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Abstract: To improve environmental performance of a product or activity, an understanding of the
environmental impacts associated with it is needed. Quantification of environmental impacts can
be achieved through the standardized measurement-based tool of Life Cycle Assessment (LCA).
However, challenges occur when trying to apply a standardized tool to a nonstandardized industry
such as the aggregate industry. This study aims to provide greater understanding of the challenges
facing the aggregate industry, particularly producers, in applying LCA. This was conducted through
a literature review, to establish the current understanding of challenges, accompanied by a case study
where a site-specific LCA was conducted with a large enterprise at a crushed-rock-production facility
in western Sweden, to gain new industry-specific insight. A total of 13 challenges were identified:
seven methodological and six systemic. Out of these 13 challenges, 3 were deemed a high risk to the
implementation of LCA by aggregate producers, and 3 to the integrity of results. A best-practice
framework is suggested to incorporate LCA into current environmental management techniques uti-
lized at quarry sites in Sweden to overcome some challenges. However, LCA used for environmental
management should not lead to double work if LCA is being utilized for Environmental Product
Declarations, and further research is encouraged to find appropriate solutions with the most efficient
allocation of the resources needed in conducting LCA studies.

Keywords: aggregates; life cycle assessment; LCA; environmental management; Sweden; quarry;
mining; environmental performance

1. Introduction

Quarrying and mining can lead to a variety of local and global environmental impacts,
including, but not limited to, groundwater contamination, biodiversity loss, resource
depletion, noise pollution, land degradation, and emissions of greenhouse gasses (GHGs)
and particulate matter (PM10) [1–3]. However, due to the major differences between
operations, these impacts vary significantly from site to site. Although actions are being
taken to reduce some impacts, engagement varies highly between countries; and a lack
of transparency, a lack of data leading to omissions, and a slow uptake of ambitious
environmental goals are a few of the issues putting the mining and quarrying industries off
track for achieving global environmental targets and the Sustainable Development Goals
(SDGs) [4–6]. This study will focus on the extraction of aggregates, and for clarification, the
term quarrying will be used to relate to any mining activity that has the main purpose of
producing aggregate products.

Aggregates account for the largest nonenergy mining sector in Europe, and produced
over 3 billion tons of aggregate in 2018 across 39 different countries [7]. Aggregates
can be sourced from sand and gravel deposits, marine deposits, crushed rock, artificial
sources (made from byproducts, e.g., fly ash or blast furnace slag), and recycled/reused
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material where crushed rock accounts for approximately half of all aggregate production
in Europe [7]. The application of aggregates is wide and varied, from sewage treatment
to railway ballast, as well as being a key element in some solutions for environmental
concerns, for instance flood defenses. However, most aggregates in Europe are used in
construction and infrastructure projects as it constitutes the main component in concrete and
asphalt. With the extensive and wide use of aggregates, it is essential that the environmental
performance of their production is in line with new proposals from the EU Commission to
achieve a 55% net reduction in greenhouse gasses by 2030 as part of the European Green
Deal [8].

Understanding the environmental impacts associated with a service or product can
lead to improvements in environmental performance. In theory, this can be achieved
through environmental management techniques, for example: environmental impact as-
sessment (EIA), environmental management systems (EMS), standards and monitoring,
and risk assessment; the choice of technique depends on the situation and desired out-
comes [9–11]. However, to gain a quantitative evaluation of impacts, measurement or
value-based tools are needed [12]. Life Cycle Assessment (LCA) is a popular measurement-
based tool utilized in environmental management [9,12] and will be the methodology in
focus for this study, to evaluate environmental impacts.

LCA is a continuously developing, standardized methodology for applying life cycle
thinking to model environmental impacts from a particular product or service [11,13]. Life
cycle thinking is founded in considering the entire life span of an activity or object, and
therefore, considers a product from ‘cradle to grave’, i.e., from mineral extraction, through
manufacturing, production, and use to disposal [9,10]. The key phases of an LCA study
are outlined in the ISO standard 14001:2015 [10] and should be considered for a deeper
understanding of the LCA methodology.

The standardized nature of LCA can cause issues when being applied in a nonstan-
dardized industry, such as quarrying, where large variations in production systems are
commonplace. Many LCA studies rely on databases for key input and output data for
the system, which generally rely on industry or country averages, and can poorly rep-
resent the system in question. As a consequence, misleading or inaccurate conclusions
can be drawn, impacting the integrity of the results [14]. Quarrying systems are also of
a dynamic nature, producing multiple products, with production activities and inputs
heavily reliant on customer demands. This means production inputs and outputs often
vary significantly from year to year and even month to month, which is difficult to capture
using current established LCA practices [15,16]. However, improvements are continuously
being evaluated and implemented to address the concerns with LCA, especially within the
construction sector, making LCA a relevant and important methodology to the aggregate
industry [17,18]. Nevertheless, as more producers seek to gain Environmental Product
Declarations (verified certificates based on an LCA study for business-to-business commu-
nication for products, commonly known as EPDs), an increase in producers undertaking
LCA studies has been witnessed [19], expanding the demand for LCA beyond experts.
Having a clear understanding of the challenges for implementing reliable LCA studies in
the aggregate industry is needed by producers to address potential pitfalls in conducting
LCA studies, and can help identify solutions that encourage the uptake of LCA among
producers. No such comprehensive resource specific to challenges for aggregate producers
in Sweden could be found by the authors at the time of publishing.

Considering the unique circumstances surrounding aggregate producers in conducting
LCA studies discussed above, the aim of this study is to provide a summary of current chal-
lenges facing the industry related to applying LCA for evaluating environmental impacts,
and the risk these challenges pose to broad implementation and reliability of LCA studies.
Initial challenges to LCA practitioners in the aggregate industry are identified in the current
literature, with further challenges specific to producers identified in an inductive approach
through a revelatory case study as defined by Yin [20] in western Sweden. From the chal-
lenges identified, a framework for environmental management for aggregate producers
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is suggested to contribute to more robust and transparent environmental practices in the
industry. This study will focus on aggregate production from crushed rock to identify
sector-specific needs, and can help further research be tailored to the needs of producers.

Section 2 describes the methodologies used to identify the challenges. The results from
the literature review and the case study are presented in Sections 3.1 and 3.2, respectively.
The overall impact of these challenges are brought together and discussed in Section 4,
with a brief conclusion presented in Section 5.

2. Materials and Methods

The study was conducted in two phases: the first consisted of a literature review
of peer-reviewed papers published in English since 2010, to establish the current state
of knowledge on challenges in conducting LCA studies for aggregate products noted by
researchers. During the second phase of the study, an LCA study was conducted with
a large enterprise in western Sweden on a crushed rock operation to establish specific
challenges for producers conducting LCA studies in an inductive approach. A simple
risk assessment has been made for each identified challenge to assess the likelihood of the
challenge hindering the implementation of LCA by producers and the possibility of the
challenge impacting the integrity of the results of the LCA study in terms of accuracy. The
risk assessment was conducted qualitatively through discussions among the authors of
this paper to assign a low, medium, or high risk depending on the perceived likelihood of
impact, i.e., a high risk has a high likelihood of impact.

For the literature review in phase one, a Scopus search within the article title, abstract,
and keywords with the terms ‘Life Cycle’, ‘quarry’, and ‘aggregate’ was conducted. This
yielded 30 results, which dropped to 13 results when ‘concrete’ and ‘asphalt’ were excluded
from the search. The number increased to 35 results when ‘quarry’ is exchanged with
‘mining’. Out of the returned results, seven were related to crushed rock aggregates,
and therefore deemed relevant to the current study [1,2,14,21–24]. Further sources were
identified through citations in the above papers and through recommendations from
researchers at the Chalmers Rock Processing Systems (CRPS) research group [3,25–32],
resulting in 16 in total.

In the case study, qualitative methods were utilized to gain an ethnographic under-
standing of the challenges for producers by conducting an LCA study in conjunction with a
large enterprise. The mini-ethnographic case study, as defined by Fusch et al. [33], was con-
ducted over 6 months at a single quarry site and included conducting informal interviews
with key personnel, actively participating in and observing the process, and examining
internal documents. The LCA conducted on the study site followed the methodology frame-
work outlined in the ISO 14040:2006 and 14044:2006 standards [10,34]. Modelling tools
identified in the literature review and those used within the company itself were utilized
for the Life Cycle Impact Assessment (LCIA) phase and as a source for secondary data (The
Aggregates Industry Life Cycle Assessment Model: an open-source tool developed in Excel
by Imperial College London in collaboration with the Waste & Resource Action Programme
for the aggregate industry in the UK, accessed upon request; and commercial LCA software
with connected databases for secondary data where GaBi was the specific software utilized).
LCA guidelines developed by the Sustainable Aggregate Resource Management project
(SARMa) were used to aid in the goal and scope definition, particularly when considering
system boundaries [26].

3. Results

The results highlighted two different areas of challenges for producers in evaluating
environmental impacts: those associated with conducting the LCA itself, referred to as
methodological challenges, and those associated with the implementation of LCA by pro-
ducers for environmental management, referred to as systemic challenges. The challenges
impacted the LCA in various stages of the study, which have been described based on
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the stages outlined in ISO 14040:2006. The results from the two phases of the study are
presented below.

3.1. Phase One: Literature Review

From the literature review, seven challenges were identified: four methodological, and
three systemic, none of which were deemed high risk to the implementation of LCA by
producers. A summary of the challenges is given in Table 1.

Table 1. Summary of identified challenges for evaluating environmental impacts using LCA in the
aggregate industry from a review of current published literature.

Challenge
Classification Identified Challenge Impact Stage Risk to Imple-

mentation of LCA
Risk to Integrity of
Results from LCA

Methodological

1. Challenges in accurately allocating
environmental burdens per product [24,26].

Inventory Analysis
(Allocation)

Low Medium

2. Lack of impact categories that accurately
reflect key environmental impacts for the
industry [28,30].

LCIA Low Low

3. Significant life-cycle variations over a
temporal scale are difficult to incorporate
[24,26,35]

Goal and Scope
(system boundaries) Low Medium

4. Limited secondary data sources [32] Inventory Analysis
(Data quality) Low Medium

Systemic

5. Unstandardized production process [2,14,21].
Goal and Scope (system
boundaries), Inventory

Analysis (Data collection)
Medium Low

6. Limited goals for the LCA study [1,21,23]. Goal and Scope Low Low

7. Lack of appropriate tools [23–25,29,31]. Inventory Analysis
(Data collection), LCIA Medium Medium

The methodological challenges were linked to allocation, impact categories, inven-
tory analysis and setting system boundaries. Difficulties with allocation are discussed by
Blengini and Garbarino [26], where it is highlighted how issues with using allocation per
product can occur due to the interconnectivity of the production process linked to, for
example, internal reprocessing loops and the lack of process-separated data. This makes
it difficult to determine exactly which burdens should be associated with which product,
and would make allocation based solely on mass, often suggested by LCA standards, an
inaccurate solution. This challenge has led some practitioners to avoid product-specific
allocation, opting for allocating an overall burden from production to aggregates, removing
the ability to compare products [24]. Although the allocation procedure can impact the re-
sults per product [36], resulting in a medium risk assignment, it is not deemed a significant
risk to implementation by producers, as decisions regarding the allocation process, particu-
larly for economic allocation methods, can be easily justified based on current reporting
standards [10,34,37].

Some key environmental impacts that are not quantified effectively in current LCIA
impact categories are resource use and land-use change, as well as local impacts such as
on biodiversity [28,30]. Although a resource-depletion category does exist for minerals
and metals in the standard EN 15804:2012 + A2:2019 [37], it does not effectively reflect
other issues surrounding the depletion of gravel or sand resources, and caution should
be used if applying it to aggregate product LCA studies [28,30,37]. Biodiversity and land-
use change are not just challenges for the aggregate industry but pose issues for LCA
practitioners universally [38]. It can be particularly challenging to quantify biodiversity
impacts for quarries, as certain sites have provided unique ecosystems for rare species
to flourish after mine closure [39,40]. However, despite these impacts being critical to a
holistic view of environmental impacts, the lack of their inclusion at this stage is not seen
as a risk to implementation of LCA by producers. If no impact is calculated, the risk to the
results is also low, however, if these categories are attempted to be calculated using poorly
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representative methods, the risk could be much higher. Variations between characterization
models for impact categories were also noted by Segura-Salazar and Tavares [24] as an
issue impacting results, consistent with general LCA challenges for practitioners [41].

The third challenge identified in the methodological classification was linked to the
setting of system boundaries in a temporal frame. Unlike some manufacturing processes,
quarrying can cover several life-cycle phases within a relatively short time, which cover
the mine, asset and product life cycles, as described in the guidelines given by Blengini and
Garbarino [26]. These could have an influence on the environmental impacts of aggregate
products produced at a quarry site with a short lifespan, yet are difficult to incorporate
into a standardized LCA methodology in an effective and feasible way [37]. Again, this
challenge is seen to have higher risk on the quality and representativeness of an LCA study
rather than implementation itself and is, therefore, deemed a medium risk to the results
and a low risk to implementation.

The last challenge was associated with a lack of secondary data sources, specifically
for mine assets, which led to their exclusion by Rosado, Vitale, Penteado and Arena [32].
Further challenges with secondary data sources were also noted in the case study and are
discussed in more detail in Section 4.

Turning to the systemic challenges identified, the first challenge was associated with
the high variability between sites, which makes it almost impossible to gain worthwhile
results for environmental management from secondary data alone [2,14,21]. As it is un-
likely that production will become more standardized in the future due to the geological
and logistical variations of operations, specific guidelines and tools for the industry were
developed to aid the uptake of LCA within the industry at the end of the 2000′s [3,26].
The development of both aids has, however, dropped off, with no updates to the projects
in the last 10 years, likely due to the industry’s turn towards standardized tools during
this period. The industry now often utilizes standards for LCA, particularly for produc-
ing Environmental Product Declarations (EPDs), which are declarations mainly used for
business-to-business communication, rather than improving environmental performance.
Without guidance tools for conducting an LCA, results can vary significantly between
studies, leading to a medium risk to the accuracy of results. The unstandardized nature of
the production process has been deemed a medium risk to implementation of LCA due to
the need for site-specific expertise, which make it difficult to combine studies of multiple
sites for producers, as can be the case for other manufactured products.

This leads to another identified systemic problem where goals of LCA studies con-
ducted by producers are generally not set for system improvements through, for example,
environmental hotspot identification or identifying the environmental benefits of increasing
the amount of recycled input material [1,21,23,24]. Although the lack of utilization of LCA
for environmental performance improvements can impact the value that can be gained
from conducting an LCA by a producer, it is not seen as a risk to implementation or the
quantitative results, but could significantly impact improvement results in the long run.

Finally, a lack of industry-specific modelling tools and software to aid environmental
management using LCA, particularly those that utilize simulation models in the process,
was identified as a systemic challenge for the industry [23–25,29,31]. Although some
improvements have been made to LCA software allowing for simulation modelling [24],
these still are not specific to the industry and require specialist knowledge. Without
appropriate tools or software, the complex modelling of environmental impacts makes
LCA inaccessible for most producers. As other tools do exist allowing for implementation,
this is not seen as a large risk for implementation into the industry, but can be off-putting
for producers where extra input or expertise is needed to utilize current tools effectively.
Therefore, a medium risk for both implementation and results was decided.

3.2. Phase Two: Case Study

The LCA case study highlighted similar, interconnected challenges to those identified
in the literature review, with some additional challenges also noted. In total, six challenges
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were identified: three methodological and three systemic. A summary of the challenges
identified is given in Table 2.

Table 2. Summary of identified challenges to evaluating environmental impacts highlighted by the
LCA case study.

Challenge
Classification Identified Challenge Impact Stage Risk to Imple-

mentation of LCA
Risk to Integrity of
Results from LCA

Methodological
8. Availability and collection of site-specific data

Inventory Analysis
(Data quality) High High

9. Lack of accuracy of site-specific data for
outsourced activities directly contributing to
the manufacturing process

Inventory Analysis
(Data quality) Low High

10. System variability year to year Goal and Scope
(System boundaries) Medium Medium

Systemic

11. Allocation of human resources All stages High Low
12. Limited applications for the goals of LCA Goal and Scope Low Low
13. Financial burdens associated with the LCA

process All stages High Low

A majority of the methodological challenges identified were linked to data collection
challenges. Some of the data needed to gather a representative Life Cycle Inventory (LCI)
for the site were not monitored or recorded, making the process of gathering the necessary
data time-consuming and difficult. This included information on diesel consumption for
individual machines and purchase information for maintenance inputs that met the cut-off
criteria (for example, replacing liners in crushers or panels in screens). A high risk to
implementation was identified, mainly due to the connection to the systemic challenge of
allocating adequate human resources for conducting the LCA study, as time among staff
is already allocated to other tasks (unless their role is directly associated with conducting
LCA). This also had a high risk for the results, as data that cannot be collected need to be
estimated or omitted, which could have large impacts on the integrity of the results.

Another data-related challenge that can impact the results of the LCA study concerns
data collected from outsourced activities directly involved in the manufacturing process,
for example drilling and blasting activities. Similarly, there was a lack of monitoring or
recording for key inputs, however, one lacked the ability to collect the data from alternative
sources (for example, invoices), as the data were outside of the organization. This led to
estimates being made for inputs such as diesel consumption based on average estimates
per unit of service (for example, per meter drilled) which can have a notable impact on the
accuracy of the final results. Despite its high risk to the results, the risk to implementation
was deemed low, as estimates can be justified if clearly stated in the LCA study.

The last challenge identified in the methodological classification was linked to dif-
ficulties in setting the system boundaries due to variability in the production quantity
from fluctuating demands from customers. This means manufacturing processes are rarely
similar year on year and have large seasonal fluctuations, making it difficult to decide
on a period that can truly represent manufacturing conditions for aggregates leading to
a medium risk to results. The risk to implementation has been deemed medium as it can
increase the workload for conducting the study, if a longer study period is needed, or the
LCA needs to be re-evaluated more regularly to remain relevant.

The systemic challenges identified were generally associated with the role and position
of LCA within the company. As discussed earlier, LCA can be time-consuming regarding
successively collecting all the required data, and due to the site-specific nature of quarries,
on-site personnel will generally need to be involved to gain accurate understandings of the
specific manufacturing processes. However, many on-site personnel already have their time
allocated towards existing tasks. Therefore, without proper allocation of human resources
towards the LCA study, it can be extremely challenging to conduct a site-specific LCA.
This challenge has been deemed high risk to implementation, as without the appropriate
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time allocations for staff, an LCA cannot be conducted. The impact to results should be
low, unless the scope is redefined for producing a lower quality study because of the lack
of resources.

Within the case study organization, LCA was being utilized for the development
of EPDs for business-to-business communication purposes. Although this positioning
can address challenges associated with the allocation of human resources and financial
burdens by giving the LCA study a clear value for the company, it does not encourage
the application of LCA for system improvements from an environmental management
perspective [42]. This can lead to an underutilization of an LCA study; however, it does not
prevent the LCA from being conducted or the affects the quality of the quantitative results,
and so was deemed a low risk.

The last systemic challenge was the financial burden that can come from allocating re-
sources towards an LCA study. From the human resources, modelling tools and secondary
data, to costs associated with verification and publication of an EPD, an LCA can place
a notable economic burden on producers without always having clear financial benefits,
especially for small- and medium-sized enterprises (SMEs). As a financial assessment is a
common business decision tool, this challenge has been deemed a high risk to implemen-
tation and a medium risk to results if appropriate data or tools are not included due to
cost savings.

4. Discussion

Two of the highest-risk challenges to implementation were identified as systemic
challenges of human and financial resource allocation. Unfortunately, possible solutions to
the systemic challenges can result in higher risks for methodological challenges and vice
versa. For example, commercial LCA software or external LCA consulting can place an
economic burden on producers, making it less appealing for environmental management
purposes. A possible solution could be to reduce the detail and accuracy of the LCA to ease
the process, which could be successful if precise results could still be obtained. The goal
and scope would be important if pursuing this action, as LCAs needed for EPD production
must meet stricter criteria than an LCA for hotspot analysis, for example. Reducing the
number of impact categories or focusing on key contributors (diesel, explosives, and copper
in this study), could also save time in data collection, expertise, and money, if precision
could be maintained. However, it is important to note that many financial opportunities
could be realized through implementing LCA, for example, reaching new customers or
markets [11], which can help overcome financial burdens.

These two challenges could also be alleviated if industry-specific software or tools
were implemented, which could also address issues with allocation, depending on the
capabilities of the tool, and highlights the importance of this challenge. The modelling
tools utilized in this study were either outdated (secondary data from 2007) or expensive,
and required specialist competencies, confirming findings from the literature that more
easily accessible, industry-specific tools would be beneficial to identify environmental
improvements for the industry. This would be a good area of investigation for future studies
or product development. As LCA is already being utilized for producing EPDs for business-
to-business communication, solutions that could integrate this use with environmental
management would be beneficial and would avoid wasting resources on conducting similar
tasks. The temporal scales of EPDs (currently valid for 5 years) do make them difficult
to incorporate into environmental management, and further studies are recommended to
successfully integrate both purposes.

The third high-risk challenge to implementation, and the two high-risk challenges
to the results, were associated with primary data collection, particularly the difficulties
related to collecting relevant data. Better monitoring procedures or implementing sensors
to automatically collect relevant data could be implemented to address this.

There were other challenges identified that related to data quality with lower risks.
Diesel consumption is a large contributor to environmental impacts at quarries; however,
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from the conditions observed in the case study, over 50% of diesel consumption was related
to subcontractor activities which were difficult to procure accurate data for. Demands
for more accurate diesel consumption figures from subcontractors should be encouraged
in the future. A lack of secondary data was identified as a challenge in the literature
review, but was also noted during the case study, particularly secondary data related
to explosives. Unfortunately, there is a lack of datasets in secondary data sources for
the variety of explosives used, which can lead to inaccuracies in the results of the LCIA
consistent with the medium risk identified in the literature review. As EPDs become
more readily available, these should be utilized in modelling tools for impact assessment,
particularly for explosives, to gain more accurate representations of how the specific choice
of inputs influence the results.

The identification of the same challenge in the literature review and the case study
highlights how academia and the industry are working similarly, however the new chal-
lenges identified in the case study show the benefits of taking a case study approach in
identifying relevant challenges to the specific industrial applications of LCA. Validation
studies to see how accurately the identified challenges reflect other organizations and
locations are encouraged in the future.

This study aimed to look at LCA as a tool to lead to improvements in environmental
performance, and from that perspective, one of the main concerns comes from the systemic
challenge of the limited goals of LCA in the industry. From the case study, it is understood
that LCA is being utilized in the industry for communication purposes (EPDs) rather than
environmental management for identification of improvement areas. The current state of
environmental management for quarry sites in Sweden sees most work conducted through
regulations and EMS [43]. Monitoring is a mandatory component of an EMS according to
ISO 14001:2015, however, this does not imply that environmental impacts themselves are
monitored or measured, and is not enough to ensure impact evaluation does take place.
LCA can be a great compliment to EMS to quantify environmental impacts, particularly on
a global and regional scale, and could help identify areas for improvement. Therefore, a
potential environmental management structure including LCA for quarry sites in Sweden is
suggested in Figure 1. This aims to address systemic challenges concerning the application
of LCA in the industry and build a best-practice framework for environmental management
of quarries.
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LCA can build on and support existing voluntary and compulsory tools, creating
a stronger structure of environmental management for quarries while still being an au-
tonomous technique. By adding a quantitative measurement of impacts, clearer, more
precise ambitions and goals for environmental improvement can be set in environmental
management, leading to more desired actions and outcomes [44]. The added advantage of
implementing LCA within environmental management is that qualitative assessment of
impact categories not currently addressed successfully in LCA are still addressed through
other techniques, for example, regulations, to ensure they are not overlooked. Other
initiatives concerning environmental issues, for example initiatives on biodiversity [45],
could also be considered in this framework under the EMS, leading to a more holistic
understanding of both local and global environmental concerns.

It is important to consider that this case study looks at one quarry site driven by a large
enterprise in Sweden, and the challenges facing, for example, SMEs, could vary. Therefore,
further studies are encouraged to compare and validate the identified challenges to help
with the implementation of LCA across a wider variety of producers.

5. Conclusions

This study has identified seven methodological and six systemic challenges that face
aggregate producers when evaluating environmental impacts using LCA. Three challenges
are deemed high risk to the implementation of LCA by producers, and two are deemed high
risk to the integrity of results from LCA. Two of the high-risk implementation challenges
were linked to allocation of financial and human resources, while a third, along with the two
high-risk challenges to result integrity, were related to challenges in collecting site-specific
data. A best-practice framework is suggested for incorporating LCA into environmental
management to overcome some of the medium-to-low-risk challenges that had wider
implications for the results of an LCA study, and to encourage system improvements to
help meet European and global environmental goals. However, to avoid double work
within a company system, communication applications of LCA in the form of EPDs should
also be carefully considered, and more research is encouraged to successfully apply LCA for
both applications with minimal resources. Several challenges could be addressed through
the development of industry-specific tools, as has been suggested in the previous literature,
which is validated by this case study, and would be an interesting future line of study. To
assess how challenges vary between organizations, particularly between large enterprises
and SMEs, further case studies are encouraged in the future.
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