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Abstract
Purpose Building on the rhetoric question Bquo vadis?^ (liter-
ally BWhere are you going?^), this article critically investigates
the state of the art of normalisation and weighting approaches
within life cycle assessment. It aims at identifying purposes,
current practises, pros and cons, as well as research gaps in
normalisation and weighting. Based on this information, the
article wants to provide guidance to developers and practi-
tioners. The underlying work was conducted under the umbrel-
la of the UNEP-SETAC Life Cycle Initiative, Task Force on
Cross-Cutting issues in life cycle impact assessment (LCIA).
Methods The empirical work consisted in (i) an online survey
to investigate the perception of the LCA community regarding
the scientific quality and current practice concerning

normalisation and weighting; (ii) a classification followed by
systematic expert-based assessment of existing methods for
normalisation and weighting according to a set of five criteria:
scientific robustness, documentation, coverage, uncertainty
and complexity.
Results and discussion The survey results showed that nor-
malised results and weighting scores are perceived as relevant
for decision-making, but further development is needed to
improve uncertainty and robustness. The classification and
systematic assessment of methods allowed for the identifica-
tion of specific advantages and limitations.
Conclusions Based on the results, recommendations are pro-
vided to practitioners that desire to apply normalisation and
weighting as well as to developers of the underlying methods.

Keywords Life cycle impact assessment . Indicators .

Multicriteria decision analysis . Survey . Review

1 Normalisation and weighting, what is the problem?

According to the ISO 14044 standard on life cycle assess-
ment (LCA), normalisation is defined as Bcalculating the
magnitude of category indicator results relative to refer-
ence information^ and weighting as Bconverting and pos-
sibly aggregating indicator results across impact catego-
ries using numerical factors based on value-choices^ (ISO
2006b). Differently from classification and characterisa-
tion, which are mandatory steps according to the ISO stan-
dards, normalisation and weighting are optional in life cy-
cle impact assessment (LCIA) due to for example the po-
tential biases and value choices they are respectively asso-
ciated with and the consequent commercial and legal con-
cerns. The main criticism regarding normalisation is the
bias due to the choice of normalisation references, which
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may change the conclusions drawn from the LCIA phase
(Laurent and Hauschild 2015; Norris 2001). Criticism of
weighting is even starker as ISO 14044 considers it to be
Bnot scientifically based^, excluding its use from LCA
studies intended to support comparative assertions
intended to be disclosed to the public because it is Bbased
on value choices^ (ISO 2006a, b). While this rather one-
sided verdict seems to generally disregard the scientific
basis of anything that is not based on natural sciences, it
also glosses over the fact that LCA, and environmental
modelling in particular, is full of value choices (Hertwich
et al. 2000).

But even though normalisation and weighting are not re-
quired by the ISO standards on LCA, they are frequently
applied in practice for different reasons, such as identifying
Bimportant^ impact categories, understanding the meaning of
results by comparing with more familiar references or solving
tradeoffs between results (Ahlroth et al. 2011). Over time,
several methods have been put forward for performing nor-
malisation and weighting (Ahlroth 2014; Laurent and
Hauschild 2015). Therefore, it is unclear today to what extent
researchers and practitioners can or should correctly or legit-
imately apply normalisation and weighting and interpret their
associated outputs. There is a risk that misunderstandings or
malpractice in applying normalisation and weighting inadver-
tently or purposefully lead to biased or unfounded conclu-
sions. This would ultimately result in mistrust in LCA results
and, more generally, to poor decision support.

The objectives of this article thus are to (i) clarify the
purposes of normalisation and weighting; (ii) evaluate the
current perception of these two steps in the LCA commu-
nity; (iii) identify and define existing normalisation and
weighting approaches; (iv) critically evaluate their pros
and cons; (v) give recommendations to practitioners for
applying them and (vi) set a research agenda to increase
the robustness and reliability of normalisation and
weighting in LCIA, by accounting for the latest and fore-
seen developments in this area. These objectives have been
addressed as part of the UNEP/SETAC/Life Cycle
Initiative Task Force on Cross-Cutting Issues in LCIA,
Working Group on Normalisation and Weighting. The
working group has actively involved LCA researchers
and practitioners from both academia and the private sec-
tor, who have brainstormed and critically discussed nor-
malisation and weighting during the calendar year 2015,
with the objectives of reaching mutual understanding and
consensus on these topics and identifying research gaps.
The findings of the working group were further discussed
at a Pellston workshop in January 2016 and led to a series
of publically available recommendations and encourage-
ment for further research. This paper builds on this work
and provides detailed insights into the issue of normalisa-
tion and weighting.

2 Purposes of normalisation and weighting

The relevant ISO standards are not specific in defining
what the purposes of normalisation and weighting are, re-
spectively. In both normalisation and weighting, the pur-
pose is linked to the goal and scope of the study and there-
fore depends on the number and type of alternatives and
impacts included and on the system boundary and intended
audience.

Normalisation can play a valuable role in informing the
interpretation phase of LCA by answering the question wheth-
er the order of magnitude of the results is plausible. It can also
be used to compare the results with a reference situation that is
external to or independent from the case studies, which may
facilitate the interpretation and communication of the impact
results. For instance, comparing the impact results to the an-
nual contributions of an average person, thus expressing the
results in person equivalent, can be less abstract for an LCA
practitioner or user of LCA results than dealing with a
characterised result expressed in, e.g. kg-1,4-dichloro-ben-
zene equivalent. Finally, normalisation can be a preparation
for the weighting step, by bringing the characterised impact
results to a scale that is relevant for further weighting and
comparisons across impact categories (see below). However,
when the weighting implies an assessment of the marginal
damage at the specific level of impact (the slope of the dose-
response curve) and therefore is independent of knowledge on
the absolute size of the current or future impact, prior normal-
isation is not required and may even give rise to confusion and
bias. Given its applications, normalisation could be seen as a
step that helps interpreting the results, rather than a part of the
Bimpact assessment^ in its strict sense, since normalisation
does not add to the quantification of potential environmental
impacts.

Weighting can facilitate decision making in situations
where tradeoffs between impact category results do not allow
choosing one preferable solution among the alternatives or
one improvement among possible ones. The weights applied
are supposed to represent an evaluation of the relative impor-
tance of impacts, according to specific value choices,
reflecting preferences of, e.g. people, experts or organisations,
e.g. regarding time (present versus future impacts), geography
(local versus global), urgency, political agendas or cost
(Ahlroth et al. 2011; Huppes and Van Oers 2011; Pizzol
et al. 2015). The cultural theory archetypes used in
EcoIndicator99 and ReCiPe are a structured example of such
value choices (Goedkoop et al. 2013; Goedkoop and
Spriensma 2001; Hofstetter et al. 2000; Goedkoop et al.
1998) but may be difficult to apply when decisions are made
by a heterogeneous group of decision makers. With
weighting, results may be summed across impact categories
to arrive at a single score indicator for an LCA. Despite the
practicality of the single score, it represents an issue highly
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debated in the LCA community for a long time and is still
considered open (Kägi et al. 2015).

3 Perception within the LCA community

The perception of the LCA community towards normalisation
and weighting has not been surveyed recently. To the authors’
knowledge, the latest survey on the topic dates back to
Hanssen (1999) and concludes that Bfew, if any, LCA practi-
tioners in the Nordic region rely solely on one specific
weighting method but use a number of methods and parame-
ters in a given LCA study^ (Hanssen 1999). In order to obtain
an updated and more comprehensive picture, a survey was
designed to investigate what the current practises with regard
to normalisation and weighting are and what the attitude of
LCA researchers and practitioners towards normalisation and
weighting is. The results’ validity is limited to normalisation
and weighting as general practises, because the surveywas not
designed to investigate or compare specific methods.

Respondents were first asked to state affiliation (exclusive
choices: industry, academia, consultancy, public authority,
other), professional status (non-exclusive choices: LCA prac-
titioner, LCA method developer, user of LCA results), loca-
tion (exclusive choices: Europe, North America, South
America, Asia, Africa, Oceania) and years of experience with
LCA. Secondly, respondents were invited to answer a

symmetric set of questions on normalisation and weighting.
After being asked about the familiarity with each practice (1–9
Likert-type scale), the respondents were presented with ques-
tions covering two areas of investigation: Bscientific quality^
and Bcurrent practice^. For each area of investigation, five
variables were identified and then converted into questions
(Table 1). Variables were chosen in order to cover different
and as much as possible non-overlapping aspects or attributes
of each area of investigation. For example, respondents were
asked to state their opinion on the extent to which normalisa-
tion is Brobust^ on a 1–9 Likert-type scale where 1 = Bnot at
all^ and 9 = Bextremely .̂ The survey was distributed online
via popular LCA fora (PRé mailing list and LinkedIn LCA-
related groups) and made accessible for 20 days. The theoret-
ical completion time was estimated asmax. 8 min. This survey
structure allowed for statistical testing of results, in particular
testing for correlation between variables, e.g. between per-
ceived uncertainty and calculation of normalisation results;
testing for differences between normalisation and weighting
in the scores of the same variables, e.g. to see whether nor-
malisation is perceived as more/less uncertain than weighting
(paired t-test); testing for differences between groups, e.g. be-
tween practitioners affiliated to academia and industry (one
way, between-factors analysis of variance (ANOVA)). Data
management and statistical testing were performed with the
software R (R Core Team 2016). Detailed results can be
accessed in Fig. S1 and Tables S2–S5 (see Electronic

Table 1 The symmetric questionnaire structure

Subject Area of investigation Variable Question

Normalisation Scientific quality BIn your opinion…^
(1 = not at all; 9 = extremely)

Robustness How robust are normalisation factors?

Transparency How transparent are normalisation factors?

Uncertainty How uncertain are normalisation factors?

Relevance How relevant are normalised impact results in a decision making context?

Validity How well does normalisation meet its purpose?

Current practice BHow often are these
situations occurring in your
practice with normalisation?^
(1 = never; 9 = always)

Calculation When performing a LCA study, I calculate normalised impact results

Communication When presenting LCA results, I use normalised impact results

Selection I use normalisation to determine the most relevant impact categories for an
LCA

Choice I experience difficulties in selecting which set of normalisation factors to use

Coverage I apply more than one normalisation method

Weighting Scientific quality BIn your opinion…^
(1 = not at all; 9 = extremely)

Robustness How robust are weighting factors?

Transparency How transparent are weighting factors?

Uncertainty How uncertain are weighting factors?

Relevance How relevant are weighted impact scores in a decision making context?

Validity How well does weighting capture the values of the group involved?

Current practice BHow often are these
situations occurring in your
practice
with weighting?^
(1 = never; 9 = always)

Calculation When performing a LCA study, I calculate weighted impact scores.

Communication When presenting LCA results, I use weighted impact scores.

Selection I use weighting to determine the most relevant impact categories for an LCA.

Choice I experience difficulties in selecting which set of weighting factors to use.

Coverage I apply more than one weighting method.
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Supplementary Material). Parametric tests can be successfully
applied on Likert data when their distribution approximates
normal (Norman 2010; Sullivan and Artino 2013), but their
use is still debated and therefore the non-parametric versions
of these tests were also performed, which essentially provided
the same results (see Electronic Supplementary Material). A
summary of the main findings is reported in the following.

The survey received a total of 257 responses, reduced to
216 after removing incomplete questionnaires. It is hardly
possible to estimate the size of the population compared to
the sample, and the value of 2500 LCA users reported by
Pré is here taken as lower bound (Pré Consultants 2016).
Looking at the composition of the sample, European aca-
demics were the largest group of respondents. Two thirds of
respondents were classified as practitioners and the rest as
model developers. Also, two thirds were classified as Bjunior^,
in the sense that they have been working for less than 10 years
with LCA. Key findings from the survey are as follows:

& According to the respondents, both normalisation and
weighting are perceived negatively in terms of uncer-
tainties and robustness. However, both procedures were
perceived positively for their relevance for decision mak-
ing. The responses were less clear regarding the practice-
related issues. It was observed that participants do not to
generally apply more than one method for normalisation
and weighting, and choosing an appropriate normalisation
method is perceived as difficult by most. The percentage
distribution of answers on different variables is shown in
Figs. 1 and 2.

& A positive but weak correlation was observed between the
perceived scientific quality and the practice of normalisa-
tion and weighting (with r (214) values ranging between
0.19 and 0.58). Results thus show that the calculation of
normalisation results and weighted scores is positively
correlated with the perceived robustness, transparency,
relevance and validity and poorly correlated with uncer-
tainty. Higher positive correlation was observed between
variables within the current practice area of investigation,
both for normalisation and weighting. For example, the
variables Bcommunication^ and Bselection^ correlate pos-
itively with the variable Bcalculation^, both in the case of
normalisation (r (214) = 0.80, p = .000 and r (214) = 0.65,
p = .000 respectively) and in the case of weighting
(r(214) = 0.90, p = .000 and r(214) = 0.75, p = .000 re-
spectively). A possible interpretation of this is that the
calculation of normalised results and weighting scores is
done primarily for interpretation and communication pur-
poses and not giving too much consideration to the quality
of the science behind these practises.

& When comparing normalisation and weighting, the main
differences are in the perceived robustness, t (215) = 5.06,
p = .000, and transparency, t (215) = 3.90, p = .000, of the

two practises, with weighting receiving lower scores than
normalisation. It was observed that respondents to a larger
extent calculate normalised than weighted results, t
(215) = 4.71, p = .000, and to a larger extent use these
for selecting the most relevant impact categories in a
study, t (215) = 3.72, p = .000, and for communication
of results, t (215) = 3.76, p = .000.

& The only appreciable difference between respondents is
that academics, seniors and developers declare a higher
level of familiarity with both normalisation and weighting
compared to practitioners and juniors, suggesting that ap-
proaching these topics requires more experience. The
analysis of variance showed a significant effect of affilia-
tion on familiarity with normalisation, F (4, 201) = 5.338,
p = .000, and with weighting F (4, 201) = 3.74, p = .005,
and a significant effect of experience on familiarity with
normalisation, F (1, 204) = 32.3, p = .000 and with
weighting, F (1, 204) = 13.9, p = .000.

Based on the survey results, it is clear that although nor-
malised results and weighting scores are perceived by the
respondents as relevant for decision making, further develop-
ment is needed to improve uncertainty and robustness, espe-
cially in the case of weighting. Among the respondents, gen-
eral practice is more focused on normalisation than on
weighting, e.g. for communication or selection of relevant
impacts.

4 Classification of normalisation and weighting
approaches and methods

To univocally define and map approaches and methods used
for normalisation and weighting, a classification inclusive of
definitions is proposed here, based on the information avail-
able within the existing literature. In the classification, an
Bapproach^ is defined as a class of methods with similar un-
derlying hypothesis and principles. BMethods^ differ regard-
ing calculation steps and practical implementation. The clas-
sification is summarised in Tables 2 and 3 for normalisation
and weighting, respectively.

5 Review of different approaches for normalisation
and weighting

An assessment matrix was developed where all the methods
included in the classification were systematically and critically
evaluated according to a fixed set of criteria. Similar ap-
proaches for systematic review methods have been applied
before in the LCA literature (Hauschild et al. 2013; Pizzol
et al. 2015), and those were taken as starting point in the
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formulation of the following criteria: (i) Scientific robustness:
What is the science behind the development of the method?
(ii) Documentation: Does the documentation allow under-
standing and reproducing the method? (iii) Coverage: What
is the scope of the method? (iv) Uncertainty: How are the
uncertainties of the method addressed, handled, and de-
scribed? (v) Complexity: What knowledge is required to apply
the method in practice (i.e. to obtain new normalisation/
weighting factors)? The matrix was filled in by a total of ten
experts from within and outside the working group. Leading
subquestions were formulated for each criterion that allowed
the experts to formulate a synthetic and qualitative assess-
ment. Each expert filled in the matrix independently, fully or
partly, focusing on the parts where he/she was more knowl-
edgeable. The individual assessments were then merged into
final matrices for normalisation and weighting, respectively—
see Electronic Supplementary Material. These matrices were
then circulated within the working group and revised until a
consensus version was obtained. These matrices were used to
formulate method-specific recommendations for practitioners
and developers. In the two following subsections, a summary
of the advantages and limitations of each method is provided,
based on the results of the expert assessment.

5.1 Normalisation approaches: advantages and limitations

Internal normalisation approach Can help avoiding macro-
scopic mistakes (e.g. major over/underestimations of results
common to all alternatives) and facilitate the communication
of the results. Its use is limited to studies where more than one
alternative is analysed, i.e. it can only be used in comparative
assessments, and entails several drawbacks (e.g. possibility of
changed or reversed ranking) if a subsequent weighting step is
applied; see Norris (2001) and Laurent and Hauschild (2015).
Outranking normalisation as an internal normalisation ap-
proach is specifically addressed in Sect. 6 as part of
multicriteria decision analysis methods.

External normalisation approach As reflected by the num-
ber of literature sources calculating and documenting current-
ly available normalisation references (see Table 2), regional
production-based and, to a lesser extent, global normalisation
references are the most used until now. Consumption-based
territorial normalisation retains a very marginal role in LCA
applications, with only two sets of normalisation references
for Finland and the Netherlands (see Table 2) (Breedveld et al.
1999; Dahlbo et al. 2013; Laurent and Hauschild 2015). The
large data requirement for consistent inclusion of environmen-
tal flows related to imports still prevents the determination of
reliable and comprehensive consumption-based normalisation
references (Laurent and Hauschild 2015).

National or regional production-based normalisation refer-
ences have been the most used in LCA studies due to the early

determination in the 1990s of normalisation references for a
number of countries, such as the Netherlands or Denmark
(Breedveld et al. 1999; Wenzel et al. 1997). Several sets of
normalisation references have emerged for other European
countries and the European Union as a whole (Huijbregts
et al. 2003; Sala et al. 2015), for Japan (Itsubo et al. 2004),
for the USA (Bare et al. 2006), for Australia (Lundie et al.
2007) and for Canada (Lautier et al. 2010). Unlike internal
normalisation, the use of national or regional production-
based normalisation can help fulfil all the purposes indicated
in "Sect. 2, i.e. (i) checking the plausibility of the results, (ii)
comparing impact results with those of the reference situation
to serve the interpretation and the communication of the re-
sults and (iii) bringing the characterised impact results to a
scale that is relevant for further weighting and comparisons
across impact categories.

However, when external normalisation is used, a number of
uncertainties and possible biases exist. Uncertainties are pri-
marily related to normalisation data, i.e. the inventory used to
calculate the normalisation references and those of the char-
acterisation factors (Benini and Sala 2016; Laurent and
Hauschild 2015). Important biases relate to discrepancies be-
tween the life cycle inventory of the product system under
analysis and the life cycle inventory used for the calculation
of a normalisation reference. A serious inconsistency can oc-
cur when two inventories do not apply the same life cycle
inventory modelling approach (e.g., system boundaries, defi-
nition of marginal or average supply chains, coproduct allo-
cation procedures) and data sources. A specific inconsistency
arises due to the consumption-driven nature of LCA models,
as opposed to the production-based nature of most available
normalisation references. Further bias can occur when the
coverage of environmental flows differs between the normal-
isation inventory, the set of characterisation factors and the life
cycle inventory of the analysed system (Heijungs et al. 2007;
Laurent and Hauschild 2015). An example of this type of bias
is choosing a normalisation reference that is incomplete with
respect to the analysed system. This occurs when a substance,
which is part of the life cycle inventory of a product system
and drives the characterised results of a given impact of this
system, is not part of the life cycle inventory used to calculate
the normalisation reference. If that substance would be a
strong contributor to the normalisation reference, which is
then largely underestimated, the normalised results would
then be largely overestimated (Heijungs et al. 2007). As such
occurrences vary from one impact category to another, biases
across impact categories emerge. Non-toxicity-related impact
categories, such as climate change and acidification, typically
include a limited number of environmental flows which are
well monitored globally. Therefore, the coverage of these
flows is relatively complete and reliable in both the LCI and
the normalisation inventories, thus yielding reliable and accu-
rate normalisation references and normalised results. In
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contrast, emissions of toxic substances are incompletely cov-
ered in currently available normalisation references (less com-
plete than in the LCI of analysed systems), which thus leads in
practice to observations of largely overestimated normalised
results for toxicity-related impact categories. Such impact-
specific overestimations can be dealt on an impact-specific
basis when interpreting normalised results, but they may pose
problems when comparing the impact results across impact
categories in the weighting step.

With respect to the national and regional normalisation
method, a risk is that some environmental flows, which are
large contributors to the characterised impact results of the
system, are not captured in the normalisation inventory be-
cause of a too narrow scope of the selected normalisation
references. As product life cycles now stretch all over the
world, a relative consistency could be gained by ensuring that
all the environmental flows driving the impacts of the
analysed system are stemming from locations that are

included in the geographical scope of the selected normalisa-
tion references. This risk is alleviated with the use of global
normalisation references, although other uncertainties are in-
troduced, e.g. more uncertain normalisation inventories due to
extrapolations required for mitigating the lack of environmen-
tal flow data for developing countries (Laurent and Hauschild
2015).

As part of external normalisation, a recent method based on
the definition of carrying capacities has emerged (Bjørn and
Hauschild 2015). The method is based on an alleged more
ecologically oriented stance, giving priority to natural bound-
aries rather than to current levels of e.g. emission and resource
use. It allows moving towards the integration of an Babsolute
sustainability^ assessment in LCA (as opposed to current
Brelative^ assessments). However, to which extent currently
estimated carrying capacities and planetary boundaries reflect
real ecological thresholds is debated (Mace et al. 2014;
Nordhaus et al. 2012) and may require additional

Fig. 1 Survey results, scientific quality of normalisation and weighting, percentages of answers in the 1–9 scale (1 = low; 9 = high). Note that the
Buncertainty^ variable is reversed
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development of the scientific foundation of the boundaries
and a testing of the normalised results in case studies, which
are currently lacking. Besides, carrying-capacity references
related to human health and resources are not yet available.
The positioning of the method as a normalisation approach
can also be debated as it could be regarded as a distance-to-
target weighting. The externally normalised results would thus
represent the contribution of the system to current levels of
impacts, and the results after application of the carrying ca-
pacities would reflect how far (in excess or not) the normal-
ised results are to the thresholds. Technically, the approach
would be equivalent to the procedure adopted in the EDIP
distance-to-target weighting methodology (Wenzel et al.
1997). From this perspective, any distance to target weighting
method can be intended as an external normalisation method,
as already suggested by various authors (Stranddorf et al.
2005; Pennington et al. 2004; Udo de Haes et al. 2002) as a
way to circumvent the ISO LCA standards ban on weighting
for comparative assertions. However, as a distance to target
method, the planetary boundary approach would be quite dif-
ferent from existing methods using policy targets, because a
scientific reasoning lies behind the established thresholds,
which are beyond the policy relevance and are supposed to
reflect an absolute sustainability level. There has been a cer-
tain attention to carrying capacity-based factors in LCA in
recent times, and in light of this, there is a need to discuss
which approaches are appropriate to integrate carrying capac-
ities into LCIA, and whether they belong to characterisation,
normalisation or weighting level.

5.2 Weighting approaches: advantages and limitations

Distance to target weighting approach This approach may
have intuitive value in a decision-making context, because it
uses policy targets to derive weights. However, since all tar-
gets have equal weight, it can be questioned whether distance
to target is really a weightingmethod in the sense of ranking of
impact relevance or rather a normalisation method (see Sect.
5.1). The method is not effective in the assessment of product
improvements that reduce impacts for which the current situ-
ation is considered good or is not yet translated into a specific
policy target. Furthermore, policy-based targets are difficult to
translate accurately into weights. One reason is that targets are
not covering all the LCA elementary flows and impact cate-
gories (Castellani et al. 2016). The approach as it has been
implemented does not address damage, i.e. a change in im-
pacts far below a target may still be associated with a large
damage and a change in impacts far above a target may be
associated with little additional damage. While targets play an
important and often necessary role in policy making and man-
agement, both for expressing and communicating intent and
for monitoring progress, by transforming a general objective
into specific actions that needs to be taken to achieve the

objective, the existence of multiple targets for one objective
can give rise to conflicts between targets, which can only be
solved rationally by referring to the overall objective. Targets
should not be misunderstood as ends in themselves because
they are not valuable per se but obtain value from their role in
achieving the overall objective. If the overall objective is to
reduce damage, the more logical choice is a weighting of the
damage itself, rather than a specific targeted level of damage.

Panel weighting approach In this approach, a panel of peo-
ple is used to establish weighting factors for different environ-
mental impact categories. The main issue with this method is
that the selection of panellists influences the results. In addi-
tion, there are a number of other types of biases involved due
the cognitive limits of the panel members and to the question
format (c.f. Mettier and Scholz 2008; Mettier et al. 2006).
While it is possible to have a panel that is representative of
society at large in the statistical sense, in practice, panellists
often represent only a subset of all societal views on the issue.
This latter case is different from other weighting approaches in
that the panel-based weights represent the view of only a sub-
set of society. This may ormay not be a problem depending on
the goal and scope of the study. In fact, one may argue that the
panel composition needs to reflect the decision situation at
hand. A Bone-panel-fits-all^ approach may not be the best
solution from a decision support context in this situation. In
industry, for example, different sectors have different hotspots
and priorities and the decision makers may serve as panellists
themselves or delegate this task to subject matter experts.

In addition, panellists may be biased regarding the absolute
versus marginal value of the impact, although this bias can be
corrected in the questionnaire. The way the questionnaire is
designed can also create biases, for example, through the in-
formation explaining the impact categories. Also, the
panellists are likely to have different levels of knowledge
and experience with regard to the impacts they are asked to
evaluate, i.e. observed (e.g. a friend dying from cancer), per-
ceived (e.g. the panellist recently read an article about acidifi-
cation) or predicted (e.g. peak oil). Lastly, people relate to
what they understand and some environmental issues are dif-
ficult to understand. As a result, experts on a specific environ-
mental issue will likely assign a higher importance to that
issue.

While the term Bpanel method^ puts a larger emphasis on
capturing the preferences of a particular group of people, the
way these preferences are processed further may vary based
on the mathematical approach applied. From that perspective,
panel methods belong into the realm of group decisionmaking
and represent a form of multiattribute decision making
(MADM) (Benoit and Rousseaux 2003). According to
Koffler et al. (2008), multiattribute group decisions can be
characterised as follows: (1) the employed criteria in the form
of category indicator results are cardinal measures, e.g. 12 t of
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CO2 equivalents; (2) the scale transformation is performed via
normalisation to a reference system, e.g. as in western Europe;
(3) the final normalisation to an interval [0; 1] can be achieved
by dividing all values by the maximum value and (4) all group
members apply the same set of agreed criteria, and thus, the
same set of impact categories.

It seems that normalisation and weighting in LCA was
originally developed without referring to the already existing
theoretical foundation ofMADM as it was not until the turn of
the millennium that this became more widely recognised in
literature (Hertwich and Hammitt 2001; Seppälä et al. 2001).
While the weighted summation in LCA closely corresponds to
a rather Bold-fashioned^ MADM method called simple addi-
tive weighting (Fishburn 1967), more advanced MADM
methods have also been applied to LCA since then (Benoit
and Rousseaux 2003; Koffler et al. 2008; Prado-Lopez et al.
2014; Seager and Linkov 2008). Note that while MADM
methods were here grouped under weighting approaches, nor-
malisation is an integral part of all MADM methods when
dealing with attributes that are measured in different units.
MADM were grouped under weighting because naturally,
their focus is more on eliciting preferences and processing
them rather on the multiple and specific forms of normalisa-
tion that are available in LCA.

The integration of approaches from the MADM field into
LCA seems to be increasingly demanded. Further research is
needed before a recommended framework for their integration
can be proposed to LCA practitioners. More testing on case
studies and feedback from users are deemed required to esti-
mate the robustness and relevance of the approaches. Benefits
of use in combination with non-environmental indicators
should also be investigated in order to arrive at a complete
sustainability assessment.

Monetary weighting approach The different uses of mone-
tary valuation-based approached for weighting in LCA have
been addressed recently in the literature (Pizzol et al. 2015;
Ahlroth 2014; Bachmann 2011), and only key advantages and
limitations are here restated, whereas the reader interested in
additional details is referred to the abovementioned publica-
tions. In general, an advantage of monetary weighting is that
monetary units may be more familiar and easier to relate to for
most audiences, compared to weights derived with other
methods. There is a difference between the capacity of differ-
ent monetary valuation methods to cover midpoint and end-
point impacts and therefore in their application for weighting
at different points of the impact chain. The observed and re-
vealed preferences methods are usually applied at midpoint:
their main limitation is that these typically cover use value
only and are too case-specific for use at endpoint. An excep-
tion is the budget constraint method (Weidema 2009) where
observed preferences are used to derive an estimated value for
a QALY. Stated preferences methods can overcome this

limitation. Regarding implementation, stated preference
methods may have similar issues as panel weighting regarding
questionnaire design. Since both revealed and stated prefer-
ences methods are heavily based on statistical analysis tech-
niques, it is generally possible to obtain precise estimates of
the uncertainties associatedwith the derivedmonetary weights
(Boardman 2006). A general drawback of monetary
valuation-based weighting methods is that some individuals
may oppose their use due to ethical reasons, e.g. finding inap-
propriate to place a monetary value on, for example, human
life or biodiversity (Ludwig 2000). A common misconception
in such cases is that the absolute value of, for example, human
life is valuated, whereas in reality, monetary valuation only
determines the willingness to pay for marginal changes in the
availability of non-market goods.

Binary weighting approach Equal weighting is not science-
based and could bemistaken for a Bneutral^weighting while it
is not. Footprinting is often called Bimplicit weighting^ where
several impacts are deliberately disregarded, even though they
may be important. Another problem with footprinting is that it
may lead to sub-optimisation where the system is optimised to
reduce the impact on one category only and tradeoffs are ig-
nored (Laurent et al. 2012), which is also referred to as
Bburden shifting^ and, as such, is not aligned with one of
the key principles of LCA. Another recurrent issue is the lack
of communication of the value choices made to the user of the
footprint information.

Some cross-method considerations should be made regard-
ing weighting at midpoint versus endpoint. By performing the
assessment early in the impact chain, the rest of the impact
pathway is left to the practitioners to fill in by other means
than characterisation. The main argument that has been put
forward for performing the assessment at the early stage of the
impact pathway is that the uncertainty of the impact is lower at
these early stages (Hauschild and Potting 2005, Finnveden
et al. 2009). However, in assessments where weighting is re-
quired, this implies that important sources of both aleatoric
and epistemic uncertainties are left for the practitioners to
address when selecting and applying the weighting approach
in a decision-making context (Weidema 2009). Accordingly,
an argument for performing weighting at the final damage
level is that it reduces the number of valuations that need to
be made, and thereby reduces the risk of inconsistencies be-
tween the larger number of different valuations that would
otherwise be required to be performed at the midpoint level
in the impact pathways. For example, an assessment of respi-
ratory impacts of particulate emissions and another assess-
ment of ground-level ozone formation may use different
weights for the same health impacts—an inconsistency that
would be avoided if performing the weighting at the level of
human life years.
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Developing weighting factors at midpoint or endpoint also
presents practical method-specific issues. For example, targets
at midpoint and at endpoint coexist and are difficult to be
combined and properly accounted into a distance to target
weighting method: e.g., in the EU air quality directive (EC
2008), targets are expressed both as targets on single sub-
stance emissions (e.g. emission of PM2.5) and as targets in
disability-adjusted life years (DALY). In panel weighting
methods, the understanding and ranking of several midpoint
categories may result in being more challenging for respon-
dents than in the case of few endpoint ones, as there can be too
many issues for panellists to consider in case of weighting
midpoint impact categories (Huppes and Van Oers 2011).

6 Conclusions and recommendations

This study has investigated what the purposes of normalisa-
tion and weighting are in LCA and what the perceptions of the
LCA community towards these practises are. In addition, a
classification of normalisation approaches and methods was
proposed as well as an analysis of their respective advantages
and limitations. To conclude, the authors’ recommendations
for practitioners and method developers are provided based on
the survey and assessment.

6.1 Improving practice: recommendations for LCA
practitioners

The recommendations should not be seen as recommendations
to use any specific normalisation or weighting methods or as
recommendations to use normalisation or weighting at all but
as recommendations for good practice for the practitioners
when it has been decided to use normalisation or weighting.

In general, it is recommended to document and justify the
choice of any normalisation references and weighting
methods applied, as required by the ISO standards on LCA.
The normalised results and weighted scores should be com-
municated clearly by, e.g. reporting units and explaining their
meaning, as these may not be easily understandable to audi-
ences beyond LCA experts. It is further recommended to in-
tegrate uncertainty assessment, at least in a qualitative way, for
normalisation and weighting results (e.g. uncertainties and
biases introduced in the resulting impact scores). Scenario
analysis should also be performed whenever possible, e.g.,
by applying more than one method and possibly taking ad-
vantage of ensemble modelling techniques that allows to in-
clude simultaneously all relevant methods (Huppes et al.
2012). This will allow addressing uncertainties explicitly
and testing the robustness of the conclusions. Also, it is rec-
ommended to clearly interpret results referring to the purposes
and limitations of the chosen normalisation and weighting
approaches and to make sure that the decision makers are

aware of the uncertainties and potential biases related to the
use of normalisation and weighting.

Specifically for normalisation, practitioners should consider if
normalisation is needed, and if so, report clearly for which of the
purposes mentioned above (see Sects. 2 and 5.1) normalisation
is needed. Practitioners should be aware of potential inconsis-
tencies in external normalisation due to the fact that the normal-
isation inventory may not use the same modelling approach
(system boundaries, marginal or average supply chains, coprod-
uct allocation procedures; some of them only relevant at sub-
global level) and data sources as the analysed product system life
cycle inventory, and that the characterisation may not be per-
formed with the same characterisation method. For example, if
the processes within the system boundaries are globally distrib-
uted, it is recommended to prioritise the use of a set of global
normalisation references. If using global normalisation refer-
ences is not possible due to data availability, then this limitation
should be acknowledged and the implications for the final deci-
sion discussed in the interpretation of the study. Consumption-
based normalisation references are in theory preferable to
production-based ones because of a better consistency with the
geographical scope of LCA studies that are by nature consump-
tion driven (see Laurent and Hauschild 2015) although in prac-
tice, nearly none are readily available today. It is important not to
overuse normalisation and confuse it with weighting: compari-
sons across impact categories to solve trade-offs cannot be done
at the normalisation step, but requireweighting. In relation to this
last point, it is recommended that practitioners do not exclude
from the study any impact categories after normalisation, wheth-
er deemed too high or too low compared to others.

For weighting, practitioners should prefer weighting of
damage rather than weighting of the distance to a target for
the damage (see Sect. 5.2). Practitioners using panel methods
(including panels for monetary valuation) should prefer panels
of affected stakeholders to expert panels unless the relevant
stakeholders delegate the task to experts or other representa-
tives. It is recommended to provide information on panel com-
position and criteria for stakeholder selection. For monetary
valuation methods, observed preferences (market prices)
should be used whenever possible, i.e. when only use values
are involved and for the value of a human life year, and results
from choice modelling (which does not need to include a
monetary instrument) when there is a need to include stated
preferences. It is recommended that practitioners doing equal
weighting and footprinting provide explicit statements of im-
plicit binary weighting and motivate selection/exclusion of
impact categories.

6.2 Improving the science: recommendations to method
developers

Similarly to the recommendations for practitioners, the fol-
lowing should not be seen as recommendations of any specific
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normalisation or weighting methods nor as recommendations
to apply normalisation or weighting at all but exclusively as
recommendations for good practice for those wishing to im-
prove current normalisation or weighting methods.

In general, it is recommended to develop techniques to
estimate, and provide estimates of, uncertainties related to
external normalisation references and weighting factors.
Tools to allow practitioners to study uncertainty propagation
from the characterisation step to normalisation and weighting
are needed. Clear and transparent communication and dissem-
ination (to practitioners) of normalisation and weighting
methods’ principles and hypotheses, as well as their reproduc-
ibility, is highly recommended. The awareness of LCA prac-
titioners of the benefits, limitations and possible pitfalls of
using different normalisation and weighting methods should
be increased.

Improving the basis for normalisation is recommended by
developing consistent and sufficiently complete inventories of
emissions and resource consumptions for the world. This re-
quires collecting emission data from developing countries and
determining consistent extrapolation techniques to fill in gaps.
To avoid the biases mentioned above the level of complete-
ness needs, as a minimum, to match that of conventional life
cycle inventories. Method developers should derive external
normalisation references that are to the best extent consistent
with the modelling approaches, data sources, and characteri-
sation methods applied in LCA studies: this may require the
development of new flexible methods for the calculation of ad
hoc normalisation references. Developing inventories at na-
tional scale to allow consumption-based normalisation refer-
ences (global coverage needed to consistently encompass im-
ports) is also recommended, and using input-output LCA
seems a promising way to address this issue. New approaches
for normalisation, adapting to the latest LCIA developments,
should be investigated. This includes for example the integra-
tion of spatial differentiation into normalisation, which will
also require a discussion of whether normalisation should be
performed at regional or national levels before aggregation of
the characterised results across spatial scales. Recent improve-
ments of globally differentiated methodologies could facilitate
such attempts although it requires normalisation references at
relevant scales, which today do not exist.

When developing new sets of weighting factors at both
midpoint and endpoint, it is recommended to test for their
robustness and ensure their transparency. Weighting methods
should be developed by striving towards consistency, i.e. by
having weighting factors derived as consistently as possible
across impact categories and using consistent assumptions (if
not methods), and towards completeness by having all cate-
gories included in the method. It is recommended to prioritise
the development of weighting factors at endpoint, as this can
reduce the number of valuations to be made and the related
inconsistencies, followed by a thorough analysis and

quantification of the uncertainties. In addition, the relation-
ships between aggregation of the normalised results over spa-
tial scales and weighting should be investigated to determine
whether damages to areas of protection should be weighted
the same across the different countries or regions.
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