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Abstract: To assess the potential environmental impact of human/industrial systems, life cycle
assessment (LCA) is a very common method. There are two prominent types of LCA, namely
attributional (ALCA) and consequential (CLCA). A lot of literature covers these approaches, but a
general consensus on what they represent and an overview of all their differences seems lacking,
nor has every prominent feature been fully explored. The two main objectives of this article are:
(1) to argue for and select definitions for each concept and (2) specify all conceptual characteristics
(including translation into modelling restrictions), re-evaluating and going beyond findings in the
state of the art. For the first objective, mainly because the validity of interpretation of a term is
also a matter of consensus, we argue the selection of definitions present in the 2011 UNEP-SETAC
report. ALCA attributes a share of the potential environmental impact of the world to a product life
cycle, while CLCA assesses the environmental consequences of a decision (e.g., increase of product
demand). Regarding the second objective, the product system in ALCA constitutes all processes that
are linked by physical, energy flows or services. Because of the requirement of additivity for ALCA,
a double-counting check needs to be executed, modelling is restricted (e.g., guaranteed through
linearity) and partitioning of multifunctional processes is systematically needed (for evaluation per
single product). The latter matters also hold in a similar manner for the impact assessment, which is
commonly overlooked. CLCA, is completely consequential and there is no limitation regarding what
a modelling framework should entail, with the coverage of co-products through substitution being
just one approach and not the only one (e.g., additional consumption is possible). Both ALCA and
CLCA can be considered over any time span (past, present & future) and either using a reference
environment or different scenarios. Furthermore, both ALCA and CLCA could be specific for average
or marginal (small) products or decisions, and further datasets. These findings also hold for life cycle
sustainability assessment.

Keywords: multifunctionality; system boundary; ISO; life cycle inventory; attributional; consequen-
tial; functional unit; product system; temporal; life cycle impact assessment
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1. Introduction

Increasing concerns over the impact of human activities have led to a growing interest
to assess the environmental impact of product systems. A common and recommended
method to estimate environmental impacts comprehensively and systematically is life cycle
assessment (LCA), which focuses on the environmental impact from a life cycle perspective,
e.g., covering possibly also disposal of products and other relevant life cycle phases [1,2].
A multitude of scientific publications have covered the difference between various types of
LCA, of which a summary is presented by Guinée et al. [3]. A particular prominent subject
of debate is the difference between attributional LCA (ALCA) and consequential LCA
(CLCA). These types will be explained further on in the text as part of our study. Other
types of LCA have been postulated [3], but none of them seem to have received as much
attention as these two and had an as profound impact on the LCA field in general, from
theory to application, in our opinion. Moreover, the specification of these concepts has
already started in 1993, with the specific terminology being brought forward in 2001, and
the number of papers at least explicitly addressing consequential LCA have continuously
increased to about 40 per year in 2018 [4].

The goal of this study is to specify the concepts of ALCA and CLCA, covering a set of
conceptual characteristics, and specify related imposed modelling restrictions, this in an
objective manner. Moreover, the focus of this article is not directly on associated modelling
frameworks and not at all on applications. In light of this, a distinction needs to be made
between concept, modelling framework and application (See Figure 1). These are general
notions belonging to any field, and we illustrate this general nature using the example
of natural system in Figure 1. Specification in the context of LCA is done in Section 2.
Coming back on the notions, the concept behind an assessment may be the coverage of a
certain effect (e.g., how much water is flowing in a river), the actual modelling framework
exists out of a set of limited procedures such as equations, i.e., a mathematical model,
(e.g., calculation formulas of debit based on dimensions and water flow speed) and the
application would be the application of the modelling framework to a case (e.g., calculation
of water flow in the river Danube based on input data such as water height). Although
we shortly explain these terms in the main text, elaborate definitions of these words in the
context of this work are presented in Appendix A.1.
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Figure 1. Overview of concept, modelling framework and application notions, illustrated with an
example. The focus of our work is on the attributional and consequential LCA methods, more specifi-
cally the concepts, its associated characteristics and rules, and the associated modelling restrictions.
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We discuss ALCA and CLCA modelling issues solely in the context of the respective
ALCA and CLCA concepts and the specifications and restrictions they impose on the mod-
elling. These modelling restrictions, derived from the concept, are different from (a) other
restriction types (e.g., restrictions that are practical in nature, such as data availability
or resource constraints) and (b) related modelling parameters and choices, among else
based on those other restriction types. For example, the modelling choice to exclude the
effect of evaporation (e.g., because of lacking data) in the assessment of the amount of
flowing river water is different from the rule that limits the modelling effort to rivers.
In the case of ALCA and CLCA, a modelling choice would be the exclusion of certain
emissions because of lack of high-quality data. Within the restrictions set out by rules,
there is often still room for making modelling choices or different modelling parameters,
which lead to having different possible modelling frameworks. Failing to stick to these
given modelling restrictions, imposed by the concept, does in the strict sense imply that a
modelling framework or application is not in line with the totality of the initial concept
and does not completely address that particular research question. Note that it can also be
that a concept is further specified to answer a more specific research question (e.g., what is
the amount of water flowing in case of a river with a width larger than 30 m?), leading to
further specifications of the modelling framework and application. Here, we focus on the
ALCA and CLCA concepts in general, which are further specified subconcepts from the
overarching LCA concept.

In this paragraph, we summarize what is not in the scope of this study. This article
does not cover a complete elaboration on existing ALCA and CLCA modelling efforts
(and their mathematics) and how to conduct them, nor covers exhaustively examples on
applications. Other works focus on such matters, such as the review of Palazzo et al. [5]
for CLCA. We focus on presenting the modelling restrictions for these modelling efforts
and techniques. Furthermore, our article focuses on principles and is not a practitioner’s
guide that elaborates stepwise how to conduct an ALCA or CLCA. The extent of data
availability and uncertainty for either ALCA or CLCA, is also not part of our analysis.
Furthermore, any value judgement or evaluation of relevance of either ALCA or CLCA,
e.g., in the decision context or the context of responsibility, is outside the scope of this work.

1. Overall, literature is covered throughout the article, and this article considerably
covers existing studies and findings, but also goes beyond them. Specifically, the
novelty of this work is twofold: Systematic selection of definitions of ALCA and
CLCA concepts from existing ones in an elaborate manner and a further explicit
and structured specification of different aspects (e.g., which type of mathematical
relationships are allowed or can it cover past or future impacts). For each of these
aspects, as already mentioned above, we will specify conceptual characteristics and
rules that delimit ALCA & CLCA modelling frameworks.

2. We envision to present a broader overview than existing studies, as these have
selected a definition from certain reference(s) without argumentation, or deal about
only some aspects (e.g., only land-use baseline [6]) or mainly only one approach (e.g.,
only CLCA [7]). The intent is to cover all relevant aspects that were highlighted in
literature or were relevant, this in a highly structured way. This completeness is an
envisioned novelty. For each studied aspect, the objective is to compare literature
considerations, evaluate them and advance reflections beyond literature, thus looking
beyond what is currently handled, providing new insight.

The subsequent section, Section 2, of this work elaborates on the existence of various
definitions of attributional and consequential LCA (including coverage of literature on
definitions) and argues for the selection of one set of these based on certain criteria. In
Section 3, essential differences in terms of characteristics and rules between both approaches
for certain aspects (e.g., whether future products are considered), are discussed to give a
better insight into their nature. In the fourth section, we conclude the analysis and provide
a further outlook.
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2. Specification of Attributional and Consequential LCA Concepts

Before addressing the distinction between ALCA and CLCA, we will succinctly bring
forward some essential aspects and terminologies of the overarching LCA concept, fol-
lowing as much as possible ISO 14040-14044 [8,9] but leaving room for the difference
in interpretation between ALCA and CLCA. Although these ISO-documents are about
15 years old, they are still the main reference on LCA that is agreed upon at an international
level. Yet, it should be considered that ISO 14040-14044 standards were at the moment
of writing under revision, so a strict adherence to the current versions shall be put in
perspective to some extent. Furthermore the ISO 14040-14044 standards do not mention
ALCA and CLCA explicitly, which makes it challenging to follow them to the letter in light
of this elaboration. There is a short mentioning of two different approaches which closely
relate with the ALCA and CLCA concepts (Annex A of 14040), but they are not named as
attributional or consequential.

In LCA, the environmental impact is characterized for a certain product system, a
part of the human/industrial system (collection of specific economic or human-controlled
processes). Although “environment” may be interpreted in a more broad way (everything
but the human/industrial system), the environmental impact in LCA conventionally is
restricted to impact on three areas of protection: Human Health, Natural Resources and
Ecosystems [10]. The “environment” is thus in LCA restricted to environmental processes
that lead to impact on these three areas. In the ISO 14040 documentation, the wording
“potential” environmental impact is used instead of environmental impact as it is (1) a
relative expression to a certain amount (also presented as a footnote in 14044), (2) the
integration of environmental data over time and space, (3) the inherent uncertainty in
modelling of environmental impact and (4) the fact that some possible environmental
impacts are clearly future impacts. We agree with this potential nature but find this implicit;
when we speak of “environmental impact”, “potential environmental impact” is implied.
Moreover, any outcome, also process amounts, environmental burden, flows etc., can be
considered as potential in nature, based on some of the latter arguments from a scientific
perspective, which would out of consistency then also necessitate the use of the word
“potential”, but this has not been done.

LCA focuses on a certain set of products (including services), that provide a certain
functionality, provided by the product system. More precisely, the functional unit repre-
sents the “quantified performance of a product system for use as a reference unit” and
“defines the quantification of the identified functions (performance characteristics) of the
product” (ISO 14040), e.g., white light from a point source with 1500 lumen for 100 h or a
100 m swim in a swimming pool of 30 m3 at a temperature of 20 ◦C. These functionalities
can be fulfilled by (a) certain product(s) or service(s), e.g., light (bulb) and a heated swim-
ming pool. A functional unit can cover multiple functions and can also be linked with a
single products or multiple products that provide those. The focus is not the environmental
impact of the product use as such, but rather that of the complete product system that
is linked to it. The focus of LCA is commonly on products, but can be seen as broader
(e.g., the products used by an average household in one year). What the product system
entails, is discussed in the next subsections, as are the aspects in which ALCA and CLCA
differ. In LCA, the inventory of this product system and all its flows is called the life cycle
inventory (LCI). The environmental pressures that cross the system boundary (e.g., CO2
emissions), also called elementary flows, of the product system solely make up the LCI
table. Within LCA, subsequent to the obtainment of the LCI table of the product system,
is the calculation of the environmental impact (e.g., increase in global warming because
of CO2 emissions), i.e., the environmental processes that lead to impact on human health,
ecosystems and/or natural resources starting from these environmental pressures. See
Figure 2 for an overview. Keep in mind that the necessity for a boundary between product
system and environment, and thus assigning certain flows and processes (e.g., agricultural
processes) to either LCI or LCIA, is disputed [11,12]. This distinction is crucial and has
an impact on the modelling specification for ALCA and CLCA, as discussed further on
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(Section 3.7). There is also the possibility for considering feedback loops between LCI and
LCIA phases [12–15], e.g., CO2 emissions influence its atmospheric concentration and thus
industrial biomass production, which is not excluded in the ISO 14040-14044.
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This short elaboration is a broad conceptual interpretation of LCA and not narrowed
down to a fixed model, this to pave the way for a better interpretation of the attributional
and consequential LCA types, which are subconcepts. After all, the concept and research
question of LCA can be made more specific. Related with the LCA concept, the main
overarching research question of LCA as a whole is “what is the environmental impact
of a product system associated with a certain product?”. The LCA concept can be further
specified to relate with more concrete questions, e.g., concerning “what is the environmental
impact if I buy this product?” or “what is the environmental impact of all interlinked
processes of a product?” or “what is the impact on forest ecosystems of this product
system?”. In line with this, LCA also covers a Goal and Scope phase, according to ISO
14040-14044, in which the research question and scope of the study needs to be further
defined. In light of this, it is imperative to realize that LCA is not a conclusive method in the
sense that there is still room for modelling choices. Baitz et al. [16] argue in favor of having
these since “restricting the possibilities reduces useful applications, information, and result
exchange, learning curves, and communication of LCA and its (positive) impact overall”.
The existence of different approaches is also underscored in the ISO documentation by the
archetypes explained in annex A of ISO 14040, and also through the plethora of different
LCA types presented by Guinée et al. [3]. The specification of a Goal and Scope will further
delimit these modelling choices. ALCA and CLCA are thus types or subconcepts of LCA,
which will be explained further on, addressing more specific research questions, with more
restriction of modelling frameworks. Keep in mind, that also more specific subconcepts
and questions could be considered for ALCA and CLCA separately.

2.1. Selecting the Most Appropriate Definitions

An issue that makes matters more complicated is the lack in consensus on the core
goal and concepts behind the terminology of “attributional” and “consequential” LCA.
The ambiguity and need for fixed definitions, are for example pointed out by the historical
analysis of Porcelli et al. [4]. Hence, it would be good to first consider an overall analysis
approach to evaluate different existing definitions of ALCA and CLCA. The focus of this
analysis is not on how the concepts and definitions were conceived and who brought
forward first conceptual aspects, but on the evaluation of existing prominent definitions.
Here, a definition is an exact combination of words that describes a concept associated with
a name given to that concept. In general, the criteria for the correctness of a definition, i.e.,
the linkage of a scientific concept with a name, considered in our work are:
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(a) Logic criterion: the underlying concept should be logic, in the sense that it does not
contain contradictions (e.g., a concept that describes that A is bigger than B but also
the opposite, is not logic). This does not mean that the concept cannot be abstract.

(b) Name criterion: the concept should be as much as possible in line with the name
(e.g., a bad choice in name would be “red bikes” for a concept on blue painted bikes)

(c) Consensus criterion: the definition and concept is supported by a broad community
for communication based on consensus (e.g., we call an animal of the species Canis
lupus familiaris a “dog” because of convention).

(d) Application criterion: the concept should be in line with the application of the concept
(e.g., if a pencil is mainly used to write and not to scratch your back, then the main
concept behind a pencil’s utility concerns a tool to write).

The Logic criterion is quintessential to consider, especially in a scientific context. The
Consensus criterion is crucial to any form of consistent communication at group level
and exemplified in the LCA community by the existence of ISO standards and UNEP-
SETAC documentation. The criteria are also separately brought forward in literature,
e.g., the name criterion by Yang [17] and the application criterion by Suh and Yang [18],
this specifically in the context of ALCA and CLCA definitions as made clear in the further
paragraphs. However, our overall analysis with different criteria for a definition selection,
goes considerably beyond limited coverage of criteria and argumentation in literature.
The first two criteria, the Logic and Name criteria, are theoretical ones, of which the Logic
argument is a necessity (i.e., a definition needs to be logic or it is discarded) while the Name
criterion is optional to consider. For optional criteria, it could be acceptable if they are not
met, although it is better to meet them. The Consensus and Application criteria, are pragmatic
and entail that an evaluation of words is not purely scientific, but based on convention,
i.e., it is not about identifying the definition with the most valuable concept from a scientific
perspective. These criteria are not a necessity but regarded as more relevant than the Name
criterion, in this context, since it might be difficult to find the right name for a complex
concept. Most importantly, only the Logic criterion is a necessity with the other criteria
being optional to consider, though it is best to adequately meet them, as yet mentioned. In
this sense, the optional criteria will help to point out the better definitions if multiple logic
ones are available.

In the case of differing concepts, that are logical and associated with the same name,
each of those concepts may have a different degree of acceptance and application. It can
even be that the concept behind a name has changed over time, and that these changes
are in contradiction with the concept of the original inventor. In our case, this seems
possible as a considerable amount of time has passed since the original introduction of
the words “attributional LCA” and “consequential LCA” [14,19–22]. A restriction to the
original definition could be made if the wording is copyrighted and there is one single set
of definitions, but this seems not to be the case. In hindsight, it might have been better
that different names were assigned to new concepts, which has been partially the case,
as demonstrated by the alphabet soup that Guinée et al. [3] discuss. Overall, a lot of
logic and potential concepts behind attributional or consequential LCA have been brought
forward in the literature [7,18,23–31], which meet the logic criterion and possibly utilize the
Name criterion, e.g., the attributional approach is mentioned as the descriptive approach in
UNEP-SETAC [31]. Some of these definitions may seem similar but often contain subtle
differences that constitute different interpretations.

Since a lot of definitions already exist, it seems most relevant to pick one of these (cited
above), instead of specifying a new one. The large current set of definitions seems to already
cause confusion. Not agreeing on any at an LCA community level, may maintain confusion,
hinder clear communication and hinder advancement. Yang [17], whom explicitly focuses
on the Name criterion, highlights that the word “attribution” by definition implies causality,
i.e., consequential. As one interpretation of the word “attribution” this can indeed be true,
but the Name criterion is optional and that does not mean that the word “attributional
LCA” is in practice associated solely with that meaning, i.e., overlooking the Consensus
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and Application criteria. It also implies the loss of an original concept, that of attributional
LCA (as defined further on), just by its questionable name. Furthermore, there are other
meanings of the word “attribution” that do not focus on causality/consequentialism,
e.g., “the action of regarding a quality or feature as characteristic of or possessed by
a person or thing” [32].The latter might be more in line with the definition we argue
further on.

Considering the above cited selection of definitions of ALCA and CLCA, there are
only few interpretations supported by a broad group of people, i.e., following the Con-
sensus criterion, and applied by many, relating with the Application criterion. Concerning
concepts that would adhere to the Consensus criterion, this would be those presented in
the UNEP-SETAC report [31] report and the ILCD handbook of the JRC-IES [28]. Of the
latter two, the first originates from a community supported by the globe and the latter
by the European Union. While these documents are a decade old, they contain the most
internationally agreed upon ALCA and CLCA definitions. No similar work with that level
of representativeness has been published, making them the most relevant according to the
consensus criterion. Even though both documents were reviewed by not everybody from
the scientific community, from a representativeness perspective, the UNEP-SETAC [31]
document may be regarded as more relevant because it is a global entity and we will,
consequently, firstly and mainly consider the definitions of UNEP-SETAC [31]. Moreover,
Ekvall et al. [26] have criticized the ILCD handbook of the JRC-IES [28], and pinpointed a
crucial issue, which will be further handled in Section 3.6. The ISO 14040 [8] and 14044 [9]
standards on LCA are also broadly supported but, as already mentioned, do not exactly
specify the terms ”attributional” and “consequential”.

When it comes to the Application criterion, it is also relevant to point out that sometimes
ALCA results easily may or have been used as if they would be CLCA results [17,29,31,33].
We consider this as a misinterpretation of ALCA results (which is not acceptable) or ap-
proximation of CLCA with ALCA outcomes (which can be acceptable because of pragmatic
reasons), but therefore we disagree that both approaches address the same matters and the
concepts should be merged as Yang [17] seems to suggest. Moreover, Suh and Yang [18]
argue that there is a spectrum (instead of the ALCA-CLCA dichotomy) and that applied
LCA approaches have been a combination of both. There may be a spectrum in practice, in
which aspects of attributional modelling is used to answer consequential questions and
vice versa, but this therefore does not intentionally coincide with a spectrum in theory and
in concept. Practitioners may have done this out of practical reasons, without a theoretically
correct alignment with a certain defined LCA concept and research question. As it is now,
there are only two clearly defined concepts (ALCA & CLCA) on which we focus in this
study, but, alternatively, indeed, new concepts could exist or be developed, possibly being
a combination of ALCA and CLCA concepts. Yet, in those cases, one needs to define
clearly this specific (new) concept with an associated alternative research question. Alter-
natively, the practitioner should be explicit on his assumption to apply certain attributional
modelling to approximate a consequential question, or vice versa.

Another conception, related with the Application criterion, is the restriction of CLCA
to only economic- or market-related consequential effects because some works and original
theories seem to only focus on this matter [25,34], which might have given this impression
(despite the fact that the respective authors may not have had that intention). For example,
equilibrium modelling has often been used in CLCA to cover the change in market prices
and subsequent effects, but there are other types of consequential effects that can be
considered. No such restriction is made in common definitions of CLCA [7,18,23–29,31].
There thus appears to be quite some confusion and inconsistency as to what ALCA and
CLCA entail, from an application criterion, and therefore the Application criterion is not
considered as determining.

To conclude this analysis, mainly because of the Consensus criterion, the UNEP-
SETAC [31] definitions are selected. These definitions are specifically mentioned in the
first chapter of that work [35]. However, a combination of characteristics is mentioned in
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that report, not a single definition. In Table 1, the core characteristics of the definitions
of ALCA and CLCA as brought forward in the UNEP-SETAC report [31] are presented,
namely the objectives and the specifications of the product system. These main aspects
altogether constitute the definitions/concepts of both ALCA and CLCA.

2.2. Basic Definition Explanation

Having fixed the definitions of ALCA and CLCA to those of UNEP-SETAC [31], let us
now analyze these. A common representation of attributional of and consequential LCA is
brought forward by Weidema [21] and also present in the UNEP-SETAC [31] document. See
Figure 4A. Consider the complete human/industrial production system with an associated
total environmental impact (the full pie). The attributional LCA then attributes a share
of this total environmental impact to a certain product or products, and their life cycle
(this impact is represented by the piece of the pie). The respective functional unit may
thus entail the functions of different products. The sum of the environmental impact of all
separate product life cycles of final products would then result in the total environmental
impact. This additivity rule has a considerable impact on the product system in ALCA. See
Sections 3.2, 3.4 and 3.5. The consequential approach alternatively analyses how a decision
(e.g., a change in product demand with a related functional unit) can change the global
environmental impact. It thereby analyses how the decision changes the human/industrial
system and its environmental impact at a global level. This is illustrated by the darker
color in the second circle in Figure 4A. This distinction does not mean that ALCA cannot
cover the impact in a changing world but rather that the functional unit or rather product
life cycle has not induced a change. In the definition of ALCA in Table 1, there is no explicit
mentioning of decision, change or consequential-related notions. A share of the global
impact, which could potentially change over time, is covered in ALCA, but not the change
as such. Conversely, in CLCA the decision will induce a change in the world, and it is that
global change that is covered. Focusing on a car as a product as an example, ALCA would
consider the share of the environmental impact over its complete life cycle of the total
environmental impact of a world where the car is already present or at least hypothetically
present, whereas CLCA would focus on the effects of a decision to have for example one
more car on the environmental impact of the world in which the demand for that particular
car was not yet occurring.

Another distinction is that the UNEP-SETAC [31] definition of CLCA is not uniquely
specific towards a product demand or a change in production volumes, but concerns
decisions in general (which could also be: “should I dispose my product in the nature?”
or about deciding to continue or discontinue an activity). In the respective guidelines,
it is mentioned that CLCA is “usually represented by changes in product demand”, but
the world “usually” implies that it is not restricted to product demand. A functional unit
can though always be linked, e.g., the function of getting rid of waste or the function that
the product would fulfil in case of a decision to cease production, but for which another
alternative product will then have to provide that function. For an example on propagation
of the cause-effect chain and on another type of decision than extra product demand, please
see the CLCA study of Schaubroeck et al. [36] which examines the impacts caused by a
replacement decision. Keep into account that CLCA may induce avoiding certain impacts,
implying that a negative outcome value is obtained. For example, the decision to innovate
a car to lower its environmental impact while maintaining the same performance, implies
the avoidance of impact that would otherwise occur if the decision was not taken.

Based on these definitions, one might think the concepts could be coupled. However,
because of their conceptual differences, we must also note that a coupling of complete
ALCA and CLCA approaches (i.e., effectively linking these methods or making one de-
pendent on the other), as Brander et al. [37] propose, is not interesting since complete
other effects could be considered based on the ALCA and CLCA concepts, e.g., changes
in market prices and their effect on product trade and amounts induced by a decision
or product selection, are covered by CLCA but not by ALCA. An ALCA study could
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be informative for conducting a CLCA or vice versa, but an actual methodological cou-
pling in practice, does not make sense from a theoretical perspective because of their
conceptual difference.

Table 1. Definitions of attributional and consequential LCA based on the UNEP-SETAC [31] report. The combination of
these characteristics constitutes the concepts of ALCA and CLCA. For ALCA the product system is equal to the product life
cycle (see Section 2.2.1).

Definitions

Which Objective or Question Does It Address? Specification of Product System

Attributional LCA
“The attributional approach attempts to provide

information on what portion of global burdens can be
associated with a product c (and its life cycle)” [31]

“The system analysed ideally contains processes that
are actually directly linked by (physical a, energy, and
service b) flows to the unit process that supplies the

functional unit or reference flow” [31]
“In theory, if one were to conduct attributional LCAs
of all final products, one would end up with the total

observed environmental burdens worldwide” [31]

Consequential LCA

“The consequential approach attempts to provide
information on the environmental burdens that occur,

directly or indirectly, as a consequence of a decision (usually
represented by changes in demand for a product).” [31]

“In theory, the systems analysed in these LCAs are
made up only of processes that are actually affected by
the decision, that is, that change their output due to a

signal they receive from a cause-and-effect chain
whose origin is a particular decision” [31]

a: Physical can pertain to the notion of physical in science, which encompasses both energy and material flows. However, in this definition
“energy” is already explicitly mentioned, hence, it relates most likely with another interpretation that delimits it to material: “existing as or
connected with things that can be seen or touched” [38]. In any way, both material and energy flows are covered, and the total meaning
of the definition does not alter if “material” or “mass” would be used instead of “physical”. b: Services cover non-physical economic
exchanges that are needed for a process, e.g., the transportation process of a good or the marketing process needed to sell the good (this
is a further explanation that is not part of the UNEP-SETAC [31] report). c: In this definition only a single product is mentioned, but in
the definition of the product system “functional unit” is mentioned, which may cover various products, and in the UNEP-SETAC [31]
document they bring forward system expansion, which also covers multiple products. Based on the latter, we presume this must be a
minor mistake in the definition and that it should rather be associated with multiple products, and it should rather be “(a) product(s) (and
their life cycle)”.

2.2.1. Difference between Product System and Product Life Cycle Definitions

In order to further discuss the specifications of ALCA and CLCA according to the
UNEP-SETAC [31] definition, we address a discrepancy in the definitions of “product
system” and “product life cycle”. In the ISO 14044 standard [9] a distinction is made
between product “life cycle” and product “system”. Product life cycle is defined in the ISO
14044 report as “a consecutive and interlinked stages of a product system, from raw material
acquisition or generation from natural resources to final disposal”. A product life cycle may
thus cover various final demand products and their life cycle stages from natural resource
extraction up until final disposal; the functional unit can constitute multiple functions from
multiple products (see beginning of Section 2). A product system is defined as “collection
of unit processes with elementary and product flows, performing one or more defined
functions, and which model the life cycle of a product”. These two definitions refer to each
other and are difficult to separate (This is an issue in the interpretation of latter definitions.
UNEP-SETAC [31] seems to have mainly specified the “product system” definition and not
the “product life cycle” definition, but then also avoids above referral issue. The ALCA
and CLCA product system definitions of UNEP-SETAC [31] do not mention “product life
cycle” (see Table 1). As already argued in Section 2.1, we thus start here from the “product
system” definitions of UNEP-SETAC [31], but we still consider “product life cycle” from
ISO 14044 as defined above, but then without referral to product system. The considered
definition for a product life cycle is then: “a consecutive and interlinked stages, from
raw material acquisition or generation from natural resources to final disposal”. (The
recent 2020 amendments of ISO 14040 & ISO 14044, define a life cycle as “consecutive and
interlinked stages, from raw material acquisition or generation from natural resources to
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final disposal”, but do not alter the definition of product system, which implies that a
product system is still considered equal to a product life cycle.)

For ALCA, there is no difference between the specification of product system by UNEP-
SETAC [31] and that of “product life cycle” by ISO 14044 [9], if “raw material acquisition or
generation from natural resources” is expected to be up until the final preceding interlinked
processes and “final disposal” up until the last proceeding interlinked process. In this sense,
in Table 1, the definition of product system is equal to that of product life cycle in ALCA.
Both the product system definition of UNEP-SETAC [31] and product life cycle definition
above, entail the product life cycle. The only issue would be that in the objective definition
only a single product is mentioned, but in the definition of the product system “functional
unit” is mentioned, which may cover various products, and in the UNEP-SETAC [31]
document they bring forward system expansion as an approach (see Section 3.5), which
also covers multiple products. Based on the latter, we presume this must be a minor
mistake in the definition and that it should rather be associated with multiple products,
and it should thus rather be “(a) product(s) (and their life cycle”.

For CLCA, It is quite clear that these two specifications of product system, of the ISO
14044 (which “needs to model the life cycle of a product”) and UNEP-SETAC [31] (which
does not need to model the life cycle of product), and thus associated concepts, do not
completely align. It may be that a complete product life cycle is not covered in a product
system of CLCA, e.g., the decision to buy an existing car will not have as consequence the
production of that particular car (the consequences of a decision cannot go back in time),
but maybe of others (See Figure 3). See for example the work of Schaubroeck et al. [36].
An exception would be if “needs to model the life cycle of a product” is excluded from
the definition of product system. This delimitation of the product system is different
from the product system which normatively consider a product’s life cycle. Moreover, a
product life cycle could be seen as the result of a collection of decisions, from the decision
to extract resources to the decision to dispose the good in a certain way. However, this is
not guaranteed in reality. In CLCA, each of those decisions, a set or all decisions altogether
can be evaluated in their specific context to study the additional global environmental
impact they induce. Yet in the annex A of ISO 14040 a definition of product system of that
of CLCA is implied, contradictory and inconsistent with the one in the ISO 14044 main text.
See Section 3.9.

The lack of agreement on a general product system definition for CLCA seems to be
also present in the literature, and thus at the level of the scientific community. Hertwich [39]
though mentions in the context of CLCA that “a product system comprises the activities required
to deliver, utilize, and dispose of a product”, which seems in line with the “product life cycle”
definition of ISO 14044 and going against the “product system” definition of CLCA of
UNEP-SETAC [31]. The decision in the approach of Hertwich et al. [39] seemed to be
narrowed down to an “increased demand of a certain product life cycle”, in which “product
life cycle” would then relate to the definition of ISO 14044. The product system would then
include additional consequential mechanisms in the human/industrial system besides a
normative product life cycle. See the middle graph of Figure 3 for an illustration of this other
approach. This disagreement reflects also somewhat the issue that the ISO 14040-14044
reports make no exact distinction between ALCA and CLCA (terms “attributional” and
“consequential” are not mentioned), implying a lack in agreement of standards, and that the
ISO 14040-14044 is maybe just mainly the interpretation of ALCA. Yet, the latter can also be
questioned. See Section 3.9. A real solution and agreement on these terminologies should
be obtained through an agreed-upon revision or adaptation of the ISO or UNEP-SETAC
report [31], or a combined effort.
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Throughout the rest of the article, we will mainly focus on product system (instead
of product life cycle) and consider the CLCA concept of UNEP-SETAC [31] based on the
reasoning presented in Section 2.1. We elaborate more on the aspects of consequential,
causality and interlinkage of the product system in Section 3.1.

3. Different Conceptual Characteristics and Rules for Various Aspects

In the following subsections, crucial aspects are discussed in order to better character-
ize these concepts, but also to specify conceptual rules and the extent to which they specify
and limit modelling frameworks. Hereto we follow the UNEP-SETAC [31] definitions to
the letter.
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3.1. Relationships and Boundaries of the Product System

Crucial in LCA is the delimitation of the product system, against which the associated
environmental impact is assessed. Based on the UNEP-SETAC [31] report (see Table 1),
this matter is quintessentially different between the ALCA and CLCA approaches. As
mentioned in Table 1, in a CLCA, the product system consideration is consequential-driven,
i.e., one process is a consequence of a previous one, starting with the decision, implying
consequential relationships (see Figure 3). A consequential relationship entails a specific
aspect of causality. More precisely, as also brought forward in literature [36], we interpret
the concept of “consequence” as the result of an action, performed in a specific context,
and this result occurs after this action. This brings the concept of “consequence” in line
with Mill’s [40] three conditions for causal inference: (i) time precedence of the cause,
(ii) association of the cause and effect, (iii) absence of other plausible causes [41]. If A
causes B, it might not mean that A therefore will again occur if B occurs. When researching
the consequences of a decision, we do not research what has caused this decision, but only
research its probable subsequent effects afterwards. Applying consequentialism to the
product system thus means that effects (flows or processes) are included in the product
system to the extent that they are probably brought forward afterwards by other ones,
e.g., burning a fossil fuel leads to creation of CO2, starting with the decision in case of
CLCA. The derivation of this consequentiality is thus also susceptible to uncertainty and
probability. In other words, we are not sure about the occurrence of processes and their
amounts can commonly not be exactly derived. For example, the decision to discard waste
in the nature may induce its collection and treatment (e.g., 50% probability), but it may
as well just be left there (e.g., 50% probability). A decision, as part of the general UNEP-
SETAC [31] definition, may induce the complete similar life cycle of a product, as defined in
the ISO 14044 report, but this is not guaranteed. For example, consider the decision to buy
a readily available car which has been produced prior to this decision. This purchase will
most likely consequently induce the processes of usage and this process may in turn affect
other activities, but it will not have induced the production of that particular car because
that occurred prior to this user’s decision. However, a subsequent possible response to this
decision may be the production of one or several additional cars by the market. Moreover,
this thinking should be expanded towards the whole cause-effect chain. The car production
and usage may use existing products such as gasoline, for which the production may
have already been done and should be excluded, yet, further induced production of new
products, e.g., gasoline, should be considered. Another example would be that in order
to produce a car, an assembly line of machines is required, and the production of this car
depletes the capacity of these machines which may lead to their replacement in the future.
See the article of Schaubroeck et al. [36] where a framework is presented in which the effect
of a replacement decision is propagated further in time, including the market response of
producing more cars when buying a new one.

In ALCA, the relationship is characterized through linkage (limited to “physical,
energy and services” flows) which means that if process A and B are linked by a flow
both will be considered. In ALCA, the product life cycle and thus product system is, as
described in Table 1, a chain of processes interlinked that provide the functionality needed.
This aspect of interlinkage means that there is a connecting flow, but implicitly there always
is a consequential relationship between interlinked processes, as there would otherwise
not be a link. However, while in CLCA, only affected consequential processes after the
moment of decision are included, in ALCA it is possible to also include preceding causes:
processes that have caused another process. In other words, the interlinkage in ALCA
can go in both ways: cause to effect and effect to cause, the latter not being consequential.
More precisely, no consequential paradigm is followed by the obligatory consideration of
interlinked preceding processes for a certain product at a certain point in time in ALCA,
as these are not the consequence of the specific product and occur before the existence of
the product.
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For example, the process of natural gas burning links with the production of natural
gas because of the physical flow of natural gas from one process to the other, not priorily
because the specific extraction of that gas was induced by the burning of that particular
gas amount, but because it is a probable cause of it. The prospect of burning it could
induce its extraction, but not the burning itself as a process, which occurs afterwards.
Keep in mind that this interlinkage may also be susceptible to uncertainty and probability,
e.g., the effect probability that the particular gas amount will be burned or the cause
probability that gas will have been created by a particular process. The included processes
and flows in ALCA are thus not only effects but also causes. There can indeed be causality
or consequential thinking behind ALCA but this covers the consideration of causes starting
from effects, which is not the case for CLCA, while Yang [17] do not distinguish this
difference. Moreover, consequential or causal mechanisms can only be considered within
the rules set out by “interlinkage” concerning the type of flows, within ALCA. In ALCA,
also not all consequential effects can be covered because of those rules, as discussed in the
next section. Finally, these rules that defines the product system in ALCA may indeed have
been based on consequential thinking upon conceiving, but they are still rules as such. A
concrete example in real life: a legal rule to not cross a red light is a rule, but it may have
been derived from consequential thinking that it would otherwise create a lot of traffic
problems and casualties. Yet, it is still a rule, which is the same for the consideration of a
complete product life cycle. Not following the latter rule means not being compliant with
ALCA, just like crossing the red light means not being compliant with traffic rules. Yet,
jaywalking when there is no traffic around will not cause any negative consequences, but it
would still imply the crossing of a rule for which one could get a fine. Likewise, in ALCA,
interlinked processes are considered that may not have been induced consequentially,
e.g., the production in past when studying a product provided in the present, but are
considered nonetheless.

3.1.1. Types of Flows

Coming back on the aspects of types of flows, in ALCA, the interlinkage of the
product life cycle is through “physical, energy and service” flows (definition Table 1),
which encompass thus also services representing economic exchanges, e.g., the transport of
a good or the labor needed to sell the good. As already mentioned in the footnotes of Table
1, “physical” implies that, besides energy flows, material flows are covered. Moreover, as
also mentioned in the footnote of Table 1, services cover non-physical economic exchanges
that are needed for a process, e.g., the transportation process of a good, the use of capital
equipment, the marketing process needed to sell the good or the treatment of waste.

For CLCA, there is no limitation present concerning type of flow in the definition of
product system. The cause-effect chain can be induced by any type of flow, going beyond
merely physical or service flows. More specifically, this can also be an information flow and
relate to behavioral processes, which is not the case for ALCA. Building further on the car
example, the extra production of other cars X, induced by a purchase decision of car Y, is
induced by an information flow, and should thus also be considered in CLCA. Furthermore,
this implies that a product system is not limited to a product life cycle of one single product.
The decision to buy less cars, may, for example, trigger train manufacturers to produce
more trains as they anticipate more public transport. Keep in mind that some services,
may contain aspects of or consists entirely of information, but not all information flows
are services, i.e., not all information flows are payed for as part of a service. In practice,
modelling choices are made in CLCA to limit the scope of considered relationships.

3.1.2. System Boundaries of Product System

In general, for both ALCA and CLCA, it might be presumed that the boundary may
be infinite in theory but in practice “leakage” occurs, which would imply that the total
scale of processes decreases because of lowering of amounts due to losses towards the
environment, as Weidema et al. [42] mention. This would imply that process quantities
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will diminish upstream or downstream because of losses to the environment, but this will
only be the case if only physical relationships are considered between processes, given
the laws of conservation. Prominently, in case of closed loop systems (e.g., recycling),
flow amounts may just become very small, but are therefore not equal to zero, which
implies that the system still is infinite (i.e., an infinite amount of processes is considered).
Hence, there is thus commonly a diminishing trend in amounts, when only considering
physical/energy flows because of losses, and the total outcome will approximate a finite
value. In practice, a numerical cut-off, i.e., flows smaller than a certain amount are not
considered, is then commonly applied, which results in an exact finite value and boundary
cut-off. Yet, this diminishing trend in mass and energy amounts is not always the case. In
both ALCA and CLCA, services are considered, which implies that there is no restriction
to physical flows only. For example, if transport is needed as a service, again vehicle and
fuel are needed. In addition, there may be a limitation in added value amount, but then
still some services are executed by society and not the value chain (e.g., municipal waste
disposal is not fully covered in the economic value of the product). Besides, economic
balances are not strict, implying that prices may vary over time or economic balances are
not closed, which means that this is not necessarily a constraining factor. Furthermore,
in CLCA, information flows are also regarded. For example, a car purchase may induce
the production of two additional car. These aspects imply that in both cases of ALCA
and CLCA, there will not be a guaranteed diminishing effect. In fact, through positive
feedback loops (e.g., in case of CLCA, using an electric car, might convince more than one
other person to buy such a car, and this could convince in turn other persons etc.), there
can be even an increase of the system (and thus also its impact) over time. Furthermore,
cataclysmic decisions may have highly likely insurmountable ever lasting effects on the
industry, e.g., the decision to construct and operate the first large-scale nuclear fusion
reactor, inspiring others to do so as well. In line with this, innovations leading to new or
improved products are typical developments that can have more likely a profound and
infinite effects, as compared to a world without these. Finally, although the environment
may be limited in mass and energy flow, it is not the case for their availability over the
infinite time horizon. In practice commonly a finite boundary or outcome is obtained,
because of practical restrictions (e.g., data shortage or small cut-offs considered) or the
structure of the considered product system, but in theory an infinite product system is
definitely possible, even with a runoff-effect.

Overall, an infinite product system with infinite outcome can be obtained, which
makes it impossible to identify the more environmentally friendly system among systems
with related infinite outcomes. As a consequence, in practice, still artificial boundaries need
to be drawn. When it comes to boundaries in CLCA, Ekvall and Weidema [43] mention
that “the boundaries of the system investigated should ideally be defined at the point where the
consequences are so small, or the uncertainties so large, that further expansion of the boundaries will
yield no information that is significant for any realistic decision”. From a broader perspective,
this is based on the limits of our knowledge of what cause-effect chains could entail [44,45].
Coming back on the statement of Ekvall and Weidema [43], their advice is difficult to follow
exactly because of the lack of knowledge on the extent of the consequence or the extent
of uncertainty. As an aid in pinpointing a cut-off, based on ethical consideration, impacts
could be valued less over time, through discounting [46–50], and will then automatically
become less significant over time. Note that this consideration uplifts intergenerational
equity. However, this only increases the chance that future impacts are lower but does
not guarantee it (because of potential increasing product amounts as discussed above).
Discounting is not a cut-off approach as such. It would just make a cut-off more acceptable
but not conclusive. In fact, the time boundary of 100 years in the Global Warming Potential
calculations can be regarded as an ethical consideration that implies that the impacts after
100 years are not of relevance. However, originally, these boundaries may also have been
set out of randomness or because of practical reasons, e.g., computational feasibility and
output uncertainty and credibility. Similarly, a cut-off boundary of 100 years could be
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set for the product system. This is currently a modelling choice but it would be advised
to agree upon a cut-off rule for both ALCA and CLCA (and sustainability assessment in
general) at the scientific community level, which could possibly be a cut-off rule over time
and potentially in combination with discounting.

3.1.3. Considered Systematic Cut-Offs in Literature

Although perhaps not for the above reason of probable infiniteness of the product
system, many systematic variants of cut-off rules have been introduced in literature, despite
the fact that they are, in a theoretical sense, non-compliant with the definition of a product
system. Besides the numerical cut-off, these cut-offs may have value-laden implications, but
this is not the focus of our work. Such systematic cut-offs have especially been introduced
for ALCA. The most common is the consideration of so called “partial” product life cycles,
that only cover a part of the product life cycle, e.g., “cradle-to-gate” studies that only
cover processes from initial resource extraction from nature (“cradle”) up until product
manufacturing (“gate”, implied as factory gate). The latter is also specified in ISO 14040 as
not being LCA studies, but just a study to which some LCA principles have been applied.
“Cradle-to-grave” studies are also mentioned and cover the complete product life cycle
of the respective product(s), if by “grave” is meant the final disposal of the product and
not intermediate ones after which further processing such as recycling could occur. An
approach in which a cut-off is applied after the first waste processing (the “first grave”), is
the “cut-off approach” or “recycled content” approach, which is a common system model
considered in various databases, standards and guidelines [51,52]. In that method, only
waste handling is considered, whereas further conversion into new products are cut off,
even though there is a physical link and thus should be part of the product life cycle and
product system (see Table 1). A more recent method of attributional LCA, Allocation at
the Point Of Substitution (APOS), does not perform this cut-off and traces the complete
interlinkage [53–55], in line with the UNEP-SETAC [31] concept of ALCA. Schrijvers [56]
review this APOS approach thoroughly and consider it also more appropriate than the
cut-off approach to address the ALCA question, since the cut-off approach is not compliant
with the ALCA definition and not compliant with ISO 14040-14044. As explained in
the text above, because of not covering the final disposal and discarding what happens
beyond waste valorization, the cut-off approach is not compliant with ISO 14040-14044.
Schrijvers et al. [57] elaborate further on this matter and argue that the cut-off criteria in the
ISO for insignificant flows do not consistently validate the cut-off after waste valorization
as done in the “cut-off approach as there can be huge impacts downstream”. Note that there
are other differences between these models, specifically on the matter of multifunctionality
(see Section 3.5).

Any of the existing cut-off rules could possibly be considered, but hereto an agreement
on a scientific community level is needed, which is lacking in both ISO 14040-14044 &
UNEP-SETAC [31]. Hence, the issue of infiniteness and how to handle it, still remains.

3.2. Considering Time

The concepts of ALCA and CLCA, as presented in Table 1, do not have an explicit
temporal specification, i.e., it is not mentioned explicitly whether e.g., the past is covered. Yet,
temporal differentiation has been studied considerably over recent years in the field of LCA,
and is considered an important aspect of improved modelling and interpretation [49,58–61]. A
product system is after all spread over time, as is its associated environmental impact. A car
can only be used after it has been produced. Therefore, the initiation of the environmental
impact of production of a car will precede that of the use of that specific car. When
considering the decision to buy an already produced car (not order it), the product system
may either encompass the production of the specific car, in case of ALCA, or, in CLCA,
exclude this production because it occurs before the decision. However, in CLCA, such a
decision may possibly induce the subsequent production of other cars in the relative future,
not the production of the specific one that is used (see Figure 4).
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Yet, from an absolute time perspective, ALCA and CLCA can be used to assess impacts
of product systems in the absolute past, present and future [23]. Considering this time
perspective, for both attributional and consequential approaches, one should thus specify
in the goal and scope phase of the study when exactly the product quantity, change, or
decision occurs [60]. The absolute timing of product provision or of a decision, leads to a
distinction between subtypes of LCA. If this is done in the past, we speak of a retrospective
LCA and when done in the future, a prospective LCA. Although these terms have been
linked with ALCA and CLCA, respectively, this does not make sense [19,21]. For example,
one can also evaluate a past decision (retrospective CLCA). Alternatively, one could also
consider what would be the environmental impact attributed to products that are provided
in the future (prospective ALCA), e.g., addressing what would be the share of the burden
that can be attributed to an electric car used in a future timeframe, e.g., from 2030 to 2040.
However, this would require a prospective reference system or scenario to be modelled.
This can even be in the consideration of a decision that induces it, e.g., specification of
impacts attributed to an electric car in a future world where the decision is made to produce
40 new electric cars, in which the ALCA would though not cover the effect of the decision.
Conversely, from a CLCA approach for the decision to produce those 40 new electric
cars, the effect of that particular decision would be studied. As Zamagni et al. [7] noted:
“we should be aware that these “future” considerations are not a peculiarity of CLCA but can
also be dealt with in other LCA modes.” However, besides this freedom to select a point in
time, choices ought to be made to reflect the actual (or best estimation for the) timing of
occurrence. In other words, if we define that a specific product should be delivered at
time t, the production of that exact product should not occur after time t. This does not
deal about a product in general (e.g., a car), but about the specific product that is to be
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consumed (the specific used car). Production of another batch, could happen afterwards,
as shown in the example for CLCA in Figure 3.

Coming back on the relative temporal perspective, the only difference between CLCA
and ALCA, is in the relative consideration of time (not the absolute one). CLCA always
considers the time after the decision, the relative future of the decision, even if the decision
itself occurs in the absolute past, present or future. The “consequences of a decision”
(Table 1) cannot go back in time. Even the whole cause-effect chain along the supply chain,
is projected into the future (e.g., buying a car, induces that a car should be finalized or
more produced, and this possibly induces car part manufacturers that car parts should be
finalized or more produced etc.). As an example, see the work of Schaubroeck et al. [36].
ALCA considers the time before the product finalization (e.g., raw material extraction) and
after the product finalization (e.g., disposal), i.e., both relative past and future.

It is mainly regarding the time aspect, that the definitions of UNEP-SETAC [31] differ
slightly with that of Guinee et al. [3]. The latter authors specify as a goal of ALCA that
it should assess “the environmental impacts of a production system as it currently func-
tions”, whereas this limitation to current functioning is not specified by UNEP-SETAC [31]
(see Table 1).

Even though such a limitation to “currently functions” could be considered from a
normative perspective (not that any other definition ever raised that), it would make the
concept more unrealistic, as it could not present a share of the globe anymore that is spread
over time. Note that Guinée et al. [3] also present the definitions of UNEP-SETAC [31],
but it is then not made clear as to why they present a second definition in their work
that doesn’t completely align with these former definitions. In practice, the inventory for
current functioning may be used as an approximation but we would not present it at a
conceptual level. Finally, the consideration of current functioning, is also in contradiction
with their statement that “ALCA is the only mode focusing on modelling a situation as it is,
either in the past, present, or future, but without any changes” [3]. In this sense, it could be
that they mean “currently” in a relative manner, i.e., the time at which a process occurs. Yet,
in Table 2 in their work, it is also specified that ALCA is only for past and present, which
implies the ignoring of any future effects or consideration of products and functionality in
the future.

Table 2. Fictional example of the ALCA validity check for additivity of a final and a related non-final product, in this case
clothing and washing product. Besides the mentioned evaluation examples, if a washing product amount higher than 25
or a clothing usage bigger than 5000 is intended to be considered, this cannot be eligible within the framework of ALCA,
unless an alternative extrapolated version of the world is considered.

Example in Which Final and Non-Final Products Are
Intended to Be Both Considered and Thus Their ALCA

Results Added

Global Amount (Fixed) Example 1 Example 2

Amount of Washing product
(non-final product)

25 (used for clothing at 0.005 L
per clothing usage, i.e.,

200 clothing per L)

1 L of washing product:
implies 200 clothing usage

10 L of washing product:
implies 2000 clothing usages

Amount of clothing usage
(final product) 5000 usages of clothing 4500 usages of clothing 3500 usages of clothing

Recalculated final product of
clothing usage amount 200 + 4500 = 4700 (<5000) 2000 + 3500 = 5500 (>5000)

Evaluation Ok for ALCA; no
double-counting

not ok for ALCA:
double-counting, unless an

extrapolated world is
considered (with 5500 clothing

usages as final products)
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To conclude, ALCA and CLCA are not restricted by time in an absolute sense because
product systems are spread over time and decision and product delivery can be studied at
any point in time. However, CLCA only propagates the effects in the relative future of the
decision, i.e., after the decision, whereas ALCA also traces back impacts in the relative past,
before product provision.

3.3. Specify the Product System and Impact Separately or Compare Scenarios

Generally, there are two approaches to conduct a single LCA: (1) quantify separate
scenarios of a world or an independently impact section of it (e.g., with and without that
product system; the latter called reference system), and compare them, or (2) estimate the
product system and its impact within a reference environment (with reference conditions)
separately, i.e., quantify the difference between the scenarios directly and not a priori
quantify separate scenarios to then compare them. See Figure 5. Keep in mind that this
does not deal about the comparison of multiple LCAs, corresponding with alternative
product systems, that provide the same functional unit. It will be shown in this section that
both approaches for a single LCA can be applied for both ALCA and CLCA, implying no
conceptual restriction. The second option is the main approach applied in LCA studies. The
product system is modelled separately for each (set of) product(s) or decision alternative(s).
In practice, in LCA software, you can easily select a product, for which then a product
system is propagated, as well as an associated environmental impact. This reference
environment only concerns reference conditions (generated by both the human/industrial
and natural drivers), e.g., temperature, pressure and macroeconomic situations, that are
ideally not connected or influenced by the product system. Although the latter is in theory
not possible, if the flows are very low, they may negligibly induce a change in the reference
environment, and this effect could therefore be neglected in practice. Ideally, though,
a changing reference environment occurs and also the feedback of that on the product
system should be assessed (e.g., a temperature increase by greenhouse gas emission in
agriculture on the agriculture itself). Hence, the first option is gaining interest because
of the complex interconnectivity between product system and its reference environment
as mentioned above.
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Concerning consequential LCA, since it implies the effect of a decision, such an
assessment can be easily envisioned to cover the comparison of various scenarios [7,29].
These scenarios, because of consequential effects (e.g., due to greenhouse gas emissions),
would then align with different plausible versions of the world. Each one for the different
alternatives of the decision. For example, if the decision is just to produce an extra certain
amount of a product. In the latter case, consequential LCA then entails the comparison
of a scenario with that increased amount compared to a scenario without that additional
amount, i.e., a business-as-usual scenario (Figure 3).

Attributional LCA assigns a certain part of the global environmental impact to the
studied product life cycle. The above option (2) is a more straightforward way of quanti-
fying an attributional LCA. ALCA could also hypothetically be regarded as a difference
between scenarios (Figure 3), as in option (1), but then the scenario without the product sys-
tem is an unrealistic and hypothetical one, as also brought forward by Soimakallio et al. [6].
This issue is specifically discussed when it comes to the land use baseline to characterize
the effect of land occupation in LCA [6,24,62]. The land occupation would then be char-
acterized as the loss in ecosystem services and biodiversity which would have normally
been provided by the baseline system, as proposed in a UNEP-SETAC guideline [63].
Soimakallio et al. [6,62] are not conclusive but argue in favor of a baseline in which the
state before land use is considered and then further natural regeneration occurs, which is
artificial as in a realistic baseline scenario possible human intervention (besides the product
system) should be considered. The latter type of realistic scenario would be relevant in
the case of CLCA. For example, for a decision to construct a building on a piece of land,
in CLCA, this is compared with an alternative scenario where the land is not occupied by
that particular building but possibly used for other realistic human purposes (e.g., parking
lot) besides having natural vegetation grow on it.

To conclude, both scenario comparison and direct propagation of the difference can
be applied and are not limited by the conceptual characteristics of ALCA and CLCA, but
rather pragmatic considerations. The consideration of various scenarios and reference
environments also serve as a part of the uncertainty assessment [7].

3.4. Additivity-Restricted (ALCA) versus Free Mathematical (CLCA) Modelling Specifications

These concepts also delimit the type of mathematical modelling framework that should
be apprehended from a theoretical viewpoint. A straightforward modelling assumption
is that of linearity. Linearity can refer to different concepts, but here we have a restricted
meaning in mind: namely the multilinearity concerning the demanded products as input.
A multilinear model is a model in which the output (in this case environmental impact)
varies in a linear way if one of the inputs in varied, the other inputs being fixed. Here we
consider fixing all process data, and only changing the product amount (which represents
the functional unit). Mathematically, the basic function is Y = a × X, where Y is the impact
and X the product amount. We further refer to this multilinearity as linearity in the rest of
the article. Note that this multilinearity may not hold for other input parameters for the
LCA model, more precisely that of the technology matrix, but here we only focus on the
final product amounts as input [64]. This is mathematically elaborated in the Appendix A.2.
This linearity in a product system would imply that a functional unit of 2000 MJ electricity
should imply two times the environmental impact of a functional unit of 1000 MJ, if
only electricity is considered as product. In the original ISO 14040-14044 [8,9] documents
on LCA, no specification is made regarding linear modelling. The UNEP-SETAC [31]
definitions of ALCA and CLCA do not explicitly mention linearity. Nevertheless, the main
models that are used in LCA methodology are commonly linear, as explained elaborately in
literature [65] and illustrated in the Appendix A.2. As brought forward in latter reference,
a distinction can be made between process-based, environmentally extended Input Output
(EEIO) and hybrid approaches, which follow the same mathematical backbone. Keeping
into account the considerations (e.g., modelling restrictions) discussed in this work, these
approaches could be used for either ALCA or CLCA. For example, even for EEIO in CLCA,
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the Stone method could be applied to address multifunctionality [66–68]. We do not further
elaborate on these three different techniques as this is out of scope of this study.

For ALCA, the reason for linearity is not only because of easiness of application
(e.g., easy upscaling and aggregation of results), but also because it readily meets a theoret-
ical requirement. A prerequisite in the UNEP-SETAC [31] report for ALCA is (see Table 1):
“if one were to conduct attributional LCAs of all final products, one would end up with the
total observed environmental burdens worldwide”. (A final product is considered here
a product that is directly consumed by humans and not used in the life cycle of another
product.) The specific prerequisite is also reasoned in literature specifically for ALCA. More
precisely, prominent works of Heijungs [14,69] bring forward the axiom that results of dif-
ferent final products should be additive. Additivity implies that the sum of the impacts of
separate products (through several LCA) equals the impacts of those products all together
(through one LCA). As Heijungs [14,69] discusses, to meet this additivity prerequisite,
material and energy balances should be respected and this will guaranteed be met through
linearity, out of pure mathematical reasons. For example, if one LCA study estimates the
environmental impact on five apples and afterwards the same approach is applied for two
identical apples, the impact of seven apples will only be equal to the sum of the separate
impact of the studies, if the LCA function is linear, i.e., impact = linear factor × number of
apples (since then linear factor × 7 = linear factor × 2 + linear factor × 5). If the function
would be for example a square function, this does not hold since 25 + 4 is not equal to 49. It
is possible that linearity is not the only option to meet the requirement for additivity, but it
is guaranteed for a linear modelling framework, which is currently common and practically
straightforward. Alternatives need to be further studied and validated. These could for
example be based on so called “general additive models” (the name does not guarantee
it) applied mainly in the field of statistics [70–73]. There might thus be a possibility for
non-linear additive ALCA modelling frameworks, but this is not yet validated. In this
article we will focus on the linear modelling framework for ALCA.

Moreover, considered amounts cannot be bigger than their total global demand over
the considered period, as otherwise they imply going beyond the “total observed burden
worldwide” as presented in the definitions of UNEP-SETAC [31] in Table 1. In the definition
of ALCA is also mentioned that a “portion” is considered, and a portion cannot be bigger
than the total of which it is a part of. It is important to note that this additivity, in the
strict sense, is valid per life cycle and that each life cycle should then also be linked
with just one final product. To validate this additivity, it should be checked whether the
reference products of to-be-added ALCA studies are final products and are, in other words,
not consumed in the life cycle of the other product (e.g., washing product is used for
clothing). In practice, different amounts of final and non-final products can still be added,
e.g., because of the linearity, under the condition that related final product amounts do
not transcend their global demand. Otherwise, double counting occurs. See Table 2 for
an example. Considering only final products will help to easily avoid this issue and in
case of non-final products, low amounts will most likely not create an issue, making the
need for an additivity check less likely. Weidema et al. [74] mention that this additivity is
“hypothetical in the sense that it requires the unrealistic steady-state assumption that all
product impacts take place at the same point in time”. Given the consideration of time in
Section 3.2, it is not the case that product impacts should take place at the same time in
ALCA. Mathematical functions can also be added for that matter.

However, this limitation to global final product amounts, is only obligatory if you
want to study that particular version of the Earth for which those final product amounts
hold. One can thus still use greater amounts, but then an alternative “extrapolated” version
of the Earth is studied, extrapolated to meet those additional final product amounts. At
best, for that extrapolated Earth, its impact is first modelled, and within that context an
ALCA is then applied.
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Concerning modelling being restricted by additivity (e.g., guaranteed through linear-
ity), this does not only reside in the modelling of the industrial chain but also environmental
impact. If this theoretical additivity prerequisite would be discarded then the portions
of environmental impact would overlap (the sum would not equal the total). In practice,
linear factors called characterization factors are used that represent the normalized ratio of
the effect per resource or emission flow (see Section 3.7). Maybe the scientific community
could consider uplifting this theoretical additivity as a prerequisite for ALCA, but it would
lead to another degree of freedom in the model that could undo the normative nature
of ALCA.

Regarding CLCA, In the UNEP-SETAC [31] definitions and report, there is no con-
straint at all about the types of model for CLCA and the main idea is to, as best as possible,
represent consequential relationships. In practice, the integration of various models and/or
consideration of non-linear models are brought forward [5,50,75–77]. Yet, a linear model
can still serve as an approximation, as done for the consequential database in ecoinvent
3 or higher [54]. See Appendix A.2 for an explanation on this. A delineation of conse-
quential models as linear models, as done by Weidema et al. [78] (“Consequential models are
steadystate, linear, homogeneous models, with each unit process fixed at a specific point in time”), is
thus a too narrow modelling specification than what is restricted by the UNEP-SETAC [31]
definition of CLCA. Rajagopal [34] presents a mathematical framework in the context of
CLCA for economic modelling. Although this might be an interesting practical framework,
it cannot be argued as the single valid one because of the mathematically open modelling
nature of CLCA at a conceptual level.

Overall, purely based on the concepts, ALCA modelling should be additive (e.g.,
linear), with an extra check on double-counting, and CLCA modelling has no restriction in
this respect.

3.5. How Multifunctionality Is Dealt With

A particular issue to assign an impact to a product or related decision occurs when
considering processes or parts of product systems that create multiple outputs. For ex-
ample, when burning biogas in a co-generation unit, this creates both electricity and heat.
Even though either can be wasted, let’s consider here that both are used, which implies
a multifunctionality issue. Another example would be that when valorizing waste of
product A into product B, the product system would thus create two products. This is
in fact not a pure conceptual/theoretical issue, as it only is present because of the exis-
tence of multifunctional processes. Yet, it is hard to even consider a world without any
multifunctional process and thus it has become a general systematic issue of concern. The
multifunctionality issue does not only relate to the functions of product flows but also the
function of waste treatment [79]. See also the work of Schaubroeck et al. [80] for a broader
overview, including a coverage of waste valorization as multifunctionality issue. Please
keep in mind, as mentioned in the introduction, we do not focus on the societal relevance
of ALCA or CLCA, nor that of their methods to address this multifunctionality issue. We
also only introduce some prominent existing approaches to deal with multifunctionality. A
first general solution, regardless of ALCA and CLCA, to addressing the multifunctionality
issue, is to prevent it by subdividing the process into separate processes that belong to each
separate functionality, as according to ISO 14044, but this cannot always be done.

In ALCA, the idea is to attribute a share of the global environmental impact to a
specific product system with a certain functionality (see Table 1). To do so, one in fact
may need to artificially split the human/industrial system into different product systems,
and related processes, because these are interlinked. The issue of multifunctionality is
commonly resolved using normative rules of partitioning in ALCA [51,81]. In the case of
biogas burning in a cogeneration unit, the environmental impact of biogas burning and
each linked process needs to be partitioned between the product system of the particular
electricity as functionality and a system with the particular heat as functionality, if it is
desired to consider the impact of these products produced through the same process
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separately. See Figure 6. Such partitioning could be based on the energy content of the
produced electricity and heat. This partitioning means that the biogas process is artificially
split into two, which is unrealistic since in reality the delivery of both heat and electricity
will take place together for that particular cogeneration process. If biogas is burned, both
electricity and heat will be cogenerated within a cogeneration unit. ALCA results are
not representative of reality, if this partitioning is applied, which is practically commonly
unavoidable. Moreover, only one partitioning key can be selected (e.g., energy, mass or
price or a certain rule), which implies that balances for other characteristics cannot be
preserved [53,82]. For example, if we partition the inflow of wood (with x carbon content)
to saw dust and sawn wood for a multifunctional sawing process based on their prices, it
may be that the amount of wood (with a certain carbon content) assigned to saw dust is
different from the actual mass and carbon content of the saw dust. However, as already
mentioned in Section 2.1, a concept does not need to be guaranteed realistic to be acceptable.
An alternative to this situation in ALCA is the expansion of the functionality and thus also
expand the product system to consider the aggregated product system, as brought forward
in ISO 14040-14044:2006, called “system expansion”. For example, in the case of biogas
burning with cogeneration, consider both respective amounts of “electricity and heat”
as functional unit and thus consider the biogas process as a whole, without splitting it.
However, because of the interconnectivity of the earth, you can easily end up considering
numerous amounts of products and your product system will approach the complete globe.
Moreover, system expansion would imply that you cannot really compare single products
if they are coproducts (as you cannot single out the impact for each one). Partitioning
based on an allocation key is then also commonly applied in life cycle inventory databases.
One needs to take into account this particular type of abstraction when interpreting ALCA
results. This is besides the abstraction by only considering additivity-restricted modelling
as mentioned in Section 3.4. Moreover, this partitioning aspect is also considered besides the
cut-off approach and APOS approach that define the product system boundary differently
(see Section 3.1).
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ALCA and CLCA, based on literature [51,81]. Schrijvers et al. (2016) already pointed out that “system expansion” is valid
for both ALCA and CLCA. For CLCA, only one common approach is presented (“substitution”) but in fact there are many
others based on market or other modelling. These are just three approaches and others exist.

In other words, there can be APOS or cut-off with any kind of partitioning key. Finally,
both partitioning, as pointed out by Majeau-Bettez et al. [83] and system expansion (when
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avoiding double counting of final products, in Section 3.4), as brought forward here,
respect the production balance, implying that they also respect the additivity requirement.
See Section 3.4. Majeau-Bettez et al. [83] also present other approaches to deal with
multifunctionality for which the production balance and additivity requirement would not
be met.

In CLCA, the goal is to model as realistically as possible the cause-effect chain starting
with the decision (see Table 1). “The boundaries of the system are expanded so as to include those
processes which are affected by the consequences of the decision at hand. In doing so, the resulting
functionality of the whole system would consist of multiple functions, including the main system and
those added by the processes included in the boundaries.” [7]. An example of multifunctionality
is that “electricity from biogas burning in cogeneration” is demanded, that will indirectly
imply the production of heat as well. (Note again that in this example we presume that the
heat is valorized and not wasted, which commonly happens with heat from cogeneration).
For CLCA, it is also possible to apply an expansion of the functional unit so that the total
respective system is considered, commonly referred to as “system expansion”, e.g., both
consider heat and electricity produced as functionality and the totality of the entire system
related with the cogeneration unit. When only wanting to consider the product system and
environmental impact for the electricity, the question is then how to deal with the produced
heat. From a consequential perspective, it is essential to consider how the market will react
to that extra amount of product, in this case the heat. CLCA are then often also linked with
market or other consequential models [23,25,56]. Based on a simple assumption, the market
is demand constrained, one can presume that there will be less alternative production of
heat. If x MJ of heat is created through biogas cogeneration then the alternative production
of heat (mix of natural gas burning, heat pump etc.) is lowered with x MJ of heat. This
approach is called the “avoided burden” or “substitution” approach [51,81]. This leads to a
simple but limited solution of the multifunctionality issue in case of CLCA (see Figure 6).
Keep in mind that the substitution approach is different from system expansion [57]. It is
imperative to realize that this “substitution” or “avoided burden” approach only represents
one way of how the market will react and is not a main characteristic of CLCA in general
as it is not restricted by its definition (Table 1). It will depend on the case if it is the most
appropriate approach. It is however a commonly applied approach as it is used in the
consequential system model of an LCA inventory database [54,55]. One could also regard
this substitution approach as a comparison of scenarios; a comparison between a scenario
with an extra demand of a certain product and one reference scenario without it (but
both with the same market demand for the generated coproducts). It is important to note
that the consequential version of that particular database encompasses more than just
this substitution solution for multifunctionality, but it still remains just one modelling
framework. Alternatively, the market could also be supply-constrained and consume the
co-product additionally. In the latter case, the consequential benefit of consumption or
product benefit needs to be considered [50,84]. It is thus important to consider that the
choice for the substitution method is a modelling parameter and not a restriction related to
the CLCA concept. To have a better idea on how a different solution may affect the outcome
considerably, keeping in mind their difference in goal, you can consult elaborative case
studies in following literature [85–87]. Focusing on a specific case of linerboard recycling, a
recent study [80] shows that the water scarcity impact is lower for recycling than for virgin
cardboard in case of attributional LCA, but it is vice versa in case of consequential LCA. In
case of capital goods, specific apprehended solutions for the multifunctionality issue are
discussed by Schaubroeck et al. [36].

In hindsight, the ISO 14044 also provides a hierarchy of solutions to deal with multi-
functionality, but it does not link these with either the ALCA or CLCA concept, which it
also does not mention. A first solution, would be to subdivide the process as yet mentioned,
but this is rather a prevention than a solution. If that does not work, system expansion is
advised and subsequently partitioning, with a priority for a partitioning key based on a
physical attribute. Yet, this hierarchy is questionable, as (1) alternatives such as substitution
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are not clearly mentioned (even though some questionably link it with the text concern-
ing system expansion or economic partitioning [31,57]), (2) system expansion provides
another expanded functional unit, which implies it is a different solution rather than a
better solution, and (3) it is impossible to argue in favor of a superior partitioning key, as
each has its advantages, and (4), more in general, the choice of solution is dependent on
the specific Goal & Scope of the study, which can relate with ALCA or CLCA. It would be
advised not to follow the ISO 14044 hierarchy, and we advise to reconsider the respective
section in the revision of ISO 14044, which is ongoing. Schrijvers et al. [57] also question the
ISO hierarchy and Moretti et al. [88] highlight as well its ambiguity in interpretation and
application through their meta-analysis. (The recent 2020 amendment of ISO 14044 defines
“System expansion avoids allocation by integrating a functionally equivalent product system, that is
assumed to be substituted by the co-product (product B), within the system boundary”. However,
then system expansion would only be equal to avoided burden or substitution, losing the
conceptual idea of expanding the functional unit and the system. There are moreover also
other theoretical ways to address the effect of co-products in consequential LCA such as
product benefit characterization [80].)

To conclude, this multifunctionality issue has originally been prominently at the core
of ALCA-versus-CLCA debate, but the difference between these approaches is clearly
larger than that, as Zamagni et al. [7] also note. Although this issue of multifunctionality is
a pragmatic one, occurrence of these is quite omnipresent. To obtain an impact per function
and related product amount, partitioning needs to be applied in ALCA and in CLCA
the consequential effect of the coproduct needs to be considered, based on the respective
concepts. In specific ALCA and CLCA modelling frameworks further parameters or choices
should be specified and argued concerning which partitioning key in case of ALCA and
how the consequential effect is going to be modelled in case of CLCA.

3.5.1. Environmental Multi-Input Processes and How to Deal with This

Similar to the multifunctionality of human/industrial systems, there can also be
environmental processes that have multiple environmental pressures as input. Figure 7
illustrates this with an example on smog creation having both NOx and volatile organic
compounds (VOC) as inputs, which is a well-studied process [89].

Following the additivity requirement of ALCA to the letter, within life cycle impact
assessment, the respective process should be partitioned among both these flows if they
are (indirectly) from human/industrial origin. Only in the latter case, will the sum of the
ALCA of all final products lead to the global environmental impact, as required by the
definition (see Table 1). However, in practice, this partitioning is not done and instead the
process is run presuming that the input of the other is defined by a background concentra-
tion level of the reference environment (see Section 3.3), the ceteris paribus principle [90].
Furthermore, this rule is not a common model choice but almost presumed as a conceptual
rule, which seems in theory in contradiction with the rule of additivity in ALCA. This
may be interpreted as a consideration of a background reference environment without the
product system, but it excludes the fact that the reference environment is also partially
induced by product systems and their flows (e.g., VOC emissions from industry), which
is specifically relevant for large amounts (see Section 3.3). Environmental processes can
thus be the result of two product systems (e.g., NOx and VOC originate both from hu-
man/industrial processes), which in theory necessitates the need for partitioning these.
A thorough reconsideration of life cycle impact assessment for ALCA seems needed in
practice in which there is also partitioning of environmental processes that use different
flows of the industry to be consistent with the UNEP-SETAC [31] definition.
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Figure 7. Multi-input processes and how they are and should be dealt with in attributional and
consequential LCA.

3.6. Marginal versus Average Considerations

CLCA considers the changes that are induced by a decision in a uniquely consequen-
tial manner and ALCA considers attributing a share of global impacts (see Table 1). This
distinction reflects a specification for so called consequential processes (related with a
change in the world due to the decision) in the case for CLCA and interlinked processes (re-
lated through interlinkage based on physical/energy flows and services, within a world not
changed by the product amount) for ALCA. The suppliers, i.e., the type of processes (e.g.,
renewable electricity suppliers), as reviewed and discussed by Ekvall and Weidema [43],
are specified as “marginal” for CLCA and “average” for ALCA. The choice of the wording
“average” may be confusing, since it does not strictly relate with the above meaning, but
rather with an average for a studied group of products, possibly of the same type, or its
product system and effect. When it comes to marginal, various definitions of this word
exist, as presented in Table 3.

Table 3. Various definitions of the word “marginal”.

Type of Definition Definition

Marginal (small) “very small in amount or effect” [91]

Marginal (change) “In [economics], marginal concepts are associated with a
specific change in the quantity used of a good or service” [92]

Marginal (small change) “relating to or resulting from small or unit changes” [93]

Marginal can be used for CLCA, when considering the definition of marginal associ-
ated with a change in amount of products due to a certain decision, denoted as “marginal
(change)”. However, there is also the common definition of the word marginal: “very
small in amount or effect”, as presented in the Cambridge English Online Dictionary [91].
This definition we call “marginal (small)” and we will utilize this definition in our work.
Moreover, there is the definition of marginal that relates to small change, as shown in
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Table 3, which we refer to as “marginal (small change)”. In latter two cases, the use of the
word “marginal” is not uniquely linked with CLCA. There is no specifications of certain
amounts of certain set of products or effects in the definitions. Overall, the definitions in
Table 1 of ALCA and CLCA make no specification towards average and marginal (small
or small change) respectively, nor can it be unequivocally inferred from them. To avoid
further confusion, in the case of suppliers, we resort to use “consequential” and “attribu-
tional” suppliers as wording, which relate entirely with the CLCA and ALCA concepts,
respectively. Note that the use of the word “supplier” may thus also be questioned because
a consequential supplier is not supplying to the process that induced it. A more correct
wording would be “type of process” instead of “supplier”. Yet, we stick with the wording
“supplier” out of convention.

In ALCA, the attributional suppliers, are thus the type of processes which are inter-
linked through a physical/energy or service flow, i.e., the actual suppliers as mentioned in
UNEP-SETAC [31]. For the example of 1 kWh of electricity of a reference scenario (not an
extra demand), the interlinked electricity suppliers of that reference scenario are the ones
that have actually produced that specific used 1 kWh. However, if the average product life
cycle on the market is considered, only then the interlinked suppliers will be the average
suppliers on the market.

In CLCA, the idea is to model the affected suppliers and technologies, i.e., the con-
sequential ones, which are not necessarily the ones that are interlinked (based on physi-
cal/energy flows or services) since the overall change in the world is considered, not the
changes of the interlinked suppliers of the demand. For example, if one more kWh of
electricity is demanded, the market will respond by increasing a certain set of electricity
production alternatives, but the consumed electricity may still have been produced by
other suppliers. Consequential suppliers are the ones that respond to a change in demand,
not the ones that necessarily provide the demand, i.e., attributional suppliers. The identifi-
cation of the suppliers is part of the modelling in CLCA, and has been researched by many
scientists [43,94,95]. What that set of consequential suppliers will be, will depend on the
market response. It may be just a single technology (e.g., nuclear energy) but it could as
well be the current average market mix. This could be specifically the case if the decision
is small. For example, if a low extra amount of electricity is considered, then maybe the
current average electricity production plant can respond to that demand by increasing their
production (if the maximum production capacity has not been met). However, this should
not be seen as a fixed or general rule, as the ILCD report of the JRC-IES [28] proposes, and
rather as a case dependent issue covered by the modelling [26]. Scale should after all not
influence the choice of the approach from a conceptual viewpoint, but it can influence
choices in practical development of a modelling framework.

The notions of marginal (small) and average can be relevant when it comes to speci-
ficity of product/decision and related product system and effect propagation. Albeit this is
more a matter of the modelling framework and the specificity of the study, we clarify mat-
ters here shortly to shed some light on this aspect. It can be specified whether a marginal
(small) or average decision or product is of concern. For example, if a machine can wash
1000 apples maximum, an extra machine will be used or needed for the 1001th apple. If the
goal is to assess the impact of the 1001th apple, then the complete production and complete
operation of a machine, used for that single apple, should be considered. If instead the
average apple is considered of all the 1001 apples, then the average impact should be
regarded (i.e., dividing the impacts of two machines by 1001), not that of a particular apple.
This specification of an average or marginal (small) product or decision is part of the scope,
independently whether ALCA or CLCA is considered, and should not be confused with
the consideration of attributional or consequential suppliers above. Although the above
example of a single apple associated with an extra machine usage is not that presumptuous,
it could also be another amount of apples lower than 1000.

A common misconception, as Boulay et al. [96] point out, is the association of the
marginal (small) or average derivation of characterization factors (CF) (that cover the im-
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pact; e.g., 299 kg CO2—equivalents per kg N2O) with either attributional or consequential
LCA. As well explained in their work, the environmental response can be quite non-linear
which makes it a challenge to derive a linear factor (in particular interesting for ALCA
but only an option for CLCA). Forin et al. [97] makes a more clear distinction between
the average effect for an amount range, which is over a range regardless of the inventory
(e.g., effect of 10 to 100 kg CO2 emitted), i.e., average CF, and the “incremental” effect of a
specific amount, i.e., incremental CF. Yet, we do not use the terminology incremental but
just “amount-specific” as it relates with what is actually covered (e.g., effect of a specific
amount of CO2 emitted starting from actual levels).

Note that for average CF, our definitions are slightly different from Forin et al. [97]
as we do not consider the average CF to necessarily start from 0 (i.e., for all amounts) but
this can be just of a segment. Moreover it would be possibly impractical to always trace
back to 0. In this sense it might be good to distinguish between such segmented average
CF and total average CF, the latter starting from 0. Nevertheless, average CF imply a
value-laden equity distribution of effect among elementary flow amounts [97,98], which
makes it theoretically not the best choice for consequential impact consideration.

“Marginal” (small) effects and CF can be seen as a special case, as it is conventionally
interpreted as being for a negligibly small increase to a certain background concentration
presuming it does not alter the latter, i.e., the CF is the slope at the background level. This
follows as well the ceteris paribus principle [90], which is theoretically not recommended
(as any elementary flow amount will cause a change in its level), but just a practical
approximation for ease of use in case of small amounts. Heijungs [98] exemplifies the
goodness of approximation by a marginal CF approach for small amounts, even when faced
with multi-input environmental processes (as discussed in Section 3.5.1), which implies
that it may be a practical solution to avoid the partitioning issue.

In the case of LCIA, following its consequential viewpoint (see Section 3.7), the only
correct theoretical approach is the amount-specific approach. This implies that for each
amount a separate CF value needs to be specified, thus having not a general CF factor,
making it one of the factors of its impracticality. Average and marginal (small amounts) CF
approaches can be seen as alternative practical approximations. The appropriate choice of
either an average, amount-specific or marginal (small) CF approach is thus more related
with the practical context (e.g., quantity of intervention [96]). For example, when focusing
on the inventory amount, consider the final impact in function of an emission amount to
be sigmoidal (S-shaped). In that case for very large or small amounts (at the complete flat
ends of the S-shape), a consideration of the slope of the average linear part of the S-curve as
impact factor, will give an estimation that is more off, and a marginal consideration is more
fitting. Yet, if we consider an amount that is part of the linear part, the average slope of
the linear part will present an adequate estimation. Finally, as already pointed out by said
authors, results will only for sure be additive, thus complying with the additivity criterion
of ALCA in case of marginal or average, if either always marginal or always average
characterization factors are considered, not a mix of both. Yet, an extra aspect for ALCA to
guarantee additivity is that in case of dependency for non-linear effects (i.e., the effect of
the elementary flow amount is influenced by another amount, i.e., a certain amount will
have a different effect based on presence of other elementary flow amounts), the average
and amount-specific CF need to be derived altogether or a sequentialization is needed
guarantee additivity. For amount-specific CF, an objective approach can be based on the
sequence of “user” [97], which is interpretable as the sequence of elementary flow amount
(i.e., the first elementary flow amount will induce the first part of the effect across the
impact curve). For independent effects, i.e., local effects in separate systems (e.g., toxic
effects in separate lakes), this is not needed (see Table 4 for an overview on this section).

Overall, there is no strict delimitation of average to ALCA or marginal (small) to
CLCA. In practice, average datasets can be used to approximate marginal ones, under a
presumption, but this is a modelling rule/choice not a conceptual rule. For example, for
background processes in the inventory, average datasets can be used.
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Table 4. A summary of the consideration of average or marginal aspects from a conceptual viewpoint in case of ALCA and
CLCA. Marginal implies small in this table.

ALCA CLCA

LCIA Dataset (e.g., the amount of
additional global warming induced)

ideally amount-specific, but in practice
marginal or average CF are both possible.
This needs to be specified (but should be
consistently one of the two)

ideally amount-specific, but in practice
marginal or average CF are both possible.
This needs to be specified

Supplier—special case of effect, focusing
on suppliers of products/services

Interlinked suppliers are considered that
have provided the product or service
during the product life cycle (e.g., electricity
mix over period of consumption)

The consequential suppliers that is/are
induced by the decision at the global
level should be considered, which are not
necessarily the interlinked ones (e.g., new
supplier that will meet the extra amount
of electricity demanded)

Decision or Product life cycle (e.g.,
impact of one specific marginal apple
amount or average of the global market)

It can be marginal or average amounts.
This needs to be specified

It can be marginal or average amounts.
This needs to be specified

3.7. Complete Framing of Environmental Impact Assessment Coupled with the Product System

When it comes to life cycle impact assessment (LCIA), the characterization of the
environmental impact of the product system, there is no exact definition brought forward
solely for ALCA, nor solely for CLCA by the UNEP-SETAC [31] or any source that we have
knowledge of. This is, to the contrary, the case for the concept of product system. As is
the case in the UNEP-SETAC [31] report, “attributional” and “consequential” is mainly
associated with the product system, and thus the life cycle inventory. In practice, the same
LCIA methods are used in both ALCA and CLCA studies. In both cases, LCIA is regarded
as based on characterization models that follow environmental mechanisms [9], i.e., LCIA
is consequential in nature in the sense that it covers cause-effect relationships behind these
mechanism. This is stressed by following text sections in the ISO 14044; concerning stating
the environmental relevance is mentioned “the ability of the category indicator to reflect
the consequences of the LCI results on the category endpoint(s)” & “LCA addresses the
environmental aspects and potential environmental impacts (e.g., use of resources and
environmental consequences of releases)”. LCIA has no rule on interlinkage as done for
the product system in ALCA, which is discussed in Section 3.1. If it would be similarly the
case, all interlinked environmental processes going back to the creation of the universe
should be for sure considered. For example, for the extraction of oil, we should then also
consider the processes that generate the oil, and eventually the preceding creation of the
atoms (C, H etc.) that constitute it, etc., and not just the processes that are a consequence of
the oil extraction. Yet, in ALCA, only the product life cycle in the industry is considered,
not necessarily that in the entire environment. Also for ALCA, the LCIA characterization is
thus consequential.

In the characterization of these environmental mechanisms, indicators are used and a
distinction is made between indicators that assess the impact midway the cause-effect chain
(e.g., global warming potential expressed in kg CO2 equivalents) and those that assess the
impact at the endpoint, i.e., on the Area of Protection (AoP) (e.g., DALY; i.e., loss in healthy
life years, as endpoint indicator for damage to human health) [99,100]. As mentioned
by Schaubroeck and Rugani [50]: “Ideally, without considering practical limitations, endpoint
indicators should be preferred, as these cover the complete cause-effect chain up to the AoPs. However,
in practice, midpoint indicators are often considered or advised instead of endpoint indicators due to
the higher reliability and availability of data and models.” [100]. The most basic set of midpoint
indicators, which we call here “inventory indicators”, just presents the elementary flows
as such (e.g., amount of extracted water, amount of land occupation), which for resources
have been for example named resource accounting methods as specified in literature [101].
In other words, they are at the very beginning of the cause-effect chain. Overall, except
for the latter “inventory indicators” (both emissions and resources), all impact indicators
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already cover a propagation of consequential effects and are thus purely consequential in
nature. Only the inventory indicators (representing elementary flow amounts) could also
be regarded as non-consequential in nature and as accounting indicators, in line with ALCA
thinking. In other words, if it is the desire to have a solely accounting-based approach, an
ALCA study should be performed with such inventory indicators for the LCIA phase.

Keep in mind that the consequential nature of LCIA also implies that the impact
may also be infinite over time and in quantity, similar to that of a product system (see
Section 3.1.2), although similarly in practice finite numbers are obtained because of practical
restrictions or cut-offs (e.g., 100 years for global warming potential). Some impact methods
though only cover a certain extent of the cause-effect chain and/or normalize it with impact
of other compounds. However, the different concepts of ALCA and CLCA do cover the
environmental impact, as shown in the first column of Table 1. This translates in a necessity
to distinguish attributional from consequential LCIA, when not only considering inventory
indicators as explained above.

For CLCA, the concept behind the product system (characterized by the LCI) and
environmental impact propagation (LICA) is the same, namely consequential propagation.
Hence, these can be completely integrated and there is no need for a distinction between
these from a conceptual viewpoint. In practice, an integrated model can be developed
consisting of the complete interaction of the human/industrial and environmental system,
reflecting reality, without mathematical constraints (see Figure 8).
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For ALCA, a first conceptual aspect that pops up is that LCIA is initially purely
consequential, while ALCA and its concept of product system are considerably normative,
i.e., considerably defined by rules. In addition to defining the product system, there
are rules that restrict ALCA more. More precisely, there is the theoretical additivity as
discussed in Section 3.5 and how a “portion of global burden” is defined.

When it comes to modelling rules for LCIA of ALCA, as already mentioned in sec-
tions in this article, there are certain aspects that serve as rules or restrictions for the
Attributional LCIA.

In particular, these are the following for attributional LCIA:

(1). restricted modelling, e.g., linear, based on the additivity requirement (see Section 3.4).
(2). should not exceed total, based on the additivity requirement (see Section 3.4).
(3). For environmental multi-input processes, partitioning should be applied with mul-

tiple inputs originating from human/industrial system, based on the additivity re-
quirement (see Section 3.5.1).

Although current LCIA methods do not follow the third rule in practice, they should
do so to guarantee their alignment with the definition of ALCA of UNEP-SETAC [31].
Given the difference in nature between LCI and LCIA for ALCA, a distinction between
both in practice is needed (i.e., specifying whether a process belongs to LCI or LCIA),
which boils down to drawing a line between the human/industrial product system and
environmental system (as defined in Section 2). This all results in an overall restricted
modelling approach as presented in Figure 8. For CLCA, a full integration of LCI and LCIA
is possible. Please see the Appendix A.2 for a more concrete mathematical formulation,
with focus on linear simplification for CLCA.

Feedback loops are possible both in case of ALCA and CLCA. Weidema et al. [12]
have discussed an advanced linear model in which the economy and environment are
interlinked, with feedback loops. However, in the field of LCA, very similar models and
their limitations have yet been brought forward in literature [14,15]. For ALCA, it might be
interesting to consider such an integrated framework especially for large quantities that
change the background system (see Section 3.3). However, the different rules between LCI
and LCIA should be kept into account. For CLCA, it is still interesting but the framework
of Weidema et al. [12] is limited to linear effects while existing non-linear effects should at
best be covered, especially in CLCA, through non-linear models with feedback loops.

3.8. Overview of Aspects

Table 5 presents an overview of all the aspects and how these are addressed by ALCA
and CLCA, following the argued definitions of UNEP-SETAC [31] to the letter.

3.9. Compliance of ALCA and CLCA with ISO 14040-14044

As yet mentioned, in this article we do not focus on the relevance of ALCA and CLCA,
and will thus also not present any reflection on the relevance of adapting ISO 14040-14044
(hereafter referred to as “ISO standards”). We only present what the compliance of ALCA
and CLCA is and what the adaptations should be for ISO-compliance, from a theoretical
perspective. Since a revision is ongoing, at the moment of writing, it means that the ISO
can be changed and these comments could support that endeavor.
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Table 5. Overview of the covered aspects and how they are differently addressed by attributional (ALCA) & consequential
(CLCA) life cycle assessment, following the definitions of UNEP-SETAC [31] to the letter.

ALCA CLCA

Basic concept/Relation with global burden
(Section 2.2)

Share of the global impact linked with a
product life cycle.

Change in global impact induced by a decision
and its consequences.

Relationships and boundaries of the product
system, of which the impact is assessed
(Section 3.1)

All processes have interlinked relationships
based on physical, energy and service flows,
constituting the product life cycle, which is
also the product system.
The product system can be infinite, and
propagated amount as well.

The induced processes (solely consequential)
by the decision, constituting the product
system. The product system can be infinite,
and propagated amount as well.

The aspect of time (Section 3.2)

Absolutely: processes can be considered in
past, present or future.
Relatively: considers processes also before
product finalization, i.e., relative
past consideration.

Absolutely: Decision and processes can be
considered in past, present or future.
Relatively: Only considers processes after
decision, i.e., no relative past consideration.

Specify product system and its impact
separately or in scenarios (Section 3.3)

Can be both:
Separately: share of human/industrial system
and its global impact.
Scenario: difference between world and a
hypothetical world without product system
and its impact.

Can be both:
Separately: the additional processes induced
by the decision.
Scenario: difference between the impact of
different realistic scenarios that represent
decision choices.

Constraints in mathematical modelling due to
theoretical concept (Section 3.4)

restricted by additivity (e.g., guaranteed by
linearity), necessitating a validity check or
consideration of extrapolated world.

Not restricted.

How multifunctionality is dealt with
(Section 3.5)

Needs to be done through partitioning
processes, both for LCI and, in case of
environmental multi-input processes, for
LCIA. An alternative is system expansion.

The complete processes are considered with
additional co-function effects. The latter are
dependent on the market, an example of a
co-function effect is substitution. An
alternative is system expansion.

Marginal versus average considerations in the
assessment (Section 3.6)

Interlinked suppliers need to be considered.
Amount-specific effects is advised but in
practice average or marginal impact effects are
possible and should be consistently considered.
Average or marginal product
consideration is possible.

Consequential suppliers need to be considered.
Amount-specific effects is advised but in
practice average or marginal impact effects are
possible. Average or marginal product
consideration is possible.

Complete framing of environmental impact
assessment, coupled with product system
(Section 3.7)

Environmental impact assessment is purely
consequential (with exception of inventory
indicators), but limited by additivity, e.g.,
necessitating partitioning. This all, necessitates
a separate consideration from the product
system, due to these other rules.

Environmental impact assessment is
completely consequential and unbound,
leading to a possibility for full integration with
the product system.

From a theoretical perspective, if the desire is to also cover CLCA, at least two crucial
changes are needed for the ISO text:

(1). Decouple the definition of product system and product life cycle, and have an LCA be
a study of a product system with exclusion of mentioning of product life cycle. Only
for ALCA, a product system would equal a product life cycle. For CLCA, a product
system would be possibly different from a product life cycle, and that’s why their
definitions need to be independent and that of product system generalized. See also
Section 2.2.1 on this matter.

(2). Concerning multifunctionality, the prioritization and limitation of solutions for multi-
functionality should be dropped. The first option of subdivision can be kept, although
it is in fact rather a prevention of the problem than a solution for it. It should be
specified that the solution for multifunctionality is dependent on the goal, which
negates this absolute prioritization for any LCA. If desired to further specify solu-
tions, a distinction should best be made between attributional and consequential
LCA. Moretti et al. [88], and indirectly Schrijvers et al. [57], also advise to distinguish
between these and link multifunctionality solutions to them. Furthermore, it should
be mentioned that system expansion is possible for both ALCA and CLCA, and that
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for CLCA, alternatives are possible, including avoided burden. See also Section 3.5
on this matter. (The recent 2020 amendment of ISO 14044 defines “System expansion
avoids allocation by integrating a functionally equivalent product system, that is assumed to
be substituted by the co-product (product B), within the system boundary”. However, then
system expansion would only be equal to avoided burden or substitution, losing the
conceptual idea of expanding the functional unit and the system. There are moreover
also other ways to address the effect of co-products in consequential LCA such as
product benefit characterization [80].)

It is also striking to point out that there is a short mentioning of two different ap-
proaches which closely relate with the ALCA and CLCA concepts (Annex A of 14040),
but they are not named as attributional or consequential, nor are they completely in line
with the UNEP-SETAC [31] definitions to which we adhere here. Nevertheless, for the
“possible (future) changes between alternative product systems” as mentioned in Annex A,
the product system cannot be equal to a product life cycle. Mentioning this other approach
in Annex A of the ISO implies thus an inconsistency and could be resolved by applying
the first crucial change as highlighted above. Moreover, in the same annex is mentioned
that “the products and processes studied in an LCA are those affected by the decision
that the LCA intends to support”, which relates with the scope of CLCA. This also points
out an inconsistency in the ISO 14040 text between, on the one hand, a product system
that is equal to a product life cycle, and, on the other hand, a product system of which
processes should be the those affected by a decisions, which may not necessarily be the
product life cycle. For example, the decision to buy a car does not affect its preceding
production anymore.

When it comes to ALCA, it is in line with the ISO standards documentation, except for
the above aspects of the annex A of ISO 14040 where a product system strictly relates with
the effect of decisions and CLCA. In other words, to comply with ALCA, this statement
should not be generalized or left out in ISO 14040. Besides that, the ISO standards as
they are now, do not imply all theoretical rules that are part of ALCA. More precisely,
there are no restrictions on additivity or on the partitioning of LCIA processes, which are
both needed for ALCA. This means that ALCA complies with the ISO standards on these
aspects, but that these ISO standards are also not limited to these, i.e., the ISO standards
LCA notion does not coincide with ALCA.

3.10. Can an Attributional Model Be Used for a Consequential Concept/Question, or Vice Versa?

We have defined the ALCA and CLCA concepts and what their modelling restrictions
imply as specified in Table 5. Developed models that follow these restrictions can be called
attributional and consequential models/modelling frameworks that, respectively, were
developed to answer the attributional and consequential type of research questions. At
this point, it is already clear that these concepts differ considerably (Table 1), but here
we will specifically focus on whether an attributional model can theoretically answer a
consequential question, or vice versa, and to which extent. In other words, we address the
question whether, theoretically, the modelling restrictions of ALCA comply with that of
CLCA, vice versa? First of all, this would be of interest for models that relate with the same
or very similar functional unit as that of the other research question type. For example, to
which extent can an ALCA model developed to address what the impact is of the product
life cycle of a car for a 1 km drive, be used to answer a CLCA question on the impact of
an extra demand for 1 km driven with a car? We will go through each of the theoretical
aspects of Table 5:
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• Basic concept related with relation to global burden (Section 2.2): It is imperative to realize
that the scope of the modelling is different. An attributional model will propagate the
environmental impact of a product life cycle (e.g., that of a car), with it being a share
of a global impact. A consequential model will propagate the environmental impact
of a decision (e.g., the decision to demand an extra km driven with a car), i.e., the
difference in global impact between two plausible worlds: a world with and without
that decision (e.g., with and without that extra km driven). The studied systems will
differ. An attributional model could be used for a consequential question if the share of
the global burden of the ALCA model equals the change induced by a decision as done
by the CLCA model. Yet, there is nothing that theoretically guarantees their equality,
failing to ensure, from a theoretical perspective, the use of attributional models for a
consequential question or vice versa. A comparison of two ALCA model outcomes
could be considered, with and without the decision, but the rules (as defined in the
ALCA definition; see also Appendix A.3) that specify the shares of the global burden
are different from that which define the difference in global impacts between a world
with and without the decision.

• Relationships and boundaries of product systems (Section 3.1): An attributional model
would fail to cover other types of consequential flows and effects, besides physical
and service ones, most notably: information flows. To the contrary, a consequential
model would cover too much types of interactions to be for sure in line with the
attributional concept.

• The aspect of time (Section 3.2): When considering a product at a certain point in time, an
attributional model would also consider the relative past processes that have created
that product, whereas this is irrelevant for a consequential LCA concerning a decision
to buy that product. The other way around, a consequential model will not cover this
relative past. However, an extra demand of a product may induce production of a
similar product in the future, as elaborated by Schaubroeck et al. [36], and the past
processes could be seen as an approximation for future ones. Yet, for other types of
decisions, this is less the case, e.g., a decision to handle waste will less likely induce the
new generation of waste. This time consideration remains a considerable difference
between both models and may hamper approximation of a consequential question
with an attributional model.

• Specify product system separately or in scenarios (Section 3.3): When considered indepen-
dent from other aspects, whether an attributional model is presented in scenarios or
just the product system will not make a difference in the extent to which it can answer
a consequential question, or vice versa.

• Constraints in mathematical modelling (Section 3.4): Since there is no limitation for CLCA,
an attributional model, which is strictly additive (e.g., linear), is not limited in this
regard to answer a consequential question, but it will do so in a more flawed manner
than an adequate non-linear model. However, a non-additive consequential model
(e.g., certain non-linear ones) may not be used to answer an attributional question, as
the ALCA concept restricts models through the additivity requirement.

• Concerning solutions for multifunctionality (Section 3.5): The necessary use of partition-
ing to address multifunctionality issues in an attributional model causes considerable
incompliance with a consequential model. A partitioned or partially finalized process
will never be plausible, e.g., as a consequence of a decision, directly or indirectly. For
a finalized process, partial inventories cannot be considered realistic. For example,
consider the cogeneration process (electricity & heat), with x kg CO2 emitted per
production of 1 MJ heat and 0.5 MJ of electricity. When demanding 1 MJ heat, there
will always be an emission of x kg CO2 (with a cogeneration of 0.5 MJ of electricity),
and not just of x × 1/1.5 MJ CO2, which is an artificial amount. The solutions of a
consequential model, e.g., avoided burden, may violate the additivity requirement
of ALCA, which makes it also ill advised to use a consequential model to answer an
attributional question.
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• Marginal versus average considerations (Section 3.6): First of all, average and marginal
does not relate to the suppliers of attributional and consequential LCA, respectively.
The type of “suppliers” differs, as attributional models will cover interlinked actual
suppliers, whereas consequential the ones affected (indirectly) by the decision. It
might be that the affected suppliers are the actual interlinked ones, which might seem
more plausible for low amounts, but this is not a guaranteed matter. Coming back on
the marginal versus average matter, the only limitation for attributional models is that
either average or marginal derivations for LCIA should be consistently considered,
but this does not hinder its usage to answer a consequential question.

• Framing of the product system and impact assessment (Section 3.7): The LCIA of an
attributional model, will also have partitioned processes, creating an issue in its use to
answer a consequential question. However, on other matters (e.g., type of relationships
or additivity-restricted), there is no issue to answer a consequential question, but there
will be a lower adequacy to address all non-linear relationships.

This overview highlights the major difference in modelling in almost all these aspects,
from a theoretical viewpoint, and emphasizes the need to, if achievable, best use attribu-
tional LCA models for an attributional LCA question, and a consequential LCA model
for a consequential LCA question. Indirectly, this analysis also underscores the difference
between the ALCA & CLCA concepts and models further. Posing either an attributional or
consequential type of research question, will have considerable impact on the modelling
outcome and its further usage in society. Notably, Weidema [87] illustrates the extent
of difference between the LCA modelling outcomes of a consequential and attributional
version of a database. More precisely, for respective LCIA results is mentioned that 67% of
the results show more than 10% difference, 22% more than 100% difference and for 5% of
the results the differences are above an order of magnitude. However, in practice, there
are always practical constraints (e.g., concerning data & model quality and availability),
which could allow flexibility in the modelling type under certain conditions. Moreover,
as already discussed in Section 2.1, in practice, attributional modelling aspects are even
combined with consequential ones, leading to combinatory modelling approaches. In those
cases, theoretically, new concepts, which are a combination of ALCA and CLCA aspects,
should be defined, but these combinatory approaches may also have been applied because
of practical limitations. Yet, overall, a full analysis of these practical aspects, and whether it
would seem acceptable to use attributional modelling for consequential LCA, or vice versa,
is out of the scope of this study.

4. Conclusion and Further Outlook
4.1. Relevance of This Work in Hindsight

In this work we have consolidated and further specified the methods ALCA and CLCA.
The implications of their discrepancies are not only clear from a theoretical viewpoint but
these methods lead to very different outcomes, i.e., associated databases and case studies
have exemplified that completely different results and conclusions can be obtained [80,87].
Yet, despite this, there is a lot of ambiguity and issues surrounding these methods in
literature, as brought forward in this article. Three prominent ones are:

(1). There are misconceptions of what the concepts entail. For example, CLCA is still
recently wrongly considered as a method that is theoretically typical for large-scale
decisions [30,102] and/or only additionally considers market mechanisms, such as
price changes [25,34,103]. These restrictions would be incorrect from a theoretical
perspective, following the definition we argue here (see Table 1).

(2). The main key standard text on LCA, ISO 14040-14044, remains vague and contradic-
tory regarding these methods. The main body of ISO 14040-14044 has a definition of
product system that relates with product life cycle (ALCA) but then in annex A of
ISO 14040, a definition linked with CLCA is given. Theoretically, it cannot be both.
Furthermore, concepts are also brought forward in that annex A that are very close to
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ALCA and CLCA, but they are not called like that, adding more to the confusion (see
Section 3.9).

(3). There seems to be also a tendency of ignoring ALCA and CLCA in literature, which
could also be linked with a lack in clarity. Most notably, for the multifunctional-
ity issue, ALCA and CLCA theoretically necessitate different types of solutions,
and this has been overlooked or ignored in literature. This has been discussed by
Schaubroeck et al. [80] (see also Section 3.5).

There is thus a dire need for more clarity and consensus on these methods and their
characteristics, which this work addresses. It is the key added value of our article. As
presented in another article in this journal [104], in the field of LCA, consolidation is
necessary right now, to which our work contributes. Furthermore, for a quick overview of
prominent and specific novelties in this work, please see the table in Appendix A.4.

Our analysis of definitions based on criteria, brings forward the definitions of ALCA
and CLCA present in UNEP-SETAC [31] as the advised ones, mainly because they are the
most conventional ones. The definitions are presented in Table 1 and the characteristics
in Table 5. Despite the fact that these definitions are quite old, which also goes for the
ISO 14040-14044 standards we considerably follow (except for on some crucial topics),
the value and consensus of definitions is not defined by age. These ALCA and CLCA
definitions and concepts have not been discarded and are still considerably applied, or at
least intended to be. There are some newly derived concepts or even debates on them, but
we have addressed literature on the latter. In fact, we consider our work to be a first com-
pletely thorough and scientific derivation of the implications of these definitions, paving
the way for clear and directed scientific developments and communications. Modelling
frameworks and applications have commonly evolved to obtain a (presumed) higher em-
pirical accuracy or completeness, but without a clear alignment with a concept, their value
remains questionable. In this sense, our article rather aids practitioners in understanding
which modelling choices they can make (e.g., non-linear modelling for CLCA), considering
restrictions, and what questions modelling frameworks serve.

Unlike modelling frameworks and applications, concepts do not have to evolve,
e.g., for scientific accuracy, as their value depends on their affinity for answering rele-
vant societal questions. Yet, in this article it is not the idea to judge or value the two
approaches and their characteristics, but rather to present them in an objective and struc-
tured manner. We do not focus on the judgement of relevance (e.g., in case of decision
support) or responsibility implications of ALCA or CLCA, as studied in various recent
works [37,56,74,105], which are after all not explicitly mentioned or discussed in the UNEP-
SETAC [31] definitions in hindsight. Furthermore, the notion of “responsibility” is a very
value-laden notion that goes beyond the objective concepts and research questions of
UNEP-SETAC [31], but arguably rather relates with actors/stakeholders (not just decisions
or products), and among else the extent of an actor’s influence, of which the latter pointed
out by Weidema et al. [105]. The same goes for the concept of “accountability”, similar to
the notion of responsibility, which Schrijvers [56] associated with ALCA because among
else in UNEP-SETAC [31] is mentioned “accounting” approach for ALCA. Yet, account-
ing refers to a descriptive approach, underscored by also the mentioning of “descriptive
approach” for ALCA in the UNEP-SETAC report [31], relating to the notion of keeping
records or summarizing, analyzing something, and thus not a value-laden judgement.
Nevertheless, such an evaluation of relevance of ALCA and CLCA could be made, but is
not brought forward in the UNEP-SETAC [31] definitions of ALCA and CLCA. Hence, it is
also not part of our objective analysis in which we only cover matters that are explicitly
mentioned in the definitions or can unequivocally be derived from them. We foresee further
research that covers these aspects of relevance (including data availability and modelling
efforts), extent of decision-support and responsibility implications, but saw it as essential
to first have outlined the specific objective aspects of the ALCA and CLCA approaches in
this elaborate separate article.
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4.2. Reflections on Fixing of Definitions

Coming back on fixing of definitions, there are certain elements of the definitions, and
thus the associated concepts, that some scientists may not agree with or find incomplete,
but that incompleteness is the inherent issue with any definition. For example, for the
CLCA definition, one could argue that a “decision” may not necessarily lead to an “action”,
as one may change their minds, i.e., come back on a decision. Theoretically, a possibility of
a change in mind should be considered and as well the time span between decision and
action. In practice, this may be neglected based on a presumption, but it is a modelling
rule, not theoretically argued. Palazzo et al. [5] already use more the word “action” in
their review on modelling frameworks for CLCA, but do not go deeper into this from a
conceptual perspective.

A definition of a word can be associated with but is not a scientific concept or model
that should be freely altered by a single individual and the fixation of a definition somewhat
goes beyond the field of science into that of consensus and agreement at a community
level. To the contrary, a scientific argument is ideally not correct because of agreement or
convention but because of logic and empirical evidence. The only issue would be if the
definition is illogic, which necessitates an alteration. See also Section 2.1 on this matter.

Overall, we advise any new definition or alteration in the definition, uses another name
(e.g., “attributional2” definition) or is followed by an agreement at scientific community
level, e.g., supported by UNEP or through ISO. As a plausible example of new definitions,
one could consider the “consequential_action” LCA definition as one in which decision
is replaced by action in the UNEP-SETAC [31] one, and the “attributional_new” LCA
definition, as one with “physical” replaced by “mass” or “material”. Yet, these matters
are not pertaining to illogical aspects, nor may they necessitate a hastily community get-
together for a reconsideration, in our opinion. The only exception would be that products
should be covered and not just “a product” in the aim of ALCA, but this is regarded as
a small unintended mistake, since multiple products is implied in the rest of the UNEP-
SETAC [31] document (See Section 2.2.1). We still advise to follow the UNEP-SETAC [31]
definitions, and this article may though help in improving further possible agreed upon
alterations as we here outline all objective implications of the original ones. Nevertheless,
as already mentioned, if we do not stick to definitions that have been agreed upon by a
community or at least a substantial part of it, we may hinder communication and thus
(scientific) advancement considerably, as similarly raised for another scientific concept [106].
Lastly, on this matter, there are some discrepancies between UNEP-SETAC [31] definitions
and ISO 14040-14044 guidelines (see Section 2.2.1), which are both documents at a larger
community level, although the communities are different in each case. This necessitates
a consolidation. Here, we though stick with the UNEP-SETAC [31] definitions as they
explicitly bring forward and distinguish the concepts of ALCA and CLCA. The proposed
changes for ISO-compliance in Section 3.9 could support such a consolidation.

4.3. Overall Discrepancy between ALCA and CLCA

The overall discrepancy between ALCA and CLCA is related with the extent of the
rules. In CLCA, there is only one rule, namely the consideration of consequential effects,
and a broad range of modelling frameworks are possible. For ALCA, there are more rules
that imply restrictions (processes are interlinked through physical/energy and service
flows, additivity-restricted modelling, additivity check and partitioning). These already
delimit the modelling framework considerably. Yet, there is also the explicit consideration
of consequential effects for LCIA and some implicit considerations of consequential effects
possible for the product system (see Appendix A.3 in the Appendix A for an overview).
This combination of consequential and normative (rule-based) perspectives does not imply
an insurmountable issue, since concepts can be the combination of different thinking (which
is also the case in society, where we based judgement on both consequential and normative
ethics). Yet, the nature of the final resulting environmental impact of ALCA, would
then be a combination of normative and consequential thinking. The resulting estimated
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environmental impact amount through ALCA cannot be seen as a pure consequence of the
product or product life cycle, nor as a pure normative evaluation.

4.4. Other Sustainability Pillars and Aspects

Lastly, despite the focus of this work on the environmental pillar of sustainability
(LCA), attributional and consequential considerations brought forward in this work can
also be applied for economic (life cycle costing), social impact (social life cycle assessment)
and sustainability impact as a whole (life cycle sustainability assessment) [50,107,108].
The main thing that should be altered is to consider, besides environmental effects, also
economic and social relations and effects. Besides that, all the other considerations of this
work should still hold. For example, for life cycle costing approaches [109], attributional
LCC would among else imply consideration of financial cash flows of the interlinked
processes, e.g., cost of the actual production of the product prior to its delivery and revenue
afterwards. To the contrary, consequential LCC would among else cover the induced cash
flows by the decision, e.g., product purchase will lead to revenue injected in the market,
where it can then be spend on new ingredient purchases or investments etc. Further
research is needed to illustrate this elaborately. In this work we focus on assessment, but
more concrete managerial methods can aid in achieving sustainability in general [110].

Finally, a truly consequential approach should also cover the characterization of
product benefit, even of the product of interest, otherwise the comparison with the reference
scenario is not complete towards coverage of all consequential effects, e.g., coproduct
amounts may, instead of just lowering its alternative production (see substitution approach
in Section 3.5), also be more consumed inducing product benefit [50,84].
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Appendix A

Appendix A.1. Overview of Definitions of Key Terms as Used in This Article

Table A1. Overview of the definitions of key terms as used in this article.

Term
Definition in Dictionary

(Cambridge Online
Dictionary 29.01.21)

Specification in This Context, based
on the Definition in the Dictionary Example of Figure 1 Example in the Context of

ALCA & CLCA

Method/approach

Method: “ a particular way of
doing something”

Approach: “ a way of
considering or

doing something”

In this context, we focus on a
scientific method that addresses how

something will be done in a
scientific way.

The Water flow method e.g., LCA, ALCA, CLCA
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Table A1. Cont.

Term
Definition in Dictionary

(Cambridge Online
Dictionary 29.01.21)

Specification in This Context, based
on the Definition in the Dictionary Example of Figure 1 Example in the Context of

ALCA & CLCA

Concept

Concept: “a principle
or idea”

“an idea, theory, etc. about a
particular subject”

The concept of a method, the point
of focus here, implies the theoretical
dimension of it. It will specify what

that “something” is. It may thus
relate with a certain (type of) goal or

research question type.

Approach to address the
amount of water flowing in

a river.

e.g., for CLCA: “The
consequential approach

attempts to provide information
on the environmental burdens

that occur, directly or indirectly,
as a consequence of a decision

(usually represented by changes
in demand for
a product).”

(Conceptual)
characteristics

Characteristic: “a typical or
noticeable quality

of someone
or something.” “a typical or

noticeable feature of someone
or something”

A certain conceptual characteristic of
a method, will entail a certain

quality or feature of it.

A conceptual characteristic
is that it deals with

flowing water

e.g., a characteristic of ALCA is
that of additivity, as described

in Table 1: “In theory, if one
were to conduct attributional

LCAs of all final products, one
would end up with the total

observed environmental
burdens worldwide”

Modelling framework

In the context of mathematics
and computing, modelling: “

the activity of using
mathematical models

(=simple descriptions of a
system or process) to make
calculations or predict what

might happen”
Framework: “a system of

rules, ideas, or beliefs that is
used to plan or

decide something”

The modelling framework of a
method, the point of focus here,

covers the practical manifestation of
it. It will entail an operational model

based on a set of rules, such as
mathematical models.

Comment: Because of practical
limitations, it can be that a modelling
framework does not entirely live up

to the theoretical or conceptual
requirement of the method. (in fact,
it hardly is the case). Moreover, a

modelling framework developed for
method A, could be considered for
method B, but then there might be

conflict in certain conceptual aspects
not being fulfilled.

A certain model, i.e., set of
equations, that allows to
calculate the amount of
water flowing in a river

based on certain input data

The modelling framework for
CLCA as presented by

Weidema et al. (2013) and
operational in Simapro.

Application
Application: “ the act of using

something for a
particular purpose”

In our context, it implies the use of a
modelling framework with a certain

specific input (e.g., certain input
values), providing a specific output

(e.g., certain output values).

An application for a
specific river (e.g., Danube
river) with input data (e.g.,

water height)

e.g., the application of CLCA to
a case on car replacement, as

done in the work of
Schaubroeck et al. [36]

Modelling restrictions

Restriction: “ something that
limits someone’s actions or

movement, or limits the
amount, size, etc.,

of something”

A restriction imposed on the model
(e.g., it can be only additive). In our
context, it relates to the restrictions

set out by the concept and its
characteristics. If a modelling

framework does not meet these
restrictions, in theory, it does not

answer the associated type of
research question.

A modelling restriction
example is the focus on
using physics equations

that apply to fluids

e.g., a modelling restriction
imposed by the additivity

requirement of ALCA, is that a
modelling framework should

follow that rule (e.g.,
guaranteed by linearity)

Appendix A.2. Mathematical Elaboration

This part of the appendix provides a mathematical elaboration of the mathematical
model types (due to modelling restrictions) of ALCA and CLCA, without thus assuming
a particular unique mathematical model. It is therefore quite abstract. Nevertheless, by
the precision such a mathematical analysis requires, a few points of the main article can
be articulated more clearly, and a few extra insights follow. The text builds further on the
work of Heijungs and Guinée [111], but has also been improved.

Appendix A.2.1. The General Function That Couples Products to Impacts

The left panel of Figure 4 [21] presents the impact of the total societal system at some
point over time (which may span past, present and/or future) as a pie. Let us indicate this
total impact as I. I may be a vector, for instance containing elements for global warming,
toxicity, acidification or human health, ecosystem quality, etc. For simplicity, and without
loss of generality, we will here assume it is a scalar, for instance, the global warming
indicator, in kg -CO2-equivalents.
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The impact I is modelled as a function of the products of concern (related to a decision
in CLCA). Let us suppose that the bundle of products managed by society is specified by

a vector f =

 f1
f2
· · ·

, where f1 is the number of products of type 1, etc. The function

that models the impact is represented with the symbol γ. Therefore, we assume there is a
function γ, such that:

I = γ(f)

We do not make any assumption here about the nature of γ. It may be linear or
non-linear, regionalized or global, subdivided into LCI and LCIA or not, etc. The function
γ is probably informed by domain knowledge on chemical or mechanical engineering
(emission factors, etc.) and ecology or environmental science (dose-response relationships,
etc.). We just assume it is there, specified in mathematical form.

Appendix A.2.2. Derivation of ALCA Model type, Focusing on a Linear Model

In ALCA modelling, we now wish to find the part of the impact cake (I) that is
associated with a certain amount of a specific product. Let us suppose this is product i,
of which we study an amount φ. A concrete example would be 1000 L of beer. Typically
(but not necessarily), fi is a much larger amount, say 100 million liters of beer, and is the
amount of product used by society over the considered scope. The amount of impact
attributed to φ units of product i will be indicated by IALCA,i(φ). But how this amount is to
be calculated depends on normative principles. Considering the conceptual restriction of
additivity achieved through linearity per product type, a straightforward formulation is:

IALCA,i(φ) = Ci
φ

fi
I

where Ci is a constant. These constants are fixed by the rule that the sum of impacts of all
products equals to the total impact:

∑
i

IALCA,i( fi) = ∑
i

Ci
fi
fi

I = I

so that:
∑

i
Ci = 1

Further guidance on choosing Ci for ALCA will be discussed later on. Note that we
can rewrite the expression for IALCA,i(φ) as:

IALCA,i(φ) = Diφ

where Di is a constant that depends on the product type (DI =
Ci I
fi

). This form emphasizes
the linearity for amounts per product type of the ALCA model type. That was demanded a
priori, but is a useful check that the final result indeed works like this.

Observe that the mathematical form of γ does not enter the formulas for ALCA
modelling. We use the amount of impact I, and we use normatively defined constants Ci,
but not γ itself.

Appendix A.2.3. Derivation of CLCA Model Type, with Optional Linearity

In CLCA modelling, we work with changes, starting with a change in demand. When
only focusing on a change in product demand, suppose that the demand for product i is
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changed from fi into fi + δ. As a result, the impact of society will change from I into I′,
given by:

I′ = γ


f1
· · ·

fi + δ
· · ·


The difference between I′ and I is the impact that will be associated with the extra

product i:

ICLCA,i(δ) = I′ − I = γ


f1
· · ·

fi + δ
· · ·

− γ


f1
· · ·
fi
· · ·


This elaboration follows a scenario comparison approach (Section 3.3). Because we

have not specified the precise form of γ, this expression cannot be further worked out.
However, if δ is small compared to fi, we can approximate I′i using the partial derivative
∂γ
∂ fi

, evaluated locally at the point f (which may be in past, present or future, or any
hypothetical scenario):

I′ ≈ I +
(

∂γ

∂ fi

)∣∣∣∣
f
δ

which implies that:

ICLCA,i(δ) ≈
(

∂γ

∂ fi

)∣∣∣∣
f
δ

When the impact function γ has been specified, this local partial derivative is just a
number which only depends on the product type i. Therefore, we write:

Ei =

(
∂γ

∂ fi

)∣∣∣∣
f

and hence:
ICLCA,i(δ) ≈ Eiδ

So, within this limit of small changes, CLCA modelling can be approximated by a
linear function. Yet, it is best approached by a non-linear function. The latter formulation
also represents a computation in a reference environment (see Section 3.3).

Observe that the mathematical form of γ, or more precisely, its local derivative
(

∂γ
∂ fi

)
,

is needed to find the constants Ei, but that no normative rules are included.

Appendix A.2.4. Contrasting ALCA and CLCA

Summarizing the result so far:
ALCA linear modelling attributes a share of the total impact I to φ units of product i

according to IALCA,i(φ) = Diφ, where Di is defined by normative rules.
CLCA modelling, in case of covering the effect of a change in demand of δ units of

product i, boils down to ICLCA,i = γ(f + δ)− γ(f). The function γ is typically non-linear
and openly defined. A mathematical simplification is possible using a partial derivative,
leading to following linear function ICLCA,i(δ) ≈ Eiδ, where Ei is defined by the local

partial derivative of the impact function (Ei =
(

∂γ
∂ fi

)∣∣∣
f
). This seems only acceptable for

small amounts δ and should not be regarded as general. Consequential modelling is not
restricted to be linear.
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Appendix A.2.5. In Terms of Conventional Matrix-Based LCA Calculations

In conventional common practice process-based LCA and in IO-based LCA, the impact
I is often expressed using the following linear function of the amounts of products, in
which I is linear per fi (with all process data fixed, the impact varies linearly with fi):

I = γ(f) = ∑
i

αi fi

where the constants α1, α2, · · · are based on unit processes, IO-tables, characterisation
factors, etc. Part of this conventional nature is based on the fact that databases and software
for LCA are constructed in that way, regardless the question if the LCA is an ALCA or a
CLCA. For instance, if we use the classical matrix expression, with A the matrix for process
amounts, B the matrix for elementary flows and q the vector with characterization factors
(impact per elementary flow), then we can write the equation as:

I = qTBA−1f

it readily follows that:

αi =
(

qTBA−1
)

i
= ∑

k
∑

j
qkbkj

(
A−1

)
ji

The local derivative
(

∂γ
∂ fi

)∣∣∣
f

is then simply:

(
∂γ

∂ fi

)∣∣∣∣
f
= αi

so that CLCA-style of computations could rely on a number of matrix operations, without
actually doing a differentiation, when considering a linear simplification. This is not the
general rule in CLCA, but it in any case applies to CLCA studies that rely on conventional
LCA software, and thus limited linear modelling. In that case, even the approximate
character and the restriction to small changes can be released, because in such a model the
derivative is constant throughout. As a result:

Iconventional−CLCA,i(δ) = αiδ

Moreover, the linear and additive nature, with regard to product amounts, of the
classical model implies that there is a very easy way to solve the normative problem of
ALCA. In fact, when we calculate the impacts of a world with only φ units of product i,
we find:

Iconventional−ALCA,i(φ) = αiφ

In other words, both ALCA and CLCA modelling can be expressed through conven-
tional limited linear LCA calculations, which may give the impression that there is no
difference. However, these concepts are entirely different, meaning that mathematical mod-
elling similarity (achieved through a choice for linear model in CLCA and for proportional
modelling in ALCA) should not be used as a presumption for conceptual similarity.

Appendix A.3. Rules in CLCA and ALCA

The main rule that characterizes CLCA is that the consequential effects of a decision
are considered, which both encompasses the consequential propagation in product system
and environmental impact assessment (see Table A2 for an overview). The rules that
characterize the framing of a product system in ALCA are here shortly summarized and
are based on the UNEP-SETAC [31] report (Table 1). Processes are included if they are
interlinked to the process that provides the functional unit; all these processes form the
product life cycle. This inclusion is determined by tracking three flows: physical, energy or
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service. In other words, processes are thus considered and linked according to these flows.
Furthermore, the resulting environmental impact from the product system must represent
a share of the global burden. Moreover, the aggregate of all these shares will make up the
total global burden. These rules have a significant impact on the ALCA product system.
For example, for the additivity aspect, it means that it must be possible to differentiate
shares of different products and add them up. This affects the links of all processes and
resources that can be connected to different products according to the physical, energy
flow or services. This issue almost always occurs as it is rare to find a product of which
each process or resource is only uniquely sourced to that specific product. This issue of
multifunctionality can be dealt with through partitioning or system expansion. Both are
further explained in Section 3.5. This can also be an issue for LCIA of ALCA, in which
processes with multiple inputs from industry should also be partitioned. Finally, because
of this additivity, modelling is restricted, possibly only linear. For an overview of the rules
on framing product systems in ALCA and CLCA, see Table A2.

Table A2. Overview of the concept and rules that constitute the different attributional and consequential LCA approaches.
This table builds further on Table 1, in the sense that it specifies specific rules that are behind the concept. CLCA has no
additional rules, whereas there are various for ALCA.

CLCA ALCA

Basic concept/rule

The direct and indirect environmental
burdens of consequences of a decision are
assessed—This follows pure
consequential thinking.

Defines a portion of the global burden that can be linked
with a product life cycle, which is also the product
system. What a “portion” and “product life cycle” entail,
needs to be explained via additional rules

Additional conceptual
restrictions/rules

(there are no additional rules. What the
product system and impact entail, are based
on consequential relationships and follow the
basic concept to the letter)

The specification of what a product life cycle
encompasses: As presented in Table 1, the product life
cycle is defined through the product system as the
processes that interlink through physical, energy and
service flows with the main process that provides the
functional unit (rule 1 & rule 2).
The “portion” is defined through:
Theoretical additivity: the sum of all ALCA of all final
products should represent total global burden (see
Table 1). Moreover, this rule indirectly implies following
modelling restrictions (see Section 3.4):

(a) Restricted modelling for both LCI and LCIA
(e.g., guaranteed through linear ones)

(b) the need for a validity check to prevent
double-counting for LCI; considered separate
product amounts should not be higher than the
global demand for that period

(c) to obtain the impact always for a single product,
partitioning of the product system should occur

(d) for the environmental impact processes, a
partitioning should be done if there are multiple
inputs originating from the human/
industrial system
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Appendix A.4. Overview of Specific and Prominent Novelties of This Work in the Context of ALCA and CLCA

Table A3. Overview of specific and prominent novelties of this work in the context of ALCA and CLCA. For more information please
see the reported section. Here, we have only listed the prominent novelties.

No. Section Novelty

1 Section 1 and further

The distinction between concepts, modelling frameworks and applications of methods
allowing to better define and grasp ALCA and CLCA. In literature these things have been
mistaken for one another in the context of ALCA and CLCA. For example, there is the
wrong notion that the CLCA concept only covers additional market mechanisms since a
lot of applications or modelling frameworks focus on these.

2 Section 2.1
An elaborate evaluation of definitions using criteria, striving for objectivity, going beyond
a mere biased selection of definitions. In literature, a thoroughly argued selection based
on various criteria is lacking to the best of our knowledge.

3 Section 2.2.1

Pointing out that the definition of product system according to CLCA and that of ALCA
as product life cycle, are not the same, and that the ISO 14040 is contradictory in
presenting in its main body the ALCA definition of product system but a definition
aligned with CLCA in its annex A.

4 Section 3.1
Whereas it is clear that CLCA covers consequential effects, we have now also specified
that in ALCA this is not exclusively as preceding causes are also covered in the product
system. This negates recent thinking in literature that ALCA would be consequential [17].

5 Section 3.1.2
While in literature [42] it has been considered that impacts would be finite, we have
innovatively argued that these can be infinite. Hence, we have also pointed out that it
might be needed to have a certain cut-off.

6 Section 3.2

In literature [23], it has already been made apparent that ALCA and CLCA can cover
processes and products in the past, present and future. Yet, in our work, we additionally
point out that for CLCA this is the relative future after the decision, whereas for ALCA
this covers past and future processes relative to the product delivery.

7 Section 3.3

For a single LCA, we have brought forward that this can be considered both for ALCA
and CLCA by (a) the product system and its impact separately, and (b) a difference
between scenarios: one with and one without the product system. In case of CLCA these
scenarios are both realistic, while for ALCA the one without the product system is
artificial. Literature [7] had mainly only focused on scenarios for CLCA.

8 Section 3.4

While in literature, CLCA has been brought forward as being restricted to linear
modelling [78], we have now clearly specified that it is not the case. We have also pointed
out that additivity may be reached by linearity in ALCA, but that other solutions to meet
the additivity requirement might exist. Furthermore, we have highlighted the need for a
double counting check in ALCA.

9 Section 3.5 We have brought forward the overlooked issue of multi-input environmental processes
that should also be partitioned in case of ALCA.

10 Section 3.6
In literature [43], average is commonly associated with ALCA and marginal with CLCA.
We have unraveled that this is not the case and that average and marginal should be
considered dependent on the case for ALCA and CLCA.

11 Section 3.6 For LCIA, we have pointed out that amount-specific characterization is the ideal solution,
and that average and marginal considerations are just approximations.

12 Section 3.7

Whereas in literature a distinction between attributional and consequential LCIA is
commonly not made, we have brought forward that additional restrictions for
attributional LCIA are needed due to additivity restrictions (e.g., partitioning of
multi-input environmental processes).
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