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a b s t r a c t

Inventory and characterization schemes play different roles in shaping a variety of footprint indicators.
This paper performs a systematic and critical investigation of the hidden inventory aspect and charac-
terization aspect of selected footprints with implications for classification and integration of those
footprints. It shows that all of the carbon, water, land and material footprints have two fundamentally
distinct versions, addressing the environmental exchange of substances in terms of emissions and/or
extractions either at the inventory level or at the impact assessment level. We therefore differentiate two
broad categories of footprints, namely the inventory-oriented footprints and the impact-oriented foot-
prints. The former allow for a physical interpretation of human pressure by inventorying emissions and
extractions and aggregating them with value-based weighting factors, whereas the latter assess and
aggregate the inventory results according to their potential contributions to a specific environmental
impact using science-based characterization factors, with the recognition that these contributing sub-
stances are too different to be compared by mass, volume or area. While both categories have individual
strengths and weaknesses, the impact-oriented footprints have a better performance than the inventory-
oriented footprints on the integration of footprints into a single-score metric in support of policy making.
Resembling the general procedure for life cycle impact assessment, we formulate a three-step framework
for characterization, normalization and weighting of a set of impact-oriented footprints to yield a
composite footprint index, which would allow policy makers to better assess the overall environmental
impacts of entities at multiple scales ranging from single products, organizations, nations, even to the
whole economy. The main value added of this paper is the establishment of a unified framework for
structuring, categorizing and integrating different footprints. It may serve as a starting point for clearing
the footprint jungle and for facilitating the ongoing discourse on a truly integrated footprint family.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Over thepast years, a rapidexpansionof footprint-style indicators
has been introduced by companies, governmental bodies and non-
governmental organizations, particularly in the field of environ-
mental and sustainability sciences,with the goal of providing a series
of pictures of what types of burden are imposed on the planet's

environment, and towhat extent. Nowadays footprints have reached
worldwide popularity, and the environmental issues they are
addressing become increasingly diverse, such as climate change
(carbon footprint), freshwater use (water footprint), land use (land
footprint), material use (material footprint), and so on.

Despite the prevalence of footprint indicators, most studies are
narrowed down to one or a few footprints; this, however, brings the
risk of problem shifting, as decline in one footprint is often
accompanied by undesirable increase in others. For instance,
although climate change in many cases dominates the total envi-
ronmental footprints of a product (Finkbeiner et al., 2014; Page
et al., 2012), reducing the carbon footprint is found to lead to a
remarkable increase in other footprints (Laurent et al., 2012).
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Similarly, De Meester et al. (2011) report that 27% of a bioproduct's
carbon footprint is cut at the expense of 93% extra land, water and
material footprints.

Since environmental issues are getting more and more complex
arising from an ever-expanding number of stressors and their in-
teractions (Chapman and Maher, 2014), a shift of focus from issues
in isolation to simultaneous assessment in an overall view is
needed. Consequently, the concept of “footprint family” was born,
with the aim of informing policy makers about the overall envi-
ronmental burden under a single framework without losing the
complexity of the big picture (Galli et al., 2012). It was originated
from the combination of the classical carbon, water and land
footprints, but gradually extended to accommodatemore emerging
footprints (Fang et al., 2014; Ridoutt and Pfister, 2013a).

The footprint family concept implies the importance of finding
ways to trade-off between different footprints and to minimize the
total footprints from a system perspective, rather than emphasizing
“net zero” solutions to individual footprints. This gives rise to concern
for weighting, as trade-offs among footprints normally cannot be
undertaken without any form of weighting (Finnveden et al., 2009;
Ridoutt and Pfister, 2013a). The weighting sets have always been a
highly controversial subject throughout integrated environmental
assessment (Ahlroth et al., 2011). The difficulty of taking such a
practice lies in the choice ofweightingmethods and in theway todeal
with uncertainty (Finnveden et al., 2009). This is why weighting
practices are basically lacking in present footprint family studies.

Nevertheless, when looking back at how different footprints are
structured, we notice that some employ an inventory analysis
merely, whereas some others perform an inventory analysis but
also an impact assessment characterization. In many cases, un-
fortunately, the underlying structure has been executed implicitly
and remains unexamined by footprint users. It is our conviction
that lessons which can be learned from the hidden elements in
single footprints will enormously facilitate the ongoing scientific
discussions on footprint indicators, including the classification
(�Cu�cek et al., 2012), the complementary use and combination in a
footprint family (Fang et al., 2014; Galli et al., 2012), and even a
single weighted footprint metric (Ridoutt and Pfister, 2013a). This
study may also be well connected to the policy domain, with po-
tential to inform and support the development of existing envi-
ronmental policy frameworks and projects, such as Product
Environmental Footprint (EC, 2015), Environmental Footprint
Analysis (EPA, 2014), PAS 2050 (BSI, 2011), and the related ISO
standards (e.g., ISO, 2006).

This paper aims to propose a general conceptual and mathe-
matical structure that underlies most, if not all, footprints that are
en vogue at present, to achieve a harmonization of structure, ter-
minology and notation, to distinguish the inventory aspect and the
characterization aspect of different footprints, and to provide
clarity on some theoretical issues underlying footprint methods. To
that end, the remainder of this paper is structured as follows:
Section 2 critically examines the inventory analysis and impact
assessment characterization in each of the selected footprints;
Section 3 offers insights on the implications of our findings for the
classification and integration of footprints; discussion and conclu-
sions are presented in Sections 4 and 5, respectively.

2. Investigation of the inventory and characterization aspects
of selected footprints

2.1. Overall terminology and structure of the analysis

In theory, inventory analysis and impact assessment character-
ization are two successive steps for quantitatively modeling the

consequences of man's exploitation of the nature. The fundamen-
tals of the two elements are briefly stated as follows (Finkbeiner
et al., 2014; Finnveden et al., 2009; Hauschild et al., 2013;
Heijungs and Suh, 2002; Hellweg and Mil�a i Canals, 2014; Udo de
Haes and Heijungs, 2009):

� Inventory analysis: a step aimed at tabulating and compiling
the exchange of substances (i.e., emission of wastes to and
extraction of resources from the environment) within the
boundary of an investigated system (e.g., product, organization,
nation). In the framework of life cycle assessment (LCA), this
corresponds to life cycle inventory (LCI), a compilation of the
inputs (resources) and the outputs (emissions) within the sys-
tem boundaries of the study across its life cycle. The input and
output substances are called elementary flows according to the
ISO (2006). In the framework of substance flow analysis (SFA), it
corresponds to the system definition and quantification (Van
der Voet et al., 1995). In some analytical tools, this activity has
no specific name, but it is recognizable as such; see, for instance,
Eurostat (2014) for economy-wide material flow accounts (EW-
MFA) and Miller and Blair (2009) for inputeoutput analysis
(IOA).

� Impact assessment characterization: a subsequent step aimed
at assessing the inventory results according to their relative
contributions to a specific environmental impact or a set of
environmental impacts. In LCA, the contributing elementary
flows are quantified using characterization factors and trans-
lated to common impact units to make them comparable and
ready for aggregation into impact indicators. This step is known
as life cycle impact assessment (LCIA), where characterization
factors are derived from science-based models reflecting the
environmental mechanism underlying the impact category
under assessment. In MFAdan analytical tool to quantify ma-
terial flows in well-defined systems, such steps are part of the
interpretation of results (Van der Voet et al., 1995). Again, in EW-
MFA and IOA, this activity is often present, although without an
explicit name. Characterization factors are part of the LCIA-
specific jargon, but such factors are used by many other
studies as well (e.g., Fuglestvedt et al., 2008; Skeie et al., 2009).

A general mathematical framework for the two steps is as fol-
lows. Let Mi be the quantified emission or extraction of substance i
(e.g., kg, kg/yr, m3/yr). Inventory analysis proceeds according to:

Mi ¼
X

k

Mik (1)

where subscript k denotes all activities that emit or extract sub-
stance i within the system boundaries. The resulting inventories of
the investigated system can be characterized with substance-
specific characterization factors for a chosen impact category
(e.g., climate change, resource scarcity) at midpoint or endpoint
level:

Ij ¼
X

i

Mi � cfij (2)

where Ij is the indicator result for impact j (e.g., kg-eq., kg-eq./yr);
and cfij is the characterization factor for substance i in relation to
impact j (e.g., kg-eq./kg, m3-eq./kg).

Alternatively, the resulting inventories of an investigated system
can be weighted with weighting factors at the option of the users,
particularly in cases where well-grounded characterization factors
are not sufficiently available. We consider this as part of the
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