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Within the past decade, life cycle assessment (LCA) of waste Union has recently decided to increase recycling targets for a
management solutions has come a very long way—from a situ- range of waste material fractions and at the same time attempts
ation in which the establishment and evaluation of individual to reduce the ambiguity in recycling rate calculations (European
Council 2018; EC 2015a). Both initiatechnology scenarios was in itself a major
achievement (e.g., Abeliotis et al. 2012; The environmental benefits tives increase the demands for documenCadena et al. 2009; Bergsdal et al. 2005) quantified in waste LCA studies tation of benefits from recycling and add
to the current, much more mature level
are often directly proportional to pressure on stakeholders within the recycling chain. While the overall intention is
in which extensive and integrated scenarios are evaluated in view of uncertainties, the amounts of waste materials to minimize dependence on raw material
methodological implications, and detailed routed to a particular recycling import and increase resource efficiency as
framework conditions (e.g., Tonini et al.
technology, whereas the specific well as innovation and job creation, these
policies also intend to improve the over2018; Ripa et al. 2017). While this development may reflect attempts to more composition, properties, and all environmental performance of society
accurately model waste management solu- presence of targeted resources over a wide range of impact categories (EC
tions, the current level also illustrates the
in the waste materials may not 2015b). Although numerous studies in the
literature have demonstrated that matecomplexities associated with environmental LCA of waste management systems. be fully addressed. This suggests rial recycling is environmentally beneficial
Looking ahead, however, the key questions that the actual efforts associated (e.g., WRAP 2010; Villanueva and Wenare: Which are the most eminent chalwith recovering and recycling of zel 2007), challenges exist in relation to
the specific implementation of the Eurolenges that should be tackled, and how do
resources in waste may not be pean policies and, in particular, the seleccurrent studies address these challenges?
The current political focus on material fully reflected by current LCA tion of individual processing and recycling
chains over others (Vadenbo et al. 2014).
recycling and the circular economy repmodeling approaches.
The ability of LCA to provide consistent
resents an important backdrop setting for
waste LCA studies. Within industrial ecology, however, these assessments, however, also represents an opportunity for waste
concepts far from represent novel thinking. Resource efficiency, LCA studies to provide tangible inputs into policy making.
Providing meaningful inputs to decision makers calls for rerecovery, and recycling, as well as closing of material loops,
have been on the agenda at least since the seminal article by sponsibility. It is well established that many existing waste LCA
Frosch and Gallopoulos (1989) that is said to have launched studies fail at providing even the most basic documentation
the field. Regardless of the specific terminology applied, mate- about goal and scope, framework conditions, technology invenrial recycling is receiving considerable attention by media, de- tory data, and assessment assumptions in general (Astrup et al.
cision makers, and researchers alike (European Council 2018; 2015; Laurent et al. 2014). The results from such studies are, at
Ellen MacArthur Foundation 2013; EEA 2011). The European best, opaque but may easily be biased. In a regulatory transition
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period with society moving toward more material recycling,
it is imperative that waste LCA studies reflect state-of-the-art
approaches, offer well-documented results, show awareness of
the methodological challenges associated with LCA of waste
systems, and are accompanied by transparent discussions on
weaknesses and uncertainties. Although this is demanding, the
alternative is hardly useful.
This special feature contains a collection of articles that
pinpoint a range of methodological challenges and provide examples of how to address them within waste LCA studies. This
editorial outlines the most critical methodological aspects and
highlights key perspectives from the individual studies.

What Are the Challenges?
A specific challenge in relation to material recycling and
policy implementation is the traditional regulatory focus on
waste amounts, rather than environmental performance of a
waste solution (EC 2015b). In a circular economy perspective,
this could mean that simple use of waste materials for new
purposes (assuming regulatory acceptance) may be prioritized
over the solution providing the largest environmental benefits; for example, if the recycled material displaces materials
of low quality or does not displace virgin material at all, the
overall environmental benefits from recycling are minor if at
all present (Zink and Geyer 2017; Sevigné-Itoiz et al. 2015).
While LCA offers a methodology that may address precisely
this conflict, waste LCA studies also struggle with finding the
right approach to reflect resource quality and displacement,
rather than merely relying on material quantities (Vadenbo
et al. 2017; Zink et al. 2016). In other words, the environmental benefits quantified in waste LCA studies are often directly
proportional to the amounts of waste materials routed to a particular recycling technology, whereas the specific composition,
properties, and presence of targeted resources in the waste materials may not be fully addressed (e.g., Zink et al. 2016; Shen
et al. 2010; Rigamonti et al. 2009a, 2009b). This suggests that
the actual efforts associated with recovering and recycling of
resources in waste may not be fully reflected by current LCA
modeling approaches.
Another critical aspect is availability and quality of the inventory data describing the involved waste technologies and
processes. Waste management is characterized by activities representing impacts to the environment, while the environmental
benefits from resource recovery activities generally occur downstream of the waste system itself through displacement of other
products and services (Vadenbo et al. 2017). As such, in-depth
knowledge of the involved waste conversion and treatment processes, the emissions and properties of the outputs from these
processes, and the relevant technology configurations and associated performances are all required to appropriately model the
waste management system. To provide a balanced assessment,
however, similar knowledge is needed also for the alternative
management of the waste in question. This means that robust inventory data for a wide range of waste technologies are
needed for state-of-the-art LCA studies involving municipal

solid waste, regardless of whether the goal of a study focuses on
a specific circular economy solution. This aspect, however, has
often been overlooked in waste LCA studies.
Assuming that a relevant range of technology inventory
data is available, ensuring appropriate selection and representation of the study goal and scope is not necessarily trivial
(Brogaard et al. 2014). Traditional waste management involves
a range of archetype processes, for example, waste collection,
mechanical sorting, biological and thermal treatment and conversion, recycling, and landfilling. However, within each process type, a wide range of technology configurations are possible,
partly depending on the geographic and temporal scope, but
also depending on the technology level itself. While existing
inventory datasets do not fully reflect the variety of technology options, an LCA study nevertheless involves—implicitly
or not—selection among technology configurations. Obviously,
this selection should appropriately reflect the scope of the study.
Particularly for waste systems, these choices may be critical,
as the foreground waste system represents the main environmental impacts, as previously indicated. Again, this aspect
is often overlooked by waste LCA studies (e.g., Astrup et al.
2015).
Waste prevention—that is, reuse, source reduction, and
cleaner waste materials—is possibly the most important challenge of them all, both in the context of LCA and in society
itself. Prevention effects are inherently difficult to quantify and
regulate; in many countries, this has resulted in somewhat limited attention from regulatory agencies (Recreate 2017). While
this may gradually change in Europe with the current legislative
focus (EC 2015b), the regulatory implications go beyond the
waste management system itself: Products need to be designed
to avoid waste generation. As waste LCA studies typically apply
a zero-burden assumption, in which the upstream environmental impacts associated with production, distribution, and use
phases of materials in the waste are excluded from the system
boundaries, evaluating environmental benefits from waste prevention is not straightforward. Typically, the environmental
impacts found upstream from the waste system by far outweigh
the impacts represented by waste management and the savings
from downstream recycling (e.g., Dormer et al. 2013). So far,
only a few attempts have been made in the literature to address
this topic (e.g., Dolci et al. 2016; Nessi et al. 2012; Gentil et al.
2011).
Summarizing the above, this special feature focuses on the
following five aspects related to LCA of waste management
systems:
1. Representation of the environmental benefits associated
with recycling and selection of impact indicator types
(Ortego et al. 2018).
2. Providing systematic technology inventory data for representation of variabilities in technology implementation
(Beylot et al. 2017).
3. Application of experimental data as the basis for environmental assessment of waste management (Capobianco
et al. 2017).
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4. Selection of technology data for appropriate representation of goal and scope of LCA studies (Henriksen et al.
2017).
5. Quantification and communication of environmental
benefits from waste prevention (Hutner et al. 2018).
The above studies were all presented at the 1st International
Conference on Life Cycle Assessment of Waste held in Cetraro,
Italy, in 2016. The second iteration of the conference in 2018
was held in Copenhagen, Denmark (for details, please refer to
www.wasteLCA.org).

Sustainability Assessment Using
Thermodynamic Rarity
Based on a case representing resource recovery from endof-life vehicles (ELVs), Ortego and colleagues (2018) applied
thermodynamic rarity as a metric to illustrate the potential
benefits of resource recovery and recycling. This is done by estimating the embedded exergy costs (rarity) of selected critical
metals present in four different ELV types (conventional and
electrified vehicles). By comparing recycled mass with thermodynamic rarity, a potential “hidden value” of critical metals
is identified. Ortego and colleagues (2018) highlight that current recycling targets may fail in increasing recycling of critical
metals in vehicles when solely based on mass. Thermodynamic
rarity is found to be a useful metric that may be used both by
regulators and automobile manufacturers in the design phase.
The study identifies a range of specific metals with insignificant weight contributions to ELV recycling (i.e., molybdenum,
cobalt, niobium, and nickel), but with more prominent importance as measured by thermodynamic rarity.

environmental emissions within an LCA. Based on leaching
data for selected brownfield soils and stabilization/solidification
processes, the performance of soil regeneration is evaluated relative to traditional landfilling of the soils. The study demonstrates that while the soil treatment may be environmentally
preferable to landfilling for some impact categories, the cement
binder added in the treatment process is found to be critical for the overall environmental performance of the regeneration solution. In contrast, the leaching data obtained from
the lab experiments are found not to be decisive for the LCA
results.

Links between Technology Data
and Assessment Scope
The importance of data selection and compliance with the
study scope is further highlighted by Henriksen and colleagues
(2017). With landfilling as an illustrative technology case,
the study investigates the importance of technology configuration and inventory data modeling relative to the context
and scope of an LCA study. By evaluating 52 discrete landfill technology configurations and datasets (e.g., landfill type,
regional conditions, leachate, and landfill gas management),
the study demonstrates that inventory modeling has profound
effects on the LCA results. Common examples of selecting sitespecific inventory data for representation of an average, nonspecific location or use of aggregated data for representation
of a site-specific case study are in both cases demonstrated as
providing biased results that may not be aligned with the study
scope.

Assessment of Waste Prevention and
Communication of Results
Waste Incineration Inventory Data
Beylot and colleagues (2017) provide an elaborate dataset for
90 French municipal solid waste incinerators covering the period of 2012 to 2015. The study addresses variations in technology configurations, energy efficiencies, consumption of reagents
for flue gas cleaning, and process-specific air emissions. The data
are provided as a basis for future LCA studies of waste management in France and illustrate the rather extensive efforts that
are ideally required as a basis for a national-level LCA of waste
management. The study further identifies a range of reagent
consumptions and air emissions that are significantly affected
by the investigated technology configurations.

Hutner and colleagues (2018) assesses waste prevention
measures through a community-based approach involving several steps intended to quantify and communicate potential
effects from local prevention activities. Based on a literature
review, existing approaches are evaluated and subsequently discussed among stakeholders for determination of criteria for indicator and case-study selection and, finally, communication of
results. By means of LCA, the approach is applied on a range
of cases, for example, provision of drinking water in offices and
electronic workstations in administration, and identifies potential impact reductions based on selected waste prevention
measures. The study thereby demonstrates the importance of
transparent involvement of stakeholders from scoping an LCA
study to communicating the results.

Application of Experimentally Based
Emission Data
With an example of soil utilization for regeneration of
brownfield sites (e.g., urban and abandoned areas characterized
by debris and various levels of contamination from previous
activities), Capobianco and colleagues (2017) illustrate how
analytical data from lab experiments are applied to estimate
1002
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Concluding Thoughts
While the LCA studies mentioned above may not offer conclusive solutions to all the challenges discussed in this editorial, these studies nevertheless represent important steps on the
way to improved insight into methodological choices, more
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transparent LCA results, and more robust and unbiased conclusions. In combination and individually, the studies also illustrate
the considerable methodological challenges that still lie ahead
of us within the field of waste LCA. We see the ongoing development of waste LCA as an important component of the work
of industrial ecologists studying when and how to close resource
loops. And we sincerely hope that the special feature provides
both insight and inspiration for future research, paving the way
for high-quality and relevant decision support for the benefit of
society.
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