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Abstract

Life Cycle Engineering (LCE) was introduced as a concept more than 24 years ago in order to address emerging concerns about environmental
sustainability in engineering. A number of methods and tools have been introduced to operationalise the LCE concept, but since then, the scope
of sustainability has broadened, and as a result, LCE has evolved in parallel with other disciplines with similar aims. Currently, in addition to
LCE, there exist a number of concepts such as Industrial Ecology, Cleaner Production, Life Cycle Management (LCM), Industrial Symbiosis,
and Circular Economy. As a result, orientation becomes challenging and a framework to integrate them is required. The paper aims to introduce
an integrated framework for LCE defining the concept and its boundaries, and it argues for the need to reorientate LCE towards the
environmental dimension of sustainability. Through an integrated top-down and bottom-up approach, the framework establishes a relationship
between LCE and the other concepts and positions them relative to the planetary boundaries and the concept of absolute environmental

sustainability.

© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With the 1987 report ‘Our common future’ from the UN
Commission for Environment and Development (the
‘Brundtland Commission’), sustainability was positioned
centrally in the discussion of our development of the world
[1]. A sustainable development was identified as meeting the
needs of the present without compromising the ability of
future generations to meet their own needs [2]. The report
introduced the point that a sustainable development at the
same time must consider both the environmental dimension
and the social and economic dimensions. This inspired the
concept of the triple bottom line to the corporate world,
challenging companies to consider all three dimensions of
sustainability and at the same time optimise the use of the
economic capital, the human capital and the environmental

capital [3]. Driven by the expectations of financial markets,
most companies still consider the economic bottom line as
more important than the other two. At a societal level, weak
sustainability allows full trade-offs between the three
dimensions, meaning that erosion of the natural capital can be
compensated by increases in human and economic capital [4].
Realising the fundamental role that the environmental
dimension plays for the other two sustainability dimensions,
Goodland [5] defined environmental sustainability as seeking
to”... improve human welfare by protecting the sources of raw
materials used for human needs and ensuring that the sinks for
human wastes are not exceeded, in order to prevent harm to
humans”. Recent developments in the understanding of the
strain that our societies put on the natural environment and the
consequences that the resulting changes may have on its life
support functions now and in the future have reinforced

2212-8271 © 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. The three dimensions of sustainability according to [6]

stronger sustainability definitions where the social and
economic dimensions are nested inside the environmental
dimension as illustrated in Figure 1.

The IPAT equation, based on work by Erlich and Holdren
[7] and Commoner [8] supports an analysis of the challenge
that central driving forces pose to the development of the
production and consumption patterns in a future sustainable
society. As seen in Eq. 1, it presents the total environmental
impact (I) as a function of the central drivers represented by
the human population (P), the human affluence (A,
representing the material standard of living per capita) and the
technology factor (T, representing the environmental impact
caused by our technology per created value).

I=P-A-T (1)

To get an idea of the challenge to ensure environmental
sustainability, consider the following conditions for a
sustainable climate change impact (I) in 2050: According
IPCC [9], we need to reduce man-made emissions of
greenhouse gases in 2050 by between 30 and 70% of the
current level (and by close to 100% in 2100) in order to have a
reasonable probability to stay below the 2 degree target that
was agreed for the global temperature increase at the COP21
meeting in Paris 2015. Meanwhile, the global population (P) is
predicted to increase by a factor 1.4 compared to today to
reach 9.75 billion in 2050 [1]. Thanks to the strong economic
development in many developing regions, the global average
affluence (A) is expected to increase, and here, a factor 2
seems to be a conservative estimate. To achieve a 70%
reduction in I, the technology factor T has to compensate the
increases in P and A, and decrease by close to a factor 10
(1.4x2/0.3).

2. LCE Framework

The technology factor T is the reciprocal of the eco-
efficiency of the technology — high eco-efficiency entails high

value creation with small environmental impact [10]. The
environmental impact can be measured using life cycle
assessment, LCA, and it is typically used as a relative
measure in comparisons of products or technologies.
Historical development has demonstrated that exclusively
focusing on eco-efficiency is insufficient to ensure
sustainability. In the IPAT equation, there are
interdependencies between the factors, and a coupling
between A and T has been observed e.g. for lighting
technologies [11] meaning that improvements of several
orders of magnitude in efficiency (1/T) over the last centuries
have been more than neutralised by accompanying increases
in consumption (A). Indeed, an increase in technology
efficiency may drive increases in consumption through what
is characterised as an economic rebound effect [12].
Development of sustainable production and consumption
requires that the focus on eco-efficiency be accompanied by a
focus on eco-effectiveness, ensuring that needs fulfilment is
achieved in a manner that ‘is in accordance with the overall
conditions that must be met by a sustainable society’ [11].
Absolute boundaries for the environmental impact have been
proposed as a guidance to assess eco-effectiveness at the level
of countries and even individual companies [13-14]. The
planetary boundary concept proposed by Steffen et al. [15]
addresses environmental processes affecting the stability of
planetary  self-regulating systems, and the proposed
boundaries are at the global level. Bjorn and Hauschild [16]
develop boundaries based on carrying capacity of regional
ecosystems for the impact categories normally covered in
LCA and propose their integration into the LCA methodology
to support assessments of absolute environmental
sustainability.

At the UN General Assembly 25 September 2015 in New
York, UN member states adopted a set of 17 goals to ‘end
poverty, protect the planet, and ensure prosperity for all as part
of a new sustainable development agenda’ [17]. The goals are
accompanied by more detailed targets to be reached by 2030.
Many of the goals have a relevance for manufacturing, but one
of them — goal number 12 - specifically addresses Responsible

Consumption and Production — Ensure sustainable
consumption and production patterns, with some of the targets
concerning
- sustainable management and efficient use of natural
resources
- halving of food waste
- waste reduction through prevention, reduction,

recycling and reuse
- environmentally sound management of chemicals
- dissemination of information about company practices
that  supports  sustainable  procurement and
consumption
Also in 2015, the European Union launched its action plan
for Circular Economy as a means to decouple resource use and
consumption through much more circular product and material
flows targeting repair and maintenance, remanufacturing,
reuse and recycling [18]. Industry is given a central role with
efforts on;
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- eco-design,
- increased efficiency of manufacturing,
- reduced use of chemicals that may accumulate in
materials through multiple material loops,
- business models based on concepts like product-
service systems, sharing economy,
- increased use of recycled materials and resources,
- industrial symbiosis.
Engineering of products and technology in a life cycle
perspective is essential to allow industry to deliver to these
agendas.

3. Life Cycle Engineering (LCE) — from earlier attempts
at a definition to frameworks

To achieve factor 10 improvements in the eco-efficiency of
our overall technology by 2050 is a daunting task. As
suggested by the UN sustainable development targets and the
EU action plan on circular economy, it requires targeted
engineering of all parts of the product and technology life
cycles, from the primary sectors providing the raw materials
over the design and development of new generations of
products and manufacturing systems through their use and
maintenance to decommissioning and end of life. As a
consequence, companies that design and manufacture products
are facing a complex situation with a wide range of
requirements and methods and tools to address them.
Companies often react to an increase of the external
complexity with the development of inner structures.
Examples are the establishment of new business units for
environment or corporate social responsibility, hiring new
staff in form of experts or introducing new methods and tools
e.g. to enable life cycle assessment or total cost of ownership
studies. Consequently, not only the external complexity but
also the inner complexity is high. One the one hand consistent
definitions can help to understand the meaning of life cycle
engineering and related method and tools. On the other hand,
frameworks can help to structure the life cycle perspective and
therefore help to create orientation and get the necessary
transparency to select and combine the right methods and
tools [19].

In the early 1980s, the U.S. Defence Advanced Research
Program Agency (DARPA) initiated investigations in so-
called Unified Life-Cycle Engineering (ULCE) [20]. A more
formal understanding of the life cycle engineering concept
was presented during the early nineties [21-22]. Both of these
references clearly state that LCE is a systematic “cradle to
grave” approach and that it “provides the most complete
environmental profile of goods and services” [21-22]. A later
attempt at a definition of LCE is given by Jeswiet [23] as:
“Engineering activities which include: the application of
technological and scientific principles to the design and
manufacture of products, with the goal of protecting the
environment and conserving resources, while encouraging
economic progress, keeping in mind the need for
sustainability, and at the same time optimizing the product life
cycle and minimizing pollution and waste.” In their CIRP

keynote, Hauschild et al. [24] expand this definition with a
number of keywords, but the focus remains strong on design
for environment and efficient manufacturing. Besides these
attempts to define LCE a number of enabling methods, tools
and techniques have been developed to support decision-
making. All of these have been developed bottom-up and can
be grouped under two categories, (1) those developed for a
particular life cycle stage or activity with an influence on the
entire life cycle, and (2) those developed as generic tools that
can be used at any stage of the product life cycle. Examples of
tools belonging to the first group are Green Material Selection,
Design for Environment (DfE), Design for Disassembly
(DfD), and Design for Recycling (DfR). These are all used
during the design phase with a strong influence on other life
cycle stages since up to 80% of the environmental footprint of
a product is decided during the design phase. The second
group counts more generic tools like LCA and LCC that can
be applied to any and all stages of the product life cycle. As
mentioned earlier, all of these tools have been developed in a
bottom-up perspective with the aim to improve the
performance in a relative perspective [11].

In addition to the methods and tools a number of different
frameworks — especially at the management or company level
were developed over the last decades. Some frameworks
cluster life cycle relevant methods and tools with regard to the
three dimensions of sustainable development and/or to the
time horizon of the decision to be made, ranging from
strategic to more operational perspective [25]. The importance
of consistent data and information is stressed as a central
element of the framework for Life Cycle Management (LCM)
proposed by Westkdmper and colleagues [26]. Based on the
principles of the Viable System Model, Herrmann and
colleagues developed a framework for Total Life Cycle
Management centred around the life cycle and sustainable
development as a normative principle. The framework further
structures LCM into a strategic and an operational layer and
distinguishes between life cycle spanning (e.g. environmental
life cycle evaluation) and life cycle stage-related disciplines
(e.g. after-sales management) that have to interplay
synergistically [27-28]. Based on the environmental and
temporal scope proposed by Coulter and colleagues [29]
Herrmann positions (Total) Life Cycle Management on a
single to multi-company level between Industrial Ecology and
approaches typically related to LCE such as DfE and Life
Cycle Design [28]. These framework attempts and the listed
methods and tools all address an environmental concern but
their focus is on relative improvements towards a more
sustainable development without addressing the need for an
absolute perspective.

Pecas et al. [30] give a recent overview presenting the state
of the art. In their paper, they present an LCE taxonomy
accompanied by a literature review towards classifying
existing tools and techniques with an attempt to structure them
under the umbrella of their LCE taxonomy. The proposed
taxonomy is based on the strategic management and system
theories, which is useful in terms of structuring the existing
tools. However, it does not help guiding LCE practitioners
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towards the target of creating engineering solutions that are
sustainable in absolute terms, in order to stay within the
planetary boundaries.

Considering the challenges to achieve sustainable
manufacturing and the central role of life cycle engineering in
addressing these challenges, there is a need for a systematic
framework of life cycle engineering that organizes
engineering activities throughout the life cycle of a product or
a technology and positions them according to their leverage in
terms promoting sustainable production systems. It is the
ambition of this paper to meet this need.

4. An integrated framework

The proposed framework builds on previous attempts made
by [28-29] and on the strong sustainability perspective and the
role of manufacturing as presented in Figure 1. The space of
the framework is defined by the temporal scope and the scope
of environmental concern along the x-axis and the y-axis
respectively (Figure 2).

Following a top-down approach Sustainability describes
the wider space defined by the Earth’s life support system and
the span of our civilization. One level down at the edge of
societies/economies and with a time scope between the
generation lifetime and the civilization span, sustainable
development is positioned expressing the continuous process
of change. One level further down industrial ecology looks at

industry and its surrounding systems [19]. Life cycle
management covers all activities but also structures and
behaviour of an organisation including normative management
(e.g. organizational culture), strategic management (e.g.
innovation behaviour) and operative management (e.g.
operational learning) [28]. The framework sees the
environmental dimension as the basis and boundary for
economic and social sustainability. It defines the scope of
LCE as looking at products from a multitude of different
products to a single product over all stages of the life cycle(s),
and structures LCE with regard to the main activities and life
cycle stages (product development, raw material extraction,
manufacturing,  after-sales  service/engineering,  reuse,
remanufacturing, recycling and disposal). Therefore, with
activities comprising a multitude of different products and
related to an integrated product and process life cycle planning
with a temporal scope of one or more product life cycles, the
interface between LCM and LCE is a floating transition zone
[31]. In the framework, the scope of environmental concern
deals with the type and scale of environmental impact both in
terms of spatial or geographical scale and in terms of
organisational level in Figure 1, ranging from the
manufacturing system over society’s entire economy and the
overall impacts on society to the Earth’s Life Support System,
as considered in the setting of Planetary Boundaries. In this
context, Planetary Boundaries are determined from a scientific
understanding of the planet’s biophysical subsystems or

Sustainability

Sustainable Development

Earth's Life
Support System
ImpacT
Societies
PoruLATION
Economies
AFFLUENCE

Industrial Ecology 7

X Companies
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Fig. 2. Life Cycle Engineering framework placing manufacturing within the context of planetary boundaries and absolute sustainability (adopted from [27, 28]).
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processes as the level of man-made environmental impact that
does not compromise our ability to stay within a safe
operating space for humanity with respect to the Earth system
[32]. The scope of temporal concern deals with the time scale
ranging from single and multi-product life cycles to the
lifetime of a generation until the civilization span [28]. Along
the two axes, the increase in temporal and environmental
scope is linked to each of the four factors in the IPAT equation
(Eq. 1). The technology factor T has the scope of one or
multiple products in their life cycles and is determined by
decisions made by product development. The affluence factor
A has the scope of the economy and is influenced by the
governance of and political management of the latter. The
population factor P has societies’ scope of environmental
concern and the temporal scope of generations, while the
Impact factor 1 representing our interference with the
environment has the scope of Earth’s life support systems and
the temporal scope of civilisations.

When interpreting the proposed framework bottom-up,
LCE is in the centre. Product development plays a central role
for LCE as a large share of the later environmental impact is
already decided at this stage. LCE methods and tools should
help to support decision making towards the upper scopes of
concern, orienting it towards absolute sustainability. With this,
LCE is now defined as sustainability-oriented product
development activities within the scope of one to several
product life cycles. The methods and tools used in LCE must
support reducing the total environmental impact associated
with technology change and volume increase from one
product generation to another, in order to ensure that new
product technologies stay within their environmental space as
derived from the planetary boundaries. Life cycle management
(LCM) has to support this new understanding on a company
level for instance with redefining the vision and mission of the
company [28]. Industrial ecology, defined as an integrated
systems approach to manage the environmental effects of
using energy, materials, and capital in industrial ecosystems
[33], has industrial symbiosis as a central element with
exchange of waste streams between independent companies,
and can hence be positioned at the economies level. The
strategy of circular economy also addresses this scope. At the
societal level, the role of life cycle engineering is to support a
sustainable development of society, and considering the scope
of Earth’s life support system, the goal of life cycle
engineering activities should be to ensure sustainability in the
long term. This means meeting the needs of the present in a
way that does not compromise the ability to meet the needs of
future generations.

Using the framework, top-down and bottom-up approaches
can thus be identified, establishing and clarifying relationships
between LCE and the other fields with an aim to link them to
the planetary boundaries and the concept of absolute
sustainability. The motivation for the latter is the realisation
that in order to support the development of sustainable
production (and associated consumption) patterns, engineering
activities and in particular, LCE must consider the planetary

boundaries from the scope of both environmental and
temporal concern. Central in this endeavour must be the
attempt to bridge the gap between bottom-up engineering and
requirements derived from top-down approaches such as the
boundaries recently agreed for climate change impacts. In the
core of the framework, the LCE activities are positioned as a
cradle-to-grave product development activity. In order to
foster sustainable development as a pathway towards a
sustainable society, hence sustainability, all human activities,
including LCE activities within an industry for current and
future generations need to stay within this boundary. As
presented previously, the IPAT equation (Eq. 1), can be used
to determine the expected and wanted developments at higher
scopes in the system and in a top-down approach determine
the requirements that such developments pose to the more
narrow scopes and in particular to LCE activities at the
company or product level.

5. Refocusing Life Cycle Engineering (LCE)

All methods and tools as well as frameworks that have
been developed over the years in different disciplines and
within specific domains are targeting different problems or
ambitions in relation to sustainability. As a result, there is
often little synergy between them, and they completely lack
the overall goal which must be achieving the sustainability of
the system or technology in absolute terms. Therefore, they do
not provide a pathway for the LCE practitioners to develop
products and processes while taking the absolute boundaries
for environmental sustainability into account. In addition, the
main aim of LCE during product development has been
expanded from the original focus on environmental impacts to
include the economic dimension with the advent of the triple-
bottom line concept, which again has led to trading off the
economic dimension at the expense of the environmental and
social dimensions. In order to refocus LCE efforts, it is
imperative that the starting point of life cycle thinking and the
foundation of LCE are well understood. The early roots of
LCE in the mentioned Unified Life-Cycle Engineering
(ULCE) [20] and the publications of Keoleian and Menerey
[21] and Alting and Jergensen [22] all present a more formal
understanding of the LCE concept as a systematic “cradle to
grave” approach that “provides the most complete
environmental profile of goods and services”. They go on to
state that consideration of the entire life cycle helps designers
“ensure that the environmental impact of their products are
discovered and reduced, not merely shifted to other places.”
Although, the scope of this definition is one product life cycle,
it is clear that the focus is on the environmental dimension,
which is in line with the sustainability model given in Figure
1.

Therefore, it is imperative to revisit the grassroots and
focus LCE with respect to its starting point: the concern about
environmental impacts caused by technical products and
processes. However, instead of focusing on efficiency and
bottom-up  thinking, the big-picture of (absolute)
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sustainability, top-down thinking, needs to be integrated for
the LCE practices as shown in Figure 3. This figure makes an
explicit attempt to bridge the gap between LCE activities such
as life cycle planning and engineering of product technologies
and the impact associated with the use of these technologies in
the context of an increase in consumption and population.

New product technologies need to be life cycle engineered,
not only for the single product and product life cycle
(technology effect), but also for the anticipated volume growth
as a result of consumption and population increase (volume
effect) so that the associated total environmental impact can
be taken into account during the product development stage.
In order to stay within the absolute boundaries for
environmental sustainability (e.g. the planetary boundaries)
and achieve absolute sustainability, the total environmental
impact of the new product generation must not exceed the
space that is available for the activity. This normally means
that it has to be less than the total environmental impact of the
previous generation. If this is not attainable with the current
product technologies, then the eco-efficiency limits are
exhausted and a new eco-effective technology solution are to
be sought, meaning that we have to strive for function and
system innovation [34] or even beyond [25,35-36].

In the LCE domain, most methodologies, tools and
techniques have been developed to guide product and process
improvement or product and process reengineering aiming for

relative improvement in environmental performance. In order
to help LCE practitioners, new tools and techniques are
required in the area of fundamental function and system
innovation to support the leaps needed towards achieving
absolute sustainability as indicated by the factor 10
improvements in the average technology factor required to
meet the requirements for climate change by 2050. There is,
however, a dearth of research into development of tools to
guide LCE practitioners towards absolute sustainability and
what does exist is limited. Examples are offered by the
methodology used by Panasonic Company and Toshiba
Company known as Factor X [37] and Factor T [38] that takes
a ratio of the eco-efficiency of new product with respect to the
benchmark product. Although these approaches are first step
to improve product performance with respect to the previous
generation, the main aim is still to improve the eco-efficiency
of product technologies; hence it is a trade-off between
environmental and economic objectives. The methodology
proposed by Kim and co-workers, [39-40] is perhaps the first
step towards developing tools for LCE practitioners to take
into account technology and volume effect on the environment
and benchmark the new generation environmental
performance to the old generation. The main shortcoming of
this approach is that it also does not provide an absolute
upper-boundary within which the impact of the product
generation must stay.

top-down | Planetary
boundaries
impact = population X affluence X technology (2)
. product output pollutants 2)
pollutants = population X -
population product output
H_J N J %/—J
Y
population consumer behaviour, energy-/resource
growth life style efficiency
< ___ absolute relative
/ innovationsbased on L . .
| . - function innovation, incremental
| eco-effectiveness and sufficiency ) ) ) . )
system innovation improvement; redesign
Path towards : __________________
sustainability 1 e
R - Methods and Tools to support
" AN Life Cycle Engineering
SNl T m e
Life Cycle Impact Assessment
Global Warming, POCP, Acidification, ...
Life Cycle Inventory
3C0,2VOC3CH,...
4 4 : 4
€0, VOC NO, ... | | €0, VOC ... | | €0, VOC NO, ... | | €0, S0, NO, ...
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Fig. 3. Combining top-down and bottom up perspectives
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Absolute boundaries at the level of companies or even
individual products may be based on the boundaries presented
by e.g. the Planetary Boundary framework or other science-
based boundaries for man-made environmental impact (e.g.
[14, 16]). These boundaries set an absolute limit for man-
made environmental impacts that defines a total pollution
quota or space that must not be exceeded. The space can be
seen as a limited resource similar to other limited resources for
which societal actors compete. The share of the space that can
be occupied by an individual industry or manufacturer within
the given industry should be determined to quantify the
environmental space that the company is entitled to occupy.
This will give manufacturers the freedom to exercise creativity
within the environmental space allocated to them from a
global sustainability limit but also the responsibility to keep
their activities within this absolute boundary. The allocation of
the space between different actors is tricky. Different criteria
may be applied as basis of an allocation, and there is currently
no agreement on a uniform criterion. The available space
might be allocated among countries according to population
figures. The resulting “personal environmental space” has
been proposed for the normalisation step of life cycle impact
assessment by [16]. Value creation might also be used as an
allocation key when dividing the available environmental
space between actors, and through the applied market
mechanism, this is partly implemented in the existing system
for distribution and management of global greenhouse gas
emissions via trading of CO2-quota between countries and
companies. If an environmental space should be divided as a
pollution permit between individual corporations or branches,
the allocation based on value creation might be preferable to
many industries, since it ensures them a space that is
proportional to their turnover. It would also favour those
companies that are most efficient in creating value with a low
environmental impact — the most eco-efficient companies, and
it would provide a drive towards higher eco-efficiency of the
manufacturer [41].

6. Conclusion remarks and future direction

With the presented life cycle engineering framework, we
position manufacturing in the context of absolute
environmental sustainability. By this, we hope to inspire an
understanding of the roles and reaches of different LCE tools
and activities. The framework emphasizes the need for an
orientation of engineering activities towards achieving
sustainable manufacturing that allows fulfilling needs of both
present and future generations without exceeding the
boundaries of Earth’s life support systems. The traditional
bottom-up approaches starting in the production process and
the product, aiming for improved eco-efficiency must meet
top-down approaches that define absolute targets for our
production starting in the requirements that must be met to
ensure environmental sustainability.

As mentioned above, the environmental concern was the
original focus of LCE of the community in sustainability and

the “shift” towards triple bottom line thinking, the picture
became blurry and the unfocused as everybody was able to
bring his own tools and approaches to the playing field of
LCE. Instead of trying to classify and structure this multitude,
the realization of the proximity of absolute boundaries for
environmental sustainability calls on us to refocus and return
to the starting point: environmental concern first. LCA or
LCA driven approaches move into the centre instead of
having LCA as just one approach out of many. From this
perspective, we have derived a framework centred on LCA-
based approaches from the bottom-up perspective and on
IPAT-thinking  framed by absolute environmental
sustainability limits like the planetary boundaries from the
top-down perspective. This new framework emphasizes the
dearth of methods and tools that support LCE towards
absolute and not only relative sustainability.

It is the hope of the authors that the introduction of an
absolute sustainability perspective in the framework may
inspire development of methods and tools needed to elevate
LCE from being an exercise in eco-efficiency improvement to
make it eco-effective with the development of technologies
that support a sustainable production and consumption.
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