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Abstract. Growing environmental awareness in society increasingly influences individual everyday decisions,
such as which product to buy or how to sustainably use it. Yet, available information to support these decisions is
often limited, or difficult to understand particularly regarding sustainability. Effective ways of communicating
environmental impacts of individual decisions are required to close this gap.While Life Cycle Assessment (LCA)
is an established tool to evaluate environmental impacts of products and services and support environmental
decision-making, the results are typically standardized and based on statistical or averaged data. However, for
individuals, this informationmight be irrelevant, as it neglects personal situation, behavior, information need, or
individual level of expertise. In tackling those central issues of personalization in LCA, this article focuses on two
main questions: How can individual aspects be addressed in LCA and at which stages of the methodology can
LCA be personalized? For this purpose, the ISO 14040/44 standards are analyzed regarding individuality, and
current approaches in literature are presented. In an explorative approach, this research identifies two general
approaches of personalizing LCA. A personalized Life Cycle Inventory (LCI) enables evaluating the
environmental impacts of personal(ized) products and conditions. A broader personalization approach based on
the flexibility of themethodological framework of LCA aims at providing understandable and relevant results for
individual stakeholders. This article provides an overview, outlines key aspects of this vision, and points out
further research needs to bring the concept into application.

Keywords: mass personalization / life cycle assessment / individuality / environmental awareness /
pro-environmental behavior
1 Introduction

Climate change and other environmental impacts are not
only in the focus of scientists and politicians but also being
discussed in society in general. There is a growing interest
in the matter and increasing environmental awareness.
More and more individuals start or continue to change
their lifestyle with the aim of being more environmentally
friendly [1,2]. Decisions with impacts on the environment
are made by individuals on a daily basis, such as which
product to buy or how to use it in a sustainable manner.
However, the available information to support these
decisions is often limited, not reliable, difficult to
understand and thus simply based on gut feeling.
Therefore, new and effective ways of communicating the
environmental impacts of individual decisions are required.
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Life Cycle Assessment (LCA) is an established and
standardized methodology to assess the environmental
impacts of product systems and services over their life cycle
[3,4]. The information gained from a LCA study can be used
to guide decision-makers regarding environmental sustain-
ability. LCA is a flexible tool and widely applicable. On the
one hand, this flexibility can lead to inconsistencies between
studies, a fact that is addressed in official guidance
documents, such as [5]. On the other hand, it also provides
the possibility to adapt a study to very specific boundary
conditions. Implementing LCA and interpreting the results
requires expert knowledge, thus, it is commonly applied and
commissioned by relatively large institutions (e.g. corpo-
rations or public stakeholders). Furthermore, state of the art
LCA studies provide mainly inflexible results tailored to the
specificstudy.Forprivate individuals this informationmight
be too generalized tobe truly relevant, hard tounderstand or
difficult to relate to. Considering these individuals as the
target audience and adapting the framework of the LCA
study, however, could provide the necessary information to
foster environmentally preferable behavior.
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Table 1. Overview of keywords found in ISO 14040 and 14044.

Framework Length of the
document (pages)

Number of times the word stem is mentioned in the document

“Individual” “Personal” “Custom”

ISO 14040 [3] 20 6 0 3
ISO 14044 [4] 46 16 1 3
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People are different regarding their information need,
expertise, interests, environmental awareness, situation,
location, et cetera. These aspects have to be considered in
order to successfully personalize LCA. Individually
adapted LCA studies could provide easily understandable
results, enable informed decision-making and possibly
increase environmental awareness, as well as encourage
pro-environmental behavior. Depending on the aim of the
study, different methods are suitable. Personalizing LCA
to support a private person in a daily situation requires a
different scope than supporting the traditional users of
LCA, such as professional stakeholders. This paper
considers and outlines two different personalization
approaches for LCA. In the first case of a private
individual, adapting the framework of the study would
serve the aim of providing relevant and understandable
information for this person. Moreover, specific data
reflecting this individual’s behavior would improve the
results regarding their relevance to him or her. In the
second case, adapted input data reflecting the individual
situation could be sufficient to guide a professional without
adjusting the standard framework, i.e. the way the results
are presented. Taking individual aspects into account, for
example data regarding the user behavior, can support
decision-making on a professional level as well, not only the
respective individual or target group.

This process of tailored LCAs becomes particularly
relevant when looking at current megatrends, such as
individualization and mass personalization. Enabled by
technological advancements and digitalization, these
trends change the way products are manufactured [6].
Consequently, this growing product variability and the
influence of the user lead to high uncertainties in a
standardized LCA. The effects are particularly relevant
for the use phase [7]. Average or general results become
less capable for supporting specific individual decisions.
New ways to assess the environmental impacts of
individual(ized) or personal(ized) products and services
through LCA need to be found. Moreover, it will be key to
take into account the specific production parameters and
individual use patterns.

In order to provide an overview of the central issues of
LCA for and of personalized products, this article focuses
on two main questions: How can individual aspects be
addressed in LCA and at which stages of the methodology
can LCA be personalized?

To answer these questions, the ISO 14040/44 stan-
dards are analyzed regarding the consideration of individu-
ality in the documents. The state of the art is presented
based on literature in Section 3 and in context with the
explorative approach of this work. The possibilities of
both,personalizingtheLifeCycle Inventory (LCI)ofa study,
as well as personalizing the choices within the methodologi-
cal framework of LCA are explored and described. The
findings are discussed and conclusions drawn regarding
further research needs.

2 Analyzing individuality in ISO 14040 and
ISO 14044

As a first insight into the possibilities for personalization in
the methodology of LCA, the ISO 14040 [3] and ISO 14044
[4] standards are analyzed with regards to their referencing
of words describing personalization. For this analysis, the
stems of the keywords “individual”, “personalized” and
“customized” are searched for in order to identify these
keywords and their derivatives. The aim is to identify those
parts of the documents that address individual aspects.
The findings are summarized in Table 1 and discussed in
the following sections.

The word “individual” and its derivatives can be found
6 times in ISO 14040. Most cases do not refer to individual
persons, except for the definition of “interested party” as
“individual or group concerned with or affected by the
environmental performance of a product system, or by the
results of the life cycle assessment”. Another section in the
standard reflecting personal individuality to a certain
extent refers to the fact that “There is no single solution as
to how LCA can best be applied within the decision-making
context” and further states that “LCA may be used for a
broad spectrum of applications. The individual use, adapta-
tion and practice of LCA for all potential applications are
based on this International Standard and on ISO 14044”.

Words stemming from “personal” are not mentioned in
ISO 14040. The three mentioned words containing
“custom” in both ISO 14040 and ISO 14044 are mentions
of “customers” regarding the definition of service. There-
fore, ISO 14040 mentions the broad applicability of LCA
but is inconclusive regarding the possibilities to address
individuality within the methodological framework.

ISO 14044, being the more application focused
guideline document for LCA, contains the word stem
“individual” 16 times. Again, most cases do not refer to
individual persons. Next to the same definition and
explanation mentioned in ISO 14040, however, ISO
14044 mentions “different individuals” in the context of
the optional elements of Life Cycle Impact Assessment
(LCIA). Ranking, as one option of grouping, and weighting
are based on value-choice: “Different individuals, organiza-
tions and societies may have different preferences;
therefore it is possible that different parties will reach
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different ranking results based on the same indicator
results or normalized indicator results.” The same is stated
for weighting.

“Personal” is mentioned one time in ISO 14044 when
defining the reporting requirements if grouping is included
in the LCA. Next to clearly stating that grouping is based
on value-choice, a justification has to be given regarding
“the criteria used for normalization and grouping (these can
be personal, organizational or national value-choices)”.
These examples show that individuality is recognized by
the standards, as individual preferences and personal
criteria are explicitly mentioned. The standards provide
the flexibility to include individual preferences or aspects
into the framework by utilizing these optional elements.
Fig. 1. Possibilities to personalize the Life Cycle Inventory.
3 Addressing individuality with and within
LCA

Two levels of personalization of LCA were identified. One
option is implementing a (standard) LCA of a personalized
product or individual situation. Here, individuality is
addressedwithLCA. The second option is personalizing the
chosen goal and scope within the methodological approach
focusing on the impact evaluation and result presentation
with the aim of providing easily understandable and
relevant results. As discussed in Section 2, themethodology
of LCA according to ISO 14040/44 is flexible and allows
individualizing the implementation of a study while still
being compliant with the standards. In this case individua-
lity is addressed within the framework of LCA. Both scopes
are discussed in detail in the next sections.
3.1 Scope: Input data–Personalized product life cycle
inventory

When looking at the four stages of LCA according to
ISO 14040/44, the Life Cycle Inventory is when individual
data and information have to be available to implement
LCA of a personalized product or for an individual
situation. To a certain extent the inventory is always
unique, as parameters and data sets are chosen to reflect
the goal and scope of the study. However, average data is
often used for the LCI, either because it serves the goal of
the study, to achieve generality or simply because of a lack
of specific data. For example, Matu�stík and Kočí (2019) [8]
investigate personal consumption for average Czech
inhabitants. The authors point out that not including
behavioral aspects is one limitation of the study, but at the
same time ensures wider applicability. The focus is clearly
put on finding general patterns of consumption behavior,
not individual assessments. In contrast, Arena et al. (2017)
[9] present a regional environmental footprint calculator
using individual data of daily habits. This research work
clearly focuses on pointing out individual user’s consump-
tion patterns and related reduction potentials.

The possibilities to individualize the LCI can be located
when looking at a typical product life cycle as depicted in
Figure 1. The users’ influence on the individual stages
(resource extraction, production, use, end of life) and the
respective input data is explained in the following para-
graphs.

The most obvious influence of the user lies in the use
phase, where behavioral patterns strongly affect the
environmental performance of a product. In many areas
the main life cycle impacts originate from the use phase,
such as for standard buildings [10,11] and personal mobility
[12,13]. The exact share of these impacts strongly depends
on the user behavior. Taking individual usage data into
account reduces uncertainties and produces relevant
results for the specific user as well as for other stakeholders.
For example, Briem et al. (2018) [14] investigate the
influence of the individual driving behavior on the carbon
footprint of different passenger vehicle configurations and
reveal that the differences of the overall environmental
performance vary widely. A small battery electric vehicle
might be the most climate-friendly choice for one person,
while a compact diesel vehicle might be the better choice
for another person under the individual conditions.
Furthermore, considering different potential user beha-
viors and the respective influence on the environmental
performance of a product in the product design phase and
tailoring the developments to the target group, can lead to
significant benefits. Betten et al. (2019) [7] describe the
potential impacts along the use case of a development
measure of a lightweight component in the automotive
sector. In this example the variability is captured by
approx. 3.5million single scenarios of possible combina-
tions of development measures and user behaviors and
visualized in an interactive tool.

This example gives an insight on how advanced
methods for data collection, mining and analytics enable
the investigation of individual data on a larger scale. With
these methods, a single LCA study can provide results for a
very large number of scenarios. The level of detail of the
available and analyzed data used in studies varies. Most
studies rely on made up data, while realistic user data
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would be preferable. However, a lack of specific individual
data can be addressed by closing the gap with available
data (e.g. statistical, average, etc.).

One method to model user behavior is agent-based
modelling. For example, Saner et al. (2013) [15] use agent-
based modelling and LCA to assess the environmental
impacts of over 3000 individual households in a Swiss
community. Based on statistical data, the developed model
is used to calculate individual results per household for
land-based mobility instead of average values. The heating
demand is based on calculations of the hourly heat flux of
each building. Walzberg et al. (2019) [16] use an agent-
based LCA approach to assess the potential of 100
Canadian smart homes. The authors identify human
behavior and pro-environmental behavior change as large
influencing factors in this context. Furthermore, they
mention as one limitation of the study the use of data from
different contexts, such as country-average statistical data
instead of specific regional or local data. However, the
agent-based LCA approach enables the investigation of
complex systems.

Knowing the user and his or her behavior can aid
product developers and designers, as mentioned above and
shown by Betten at al. (2019) [7]. On top of that, the user
might co-create or configure his or her own product
following the trend of mass customization. This trend offers
potentials but also poses risks for the environmental
sustainability of these products [17,14]. The individual
configuration of the customized product has to be taken
into account in the LCI. A modular LCA approach can
reduce the arising complexities, as suggested by Fornasiero
et al. (2017) [18]. Furthermore, the authors integrate
supply chain management into their environmental
assessment approach.

Even with customized product design and manufactu-
ring, individual users of a product usually have little to no
influence on the supply chain. In a few single cases,
however, the user can currently influence the supply chain
by choosing a specific (standardized) product. For
example, some companies try to establish strictly sustain-
able supply chains, such as Fairphone and Shiftphone on
the phone market [19,20]. Hankammer et al. (2016) [21]
investigate the smartphone purchasing behavior of stu-
dents depending on sustainability aspects and customiza-
tion options. The results show that environmental and
social sustainability aspects of products and their supply
chain are important influencing factors on the purchasing
choice. A path of development could be the possibility for
users to customize the supply chain of a product according
to their values. Consequently, the specific conditions and
actual supply chain could be integrated into a personalized
LCI. The challenge at this point is that little background
data is currently available in commercially available data
bases and LCA practitioners are forced to work with the
limited data sets mostly reflecting the global situation.

Finally, the user can strongly influence the lifetime and
end of life phase of a product. By taking good care or
repairing products, the lifetime can be extended. In
contrast, through heavy usage or neglected maintenance,
the lifetime could be shortened. Once the product is no
longer usable, the user might hold on to it for a while
keeping it from re-entering the value chain. If the user
properly discards the product, it can enter a path of
recycling or disposal; if it is not properly disposed of, the
product might not be recycled and ends up as waste. In
summary, the influence of the user on the time and path of
the end of life stage is high. Therefore, the individual
situation can be integrated in the LCI to reflect the
situation correctly.

There aremany options to individualize the LCI in order
to perform LCA of a personalized product or to reflect an
individual situation. Some of these options are being used in
current literature, but so far without a focus on addressing
individuality systematically.Mostly, examples can be found
where individualdatawas available and the study focusedon
a specific case, rather than having the aim of generating
generally applicable results. Depending on the stakeholder,
the relevance of implementing individual aspects into the
LCI differs. The importance of different life cycle phases
varies as well depending on the aim of the study.
Furthermore, new technological possibilities, such as big
data analytics, enable the implementation of many specific
cases at once and easier interpretation of the results.

3.2 Scope: Goal and scope, evaluation and
interpretation

Personalizing the choices within the methodological
framework opens new possibilities. The overall aim of
addressing individuality within LCA is to provide
understandable and individually relevant results, thus,
enabling informed decision-making. This scope of person-
alization is wider than the one discussed in the previous
section, however, both scopes go hand in hand, as a
personalized LCI can be part of a personalized LCA, as
shown in Figure 2. Moreover, it is most likely essential
(but not necessary) to include a personalized LCI into a
personalized LCA.

Starting with goal and scope, individual or personal
goals can be taken into account when conducting LCA. The
system boundary can be chosen accordingly to include
individually relevant parts of the product system to be
studied or exclude non-relevant parts accordingly. Of
course, scientific soundness has to be upheld and cut-off
criteria considered. By considering individual aspects from
the beginning, relevant results can be produced. The goal
and scope is individual by definition. Consequently, one
might argue that LCA is in itself personalized. This topic is
part of the discussion in Section 4.

The ISO standards mention value-choice based on
individual preferences regarding some aspects of the Life
Cycle Impact Assessment (LCIA) phase (cf. Sect. 2). One
approach to personalize the results is using an individual
set of impact categories based on preference, area of
interest or environmental awareness of a person (organiza-
tion, society or other stakeholder). Bai et al. (2018) [22]
investigate the understanding of stakeholders regarding
different impact categories by combining LCA and conjoint
analysis. The results yield the relative importance of each
investigated impact category as well as the overall
preferences of the interviewed stakeholders. The method
can support understanding the reasons behind certain
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of LCA.
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decisions. Using this method and knowledge, stakeholders
could be informed better, for example by providing detailed
results for their preferred impact categories. In order to not
omit anything, they could be provided with additional
information about other impact categories they might not
be familiar with.

The optional elements of ranking, grouping and
weighting go further, as they are the ones requiring
value-choice. Particularly weighting can be a good option
to provide understandable results by creating a personal-
ized single-point indicator. However, developing well-
suited weighting factors is challenging. These factors could
be based on measurable values, such as the environmental
awareness. Itsubo et al. (2018) [23] developweighting factors
based on the environmental awareness in the G20 countries.
The weighting is applied to four areas of protection. Next to
differences in environmental awareness on country level,
varying individual differences can be found within the
countries. Some countries show a higher dispersion in
personal environmental awareness than others. For an
individual weighting of results, for example for different
areas of protection as shown by Itsubo et al., the individual
values could be used. Using weighting to yield a single-score
indicator relevant to the individual could be a useful way to
communicate LCA results to non-experts.

In the end, the interpretation phase is key to
communicating the obtained results effectively. A familiar
unit can be helpful, such as converting CO2-equivalent in
“steak-equivalent” or “distance-travelled-by-plane”. The
latter is used by Bakås et al. (2018) [24] to illustrate the
CO2-savings of a configurable recycling station. The
savings are converted into a number of flights between
Oslo and Trondheim. This approach enables non-LCA-
experts to grasp the dimensions of the results better.
Depending on the target audience and interested party of
the LCA study, this approach might be more or less
suitable.
The regional environmental footprint calculator
“YUPI

®

” by Arena et al. (2017) [9] is a tool that enables
the calculation of the ecological footprint, carbon footprint
and water footprint of individuals. The results are also
presented using familiar units. The ecological footprint (in
hectares) is converted into “planets”; the carbon footprint is
presented as the number of trips by car to the United States
(from Argentina) and the water footprint is compared to
the volume of an Olympic swimming pool. Next to using
familiar units, other aspects of individualization are
implemented in the calculator as well, such as reco-
mmendations on how to lower the personal impacts in daily
life. These recommendations are general in the current
version of the calculator, but are to be improved and
personalized in a newer version, according to the authors.

Generally, the character of recommendations varies
depending on the target audience and the questions to be
answered by the study as defined in goal and scope.
Individualized recommendations based on the results of a
LCA study, can provide clearer andmore relevant guidance
than general recommendations. Another approach of
interpreting the results is comparing them to benchmark
values. Similar to a familiar unit, the dimension of the
results can be better understood by creating a reference
point. For familiar units the reference is a relatable
measure; for benchmarks the personal results are put in
relation to the results of others. By using benchmarks, the
results are put into context and no information is lost due
to the personalization.

An example for an approach to encourage pro-
environmental behavior with personalized recommenda-
tions is presented by Anagnostopoulou et al. (2018) [25]. A
mobile application for urban route planning suggests
different route options based on the user’s personality.
Persuasive messages are displayed to encourage more
environmentally-friendly transport modes. The messages
are either based on suggestion, comparison with other users
or comparison with the user’s past performance (self-
monitoring). The application remembers to which type of
message the user responded positively and adjusts future
messages accordingly.
4 Discussion and outlook

The personalization of LCA is promising, as it unlocks
potentials for effective communication and provides
relevant results to individuals. Two approaches were
presented in this work. The first described scope of
personalization focusses on the input data, the second on
personalized result communication.

For evaluating the environmental impacts of
personal(ized) products, the life cycle inventory can be
adjusted accordingly to reflect individual conditions.
Moreover, the individual user behavior can be considered.
Combining methods, such as agent-based modelling or
techniques of big data analytics, with LCA is promising in
this regard. The variability due to user behavior can be
addressed by analyzing a large number of scenarios. Some
approaches can be found in the literature, but further
research is needed to fully unlock the potentials in this area.
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New technological advancements and new methods for
data collection, mining and analysis exist and enable the
implementation of many specific cases at once and easier
interpretation of the results. However, acquiring real and
usable data remains a challenge for researchers.

Addressing individuality systematically holds high
potentials for understanding the environmental impacts
associated with individuals. Behavior associated with high
environmental impacts can be identified and mitigation
options pointed out. This can be done individually, or on a
larger scale to support different stakeholders. As presented
above, product designers can benefit from considering use-
phase aspects in the product development process.
Furthermore, this approach can support policy-makers
in finding new ways to promote pro-environmental
behavior. Depending on the stakeholder and the specific
application, the importance of including individual aspects
into the different life cycle phases varies as well. As
discussed, this approach of a personalized LCI is useful for
professional stakeholders, but not exclusively. Private
individuals can also benefit from this approach, although,
understanding the results might pose a challenge.

The second described scope of personalization supports
this aim of effective and understandable communication.
This personalization scope focusses on the evaluation of the
results aiming at providing better understandable and
relevant results. By using the flexibility of the standardized
methodological framework, individuals’ specific questions
can be answered. Integrating an individualized LCI into
the more widely personalized LCA framework makes sense
and is likely essential, yet, not necessary. The main goal of
this approach is presenting relevant results in an easily
understandable way to individual target audiences. This
audience might be anyone from one private individual to a
group of professional stakeholders. The idea is to
individualize the LCA and the way the results are
communicated for the specific case. One might argue that
this is what is done in any LCA study, as goal and scope are
always unique and the LCA is implemented accordingly.
That would mean that any LCA is already personalized.
The struggle to generalize findings from LCA studies would
surely support this claim. It is difficult to make clear
statements or recommendations based on LCA because the
results always represent one specific situation, namely the
one defined in the goal and scope, and strongly depend on
the analyzed boundary conditions. Often a specific group of
people or stakeholders is addressed. This could also be the
case of a personalized LCA, depending on the level of
personalization.

However, this work explored the many ways LCA can
be adjusted to truly address individuality. For example,
taking the environmental awareness of a person or group
into account is one promising approach. As described
above, this is possible on the country level, but could also
be done on regional, local or individual level. Assessing the
environmental awareness can lead to a better understan-
ding of the target audience. Additionally, the environmental
knowledge, LCA expertise or preferences, such as specific
impact categories, could be assessed and taken into account.
By understanding the target audience better, the results can
be better presented and relevant recommendations given.
At the moment, this is the task of the LCA practitioner. In
the future, advanced analytical methods could assist with
this. Further research is needed in this area.

It is shown that personalizing the methodological
framework of LCA is possible, due to the flexibility given by
the ISO standards. This article aimed at presenting some
ideas and exploring the approaches found in the literature.
However, the literature analysis is far from exhaustive.
Future research should include a thorough analysis of the
literature.

Several methods were identified that could assist in
implementing the described ideas. The existing synergies of
combining different methods with LCA and the underlying
potentials should be further investigated. The different
methods to measure the environmental awareness have not
been in the focus of this work, but have to be addressed in
future research. Developing weighting factors based on
values for the environmental awareness depend on finding a
suitable method. As psychological methods differ strongly
from an engineering approach of measuring data in a
product system for LCA, the combination of both is
challenging.
5 Conclusion

This article analyzed the possibilities to address individu-
ality in LCA by presenting existing approaches and
exploring new ideas in this context. First, the framework
of the ISO 14040/44 standards was analyzed regarding the
consideration of individuality. It was found that the
standards recognize individuality and explicitly mention
personal criteria in the context of value-choice based
elements, such as grouping and weighting. Therefore, the
standards provide the flexibility to include individual
preferences or aspects into the framework by utilizing these
optional elements.

Two approaches of personalizing LCA were elaborated
and current approaches in the literature presented in
context. A personalized LCI enables evaluating the
environmental impacts of personal(ized) products and
conditions. A broader personalization approach based on
the flexibility of the methodological framework of LCA can
provide understandable and relevant results for individual
stakeholders.

The sensitization of individuals can play a key role in
facing the climate crisis and related environmental issues.
Society as a whole and each individual can contribute to
change the current situation and move towards a more
sustainable future. There is a balancing act between
encouraging people by promoting pro-environmental
behavior and legally limiting environmentally-damaging
behavior by proposing regulations. The approaches
presented in this work can aid in this regard, as making
people understand the impacts of their actions is a first step
towards behavior change. LCA can quantify environmen-
tal impacts and support decision-making by providing
relevant and scientific numbers.

In conclusion, this article provided an overview of the
current state of the art of personalized LCA. The key
aspects of this vision were discussed and further research



A-K Briem et al.: Matériaux & Techniques 107, 507 (2019) 7
directions to bring this concept into application were
pointed out. By exploring the possibilities to address
individuality with LCA, this work only scratched the
surface of a broad topic. The authors believe that there is
great potential in further developing these ideas.
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