000). Silver is included in five models (Exergy,
CML 2002, EDIP 97, EPS 2000, and ReCiPe). Ruthenium seems not to be included
in any of the reviewed models. The CML 2002 and EPS 2000 methods are the two
most inclusive methods.

This lack of coverage by some abiotic resource depletion LCIA models consti-
tutes a challenge for linking LCI to LCTA. Assume that an assessor has an inventory
list with high input amounts of a seldom-included metal. She then faces the obvious
choice between (i) using one of the few LCIA models that do include the metal or
(ii) leave it out from the LCIA step, only report it in terms of LCI results and maybe
discuss its resource impacts qualitatively. The first alternative is problematic, since
the LCIA models for abiotic resource depletion are based on different principles and
it is not certain that the few models that include e.g., indium are based on the prin-
ciples most suitable for the study as a whole. The second alternative is also problem-
atic, since resource impacts from one of the main inputs then remain unassessed
quantitatively. There could, however, be a third alternative in some cases. Some of
the LCIA models for resource depletion provide equations that can be used by the
assessor to calculate additional CFs. For example, the CML 2002 method applies
the Eq. 9.2 (Guinée et al. 2002):

9.2)

where DR is the extraction rate (kg/year), R is the reserve of the resource (kg), i
is the resource assessed, and “ref” stands for a reference material, which is anti-
mony in the CML 2002 model. Based on this equation, the assessor can, often with-
out too much trouble, calculate CFs for any metal she may want to assess — for
instance, ruthenium. She may even alter the equation in order to adapt to other over-
arching assessment principles. For example, Drielsma et al. (2015) suggested that
the crustal content of a metal resource may be more relevant for long-term decisions
than are reserves. The provision of such equations enables the assessor to improve
the coverage of the LCIA models to match that of the LCI data.

There is a fourth alternative that may be applicable in some cases, which is again
to use what-if scenarios. If there is a certain input of a scarce metal for which the CF
is not known and cannot be calculated based on the LCIA model chosen, a worst-
case scenario may be employed in order to investigate whether that metal input
could constitute a notable share of the resource impact. In the worst-case scenario,
it can be assumed that the metal’s abiotic resource depletion potential is equal to the
highest known for any metal in that LCIA model. If, then, the input metal becomes
dominant, it is a sign that its resource impacts should be further investigated. This
alternative is mainly relevant when the metal with unknown depletion potential
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constitutes a minor part of the total metal input. If it is the dominating input on an
LCI basis, multiplication with the highest known CF will only emphasize this
dominance.

5 Missing Characterization Factors: The Example
of Sum Parameters

Data that have to be reported to supervisory authorities are sometimes also included
in the environmental and sustainability reporting of companies, in particular over
series of several years that show development over time. These data are based on
sum parameters that are suitable for routine measuring such as adsorbable organic
halides (AOX), chemical oxygen demand (COD), biochemical oxygen demand
(BOD), total suspended solids (TSS), and total organic carbon (TOC) for waste
water. For emissions to air, reported data include volatile organic compounds
(VOC), among others. Sum parameters are often also used as a basis in environmen-
tal permits and can be used to evaluate the technical efficiency of treatment and
remediation techniques. However, sum parameters are rarely processed in LCIA
methods, even though they clearly are proxies for environmental impacts. One of
the reasons is that substances with different CFs are included in a sum parameter,
and without further information it is not possible to identify a specific stressor. An
overview of the few instances of including sum parameters in ready-made LCIA
methods is shown in Table 9.3.

COD is established in several (older) methods, often with comparably low CF
values. More recent methods that include CFs for COD include Ecological Scarcity,
EPS, and the North American method TRACI, for which CFs are lower than for any
other flow that contributes to the respective categories.

Ecological Scarcity considers regulatory emission limits and goals for
Switzerland as a basis to calculate Eco-Factors and is, therefore, able to accommo-
date even sum parameters for which no single stressor is identified (Frischknecht
and Biisser Knopfel 2014). The categories “water pollutants” and “non-radioactive
waste” included in the Ecological Scarcity method do not refer to any specific
impact, but that is not required for regulatory limits to be established. This allows
for flexibility in the Ecological Scarcity method regarding the inclusion of sum
parameters. No other method has been identified to account for AOX and TOC.

While sum parameters are not often considered in LCIA methods, they certainly
indicate that emissions occur. The level of detail in LCTA methods requires, how-
ever, more specific information that can be related to a substance or compound.
Where this information is available, considering sum parameters additionally can
lead to the overestimation of impacts. However, information based on single species
can also be incomplete. For example, Kohler (2006) noted that the toxicity of speci-
fied individual organic contaminants in waterborne organic emissions could not
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Table 9.3 Examples of sum parameters in selected LCIA methods

Sum parameter Method Impact category
COD (water) Ecoindicator 95 v2.1 | Eutrophication
COD (water) CML 2002 baseline Eutrophication
COD (water) IMPACT 2002+ Aquatic eutrophication
COD (water) Ecological Scarcity Eutrophication
2013
COD (water) TRACI v2.1 Eutrophication
COD (water) EPS 2015 Fish and meat production capacity,
Species extinction
BODS5 (water) TRACI v2.1 Eutrophication
BODS (water) EPS 2015 Fish and meat production capacity,
Species extinction
AOX (water) Ecological Scarcity Water pollutants
2013
VOC ILCD 2011 Midpoint | Photochemical ozone formation
v1.10
VOC IMPACT 2002+ Respiratory organics
TOC (water/groundwater Ecological Scarcity Non-radioactive waste to deposit
long-term)

explain the ecotoxicological impacts of the emission as observed based on toxicity
tests. The effluent potentially contained additional organic substances that were not
listed individually but contributed to the TOC. She therefore instead attempted to
develop CFs for the whole TOC parameter by considering the general fate and
effects of TOC in wastewater treatment, resulting in broad ranges due to the lack of
detailed data on TOC mixtures. Despite the broad CFs ranges, applying them in a
scenario fashion is an attractive alternative to merely omitting the impacts of
reported TOC emissions completely. Similar attempts could be made for other sum
parameters and/or other industry branches than wastewater treatment.

Creating CFs specific for sum parameters is thus one strategy to create a match
between LCI data and LCIA methods. Another strategy is to disaggregate sum
parameters so that they fit existing CFs for more specific stressors. This requires
knowledge regarding emission sources and processes. Where sum parameters are
the only information available for process emissions, a first approach could then be
to identify sector-specific emissions based on which substances are used in the pro-
cess or, where this is not available, based on literature sources. The sum parameter
can then be disaggregated into sub-components or, if the composition is not well
known, different scenarios reflecting different compositions can be tested. For
example, where emissions are listed as “(mineral) oils, unspecified, to river,” this
will not be considered in an LCIA method, despite the fact that mineral oils contain
toxic organic stressors such as polycyclic aromatic hydrocarbons (Almeda et al.
2013) and inorganic stressors including a large variety of heavy metals (Fedorov
et al. 2007). Further specification of the composition of oils is recommended to
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make sure that emissions from sources are evaluated and considered in the assess-
ment. Information for that is, however, unfortunately not widely published, and tri-
angulation based on several data sources needs to be carried out. The approach
helps to overcome data gaps, but is still based on estimates and assumptions.

6 Discussion and Outlook

Based on the four examples above, two important lessons for linking LCI and LCIA
can be identified. The first is about the resolution in the LCI data and the LCIA
model. As shown for the cases of receiving compartments for toxic emissions and
particulate matter fractions, a resolution mismatch can create problems for conduct-
ing an LCA study. In some cases, the practitioner may be able to make qualified
assumptions to increase the resolution of the LCI data to match the LCIA model.
This could, for example, be done for PM by correcting for the content of PM2.5. If
not possible, different scenarios, where, for example, it is assumed that all toxic
emissions to water occur to freshwater, might provide hypothetical cornerstone
results. Given LCI data with low resolution, the practitioner might need to revisit
the selection of LCIA methods and instead chose one with similarly low resolution.
And the other way around — if the LCI data has a higher resolution than the LCIA
method, an LCIA method with higher resolution might instead be selected.

We also recommend that developers of LCIA models provide recommendation
on how to handle situations with more or less aggregated LCI data, e.g., if emission
data for to water is available but the model requires emission data for freshwater
specifically. A general note that can be made is that since LCI data acquisition is
often expensive and time-consuming, it is recommendable to develop LCIA models
with available LCI data in mind.

The second lesson is the importance of available CFs, as shown for the cases of
metal use and sum parameters. A problematic situation with lacking CFs for impor-
tant emissions and recourses is difficult to resolve in any satisfactory way. As an
advanced option, a practitioner can follow Kohler (2006) and develop new CFs that
match the available LCI data. As a less advanced option, scenarios might again
provide some guidance. Assigning worst-case CFs to metals lacking specific CFs
might tell whether the metal has any potential to constitute a hotspot in the
assessment.

The examples in this chapter clearly show that problems can arise when there is
a mismatch between LCI analysis and LCIA. To facilitate the application of LCA,
such mismatches should therefore preferably be avoided. The examples provided
here, and the two main lessons about the importance of similar resolution and avail-
ability of CFs can hopefully help reducing such mismatches in the future.



9 The Link Between Life Cycle Inventory Analysis and Life Cycle Impact Assessment 203

References

Almeda R, Wambaugh Z, Chai C, Wang Z, Liu Z, Buskey EJ (2013) Effects of crude oil exposure
on bioaccumulation of polycyclic aromatic hydrocarbons and survival of adult and larval stages
of gelatinous zooplankton. PLoS One 8(10):¢74476

Arvidsson R, Kushnir D, Molander S, Sandén BA (2016) Energy and resource use assessment
of graphene as a substitute for indium tin oxide in transparent electrodes. J Clean Prod
132:289-297

Bergman A, Heindel JJ, Jobling S, Kidd KA, Zoeller RT (2013) State of the science of endocrine
disrupting chemicals — 2012. World Health Organization and United Nations Environmental
Programme, Geneva

Bulle C, Margni M, Patouillard L, Boulay A-M, Bourgault G, De Bruille V, Cao V, Hauschild
M, Henderson A, Humbert S, Kashef-Haghighi S, Kounina A, Laurent A, Levasseur A,
Liard G, Rosenbaum RK, Roy P-O, Shaked S, Fantke P, Jolliet OJTIJLCA (2019) IMPACT
World+: a globally regionalized life cycle impact assessment method. Int J Life Cycle Assess
24(9):1653-1674

Drielsma JA, Russell-Vaccari AJ, Drnek T, Brady T, Weihed P, Mistry M, Simbor LP (2015)
Mineral resources in life cycle impact assessment—defining the path forward. Int J Life Cycle
Assess 21(1):85-105

Ecoinvent database (2013) Version 3.3, http://www.ecoinvent.org. Accessed 18 Apr 2017

Fedorov YN, Ivanov KS, Erokhin YV, Ronkin YL (2007) Inorganic geochemistry of the oil of West
Siberia: first ICP-MS data. Dokl Earth Sci 414(4):634-637

Frischknecht R, Biisser Knopfel S (2014) Ecological scarcity 2013—new features and its applica-
tion in industry and administration—54th LCA forum, Ittigen/Berne, Switzerland, December
5,2013. 19(6):1361-1366

Frischknecht R, Jolliet O (2016) Global guidance for life cycle impact assessment indicators vol-
ume 1. United Nations Environment Programme, Paris

Goedkoop M, Heijungs R, Huijbregts M, De Schryver A, Struijs J, van Zelm R (2013) ReCiPe
2008. A life cycle impact assessment method which comprises harmonised category indica-
tors at the midpoint and endpoint level. Dutch Ministry of Housing, Spatial Planning and
Environment (VROM), The Hague

Guinée JB (2015) Assignment of LCI results to impact categories. In: Hauschild M, Huijbregts
MALI (eds) Life cycle impact assessment. LCA compendium — the complete world of life cycle
assessment (Klopffer W, Curran MA, series eds). Springer, Dordrecht, pp 30-37

Guinée JB, Gorrée M, Heijungs R, Huppes G, Kleijn R, van Oers L, Wegener Sleeswijk A, Suh S,
Udo de Haes HA, de Bruijn H, van Duin R, Huijbregts MAJ (2002) Life cycle assessment: an
operational guide to the ISO standards. Kluwer Academic Publishers, Dordrecht

Harremoés P, Gee D, MacGarvin M, Stirling A, Keys J, Wynne B, Guedes Vas S (2001) Late
lessons from early warnings: the precautionary principle. European Environment Agency,
Copenhagen, pp 18962000

Hauschild MZ, Huijbregts MAJ (2015) Life cycle impact assessment. In: Klopffer W, Curran MA
(eds) LCA compendium - the complete world of life cycle assessment. Springer, Dordrecht

Hauschild M, Potting J (2003) Spatial differentiation in life cycle impact assessment — the
EDIP2003 methodology. Danish Environmental Protection Agency, Copenhagen

Hauschild MZ, Huijbregts M, Jolliet O, Macleod M, Margni M, van de Meent D, Rosenbaum
RK, McKone TE (2008) Building a model based on scientific consensus for life cycle impact
assessment of chemicals: the search for harmony and parsimony. Environ Sci Technol
42(19):7032-7037

Hoéjer M, Ahlroth S, Dreborg K-H, Ekvall T, Finnveden G, Hjelm O, Hochschorner E, Nilsson M,
Palm V (2008) Scenarios in selected tools for environmental systems analysis. J Clean Prod
16(18):1958-1970


http://www.ecoinvent.org

204 J. Hildenbrand and R. Arvidsson

Huijbregts MAJ, Thissen U, Guinée JB, Jager T, Kalf D, Van De Meent D, Ragas AMJ, Wegener
Sleeswijk A, Reijnders L (2000) Priority assessment of toxic substances in life cycle
assessment. Part I: calculation of toxicity potentials for 181 substances with the nested multi-
media fate, exposure and effects model USES-LCA. Chemosphere 41(4):541-573

Huijbregts MAJ, Steinmann ZJN, Elshout PMF, Stam G, Verones F, Vieira MDM, Hollander A,
Zijp M, van Zelm R (2016) ReCiPe 2016 — a harmonized life cycle impact assessment method
at midpoint and endpoint level. Report I: characterization. Dutch National Institute for Public
Health and the Environment, Bilthoven

Huijbregts MAJ, Steinmann ZJN, Elshout PMF, Stam G, Verones F, Vieira M, Zijp M, Hollander
A, van Zelm R (2017) ReCiPe2016: a harmonised life cycle impact assessment method at mid-
point and endpoint level. Int J Life Cycle Assess 22(2):138-147

Humbert S, De Schryver A, Margni M, Jolliet O (2012) IMPACT 2002+: User Guide. Quantis,

Jirup L, Akesson A (2009) Current status of cadmium as an environmental health problem. Toxicol
Appl Pharmacol 238(3):201-208

Klinglmair M, Sala S, Branddao M (2014) Assessing resource depletion in LCA: a review of meth-
ods and methodological issues. Int J Life Cycle Assess 19(3):580-592

Kohler A (2006) Environmental assessment of industrial wastewater treatment processes and
waterborne organic contaminant emissions. ETH

Kushnir D, Sandén BA (2012) The time dimension and lithium resource constraints for electric
vehicles. Resour Policy 37(1):93-103

Rosenbaum RK, Bachmann TM, Gold LS, Huijbregts MAIJ, Jolliet O, Juraske R, Koehler A,
Larsen HF, MacLeod M, Margni M, McKone TE, Payet J, Schuhmacher M, van de Meent D,
Hauschild MZ (2008) USEtox-the UNEP-SETAC toxicity model: recommended characterisa-
tion factors for human toxicity and freshwater ecotoxicity in life cycle impact assessment. Int
J Life Cycle Assess 13(7):532-546

Tao CS, Jiang J, Tao M (2011) Natural resource limitations to terawatt-scale solar cells. Sol Energy
Mater Sol Cells 95(12):3176-3180

WHO (2016) Ambient air pollution: a global assessment of exposure and burden of disease. World
Health Organisation, Geneva



	Chapter 9: The Link Between Life Cycle Inventory Analysis and Life Cycle Impact Assessment
	1 Introduction
	2 Receiving Compartment Resolution: The Example of Toxic Emissions
	3 Stressor Resolution: The Example of Particulate Matter Formation
	4 Missing Characterization Factors: The Example of Metal Use
	5 Missing Characterization Factors: The Example of Sum Parameters
	6 Discussion and Outlook
	References




