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Abstract
Purpose Life cycle assessment (LCA) is considered a robust method to analyse the environmental impacts of products and 
is used in public and private market applications such as Green Public Procurement (GPP) and Environmental Management 
Systems (EMS). Despite the usefulness of the methodology, difficulties exist with the interpretation of LCA results. The 
use of benchmarks can facilitate this process, but there is yet little research on the definition of environmental benchmarks. 
The aim of this paper is to analyse the distribution of environmental performance used for the definition of the benchmark 
and how it effects the use in selected product categories.
Method LCA results from 54 Environmental Product Declarations (EPDs) for insulation materials and 49 EPDs for bakery 
products are tested for their distribution. The outcome from the statistical analysis is used to compare and evaluate three 
calculation methods for a benchmark.
Results and discussion The results of the study show that distributions and mid- and end-points of environmental performances 
of the studied indicators differ significantly for the two product categories. While some indicators for bakery products were 
closer to a normal distribution, most of the indicators are not normally distributed. This is reflected in the comparison of the 
chosen calculation methods for a benchmark, which showed that the distribution of the data affects the classification of the 
benchmark as well as the position of values on the benchmark.
Conclusion The results emphasise that analysis of further product groups and the associated distribution of the environmental 
performance is needed to understand the implications of calculation methods on a benchmark. The availability of comparatively 
large datasets in a common structure is crucial for these analyses and can be facilitated through the digitalisation of LCA- and 
EPD-information. Furthermore, more research is needed on the communication formats for different benchmarking options, 
which must be applied for the different intended audiences to be effective.

Keyword Life cycle assessment · Benchmark · Environmental Product Declaration · Statistical analysis · Market 
distribution · Interpretation · Digitalisation

1 Introduction

The global market is increasingly demanding science-based, 
verified and comparable information about the environmental 
performance of goods and services (Chen et al. 2014; Chuang 

and Huang 2015; Hou et al. 2015; Zanghelini et al. 2016). This 
is in many cases driven by international legislation and poli-
cies such as the Framework Convention on Climate Change 
(1992), the Kyoto Protocol (2005), the Sustainable Devel-
opment Goals (UN 2015) and the Single Market for Green 
Products initiative (EC 2013). But also internal drivers, such 
as minimised resource use and waste generation, encourage 
the work with environmental aspects of business operations 
(Chen and Chang 2013; Sánchez-Medina et al. 2015, as cited 
by Chuang and Huang 2018). As a result, interest in life cycle 
assessment (LCA), which is considered one of the best tools 
for both calculating and interpreting environmental impacts in 
a holistic context, is growing (Scheepens et al. 2016; Dieterle 
et al. 2018). At the same time as LCA is being applied more 
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widely, challenges with the communication and comparabil-
ity of LCA results have been identified to impede its further 
usage (Molina-Murillo and Smith 2009; Reap et al. 2008a, b; 
Testa et al. 2016). LCA results can be difficult to understand 
for persons with less experience in LCA (Fet and Skaar 2006; 
Nissinen et al. 2007; Modahl et al. 2013; Passer et al. 2015; 
Ibáñez-Forés et al. 2016); thus, more guidance for the interpre-
tation of LCA results is needed (Sala and Andreasson 2018; 
Rex et al. 2019).

As a response to the demand to define more harmonised rules 
and procedures to conduct and present the results of an LCA, 
type III environmental documentation have been developed, also 
referred to as Environmental Product Declaration (EPD) (Fet 
and Skaar 2006; Stevenson and Ingwersen 2012; Ibañez-Forés 
et al. 2016). Harmonization of methodological choices for LCA 
calculations of an EPD is done in so-called Product Category 
Rules (PCR) (ISO 2017). PCRs shall enable comparability by 
regulating, i.e. functional unit, system boundaries, allocation 
rules, choice of data and cut-off criteria in the LCA (Stevenson 
and Ingwersen 2012; Del Borghi 2013; Modahl et al. 2013; 
Bovea et al. 2014). However, comparability of EPDs may be 
complicated due to the presence of different PCRs between 
programme operators (PO) for EPDs (Fet and Skaar 2006; 
Stevenson and Ingwersen 2012; Del Borghi 2013; Hunsager 
et al. 2014; Minkov et al. 2015). Two examples of initiatives 
that strive to harmonise the use of calculation rules for LCA 
in the European Union are the ECO Platform (2020) and the 
PEF initiative by the European Commission (2013). Whereas 
the ECO Platform focuses on products in the construction sector, 
the PEF initiative works with harmonisation of methodological 
choices for different kind of products and includes aspects to 
facilitate the interpretation of LCA results (EC, 2016).

One of the objectives of PEF is to work on developing bench-
marks to support the overall ambition to find ways of making 
better use of LCA-information for future policies or legislation 
(EC, 2016; EU 2013; Lupiáñez-Villanueva et al. 2018). As listed 
by Slack et al. (2009) benchmarking can both support internal 
and external decision-making processes of an organization in 
either a competitive or non-competitive way. A benchmark can 
be defined as a point of reference, e.g. a specific environmental 
performance, against which other observations can be compared 
to (EC, 2016). It supports interpretation of a performance for 
non-experts by indicating the rank of the performance thus hav-
ing the potential to facilitate the interpretation of LCA results 
(Nissinen et al. 2007). However, different types of benchmarks 
for applications on LCA-information are not yet fully developed 
and therefore not frequently used (Nissinen et al. 2007; Galindro 
et al. 2019). Analyses of methods for developing different types 
of environmental benchmarks by Galindro et al. (2019) showed 
that typically four to five performance classes are used, but that 
there is no established methodology for the definition of these 
classes. Within the PEF initiative a representative product and 
its average environmental performance are used as the base for 

the definition of the performance classes of the benchmark (EC, 
2016). The use of average results implies that the distribution of 
the environmental performance influences the development of 
a benchmark. This can have an effect on the application of the 
benchmark in different market applications.

This paper aims to gain a better understanding of the dis-
tribution of environmental performances for different product 
categories and reported environmental indicators. The paper 
further aims to understand which effect the distribution has 
on the development of a benchmark and the definition of per-
formance classes. The following section  (Section 2) gives an 
overview of the use of LCA- and EPD-information in various 
market applications. Section 3 describes methods. Results are 
presented in Section 4, which are discussed in Section 5 and 
briefly concluded in Section 6.

2  LCA and EPD information in market 
applications

LCA activities have been carried out and used by LCA practi-
tioners on a voluntary basis since the initial emergence of the 
method. In recent years, environmental information with a life 
cycle perspective has become more relevant in both the private 
and public sectors for use by non-practitioners. The most well-
known of these requirements is most likely the revision of ISO 
14001 (2015) on environmental management systems, new EU 
Directives on Public Procurement (EU, 2014), establishment 
of a global network for LCA data, GLAD (Life Cycle Initia-
tive, 2018) and publication of several CEN-standards for the 
construction sector (CEN, 2013). During many discussions 
following the official launches and publications of these meth-
ods and tools, public procurement was usually mentioned as 
their most likely future market application (UNEP 2018); other 
applications that make use of LCA information are supply-
chain management, eco-design, marketing and decision mak-
ing (Hellweg and Milà i Canals 2014). The most recent public 
use of LCA- and EPD-information are usually referred to as 
carbon neutrality, net zero emissions and carbon offsetting. To 
identify potential decision-making situations, two examples 
commonly applied in the private and public sectors are briefly 
described below, followed by a description of the use of envi-
ronmental benchmarks in the field of LCA.

2.1  Increased demand of LCA‑ and EPD‑information 
in GPP

Green Public Procurement (GPP) and Sustainable Public 
Procurement (SPP) are powerful market-based tools for 
sustainable consumption and production (SCP), which 
use environmental challenges as an economic driver to 
set advanced environmental requirements in procurement 
activities (Mont and Plepys 2005). Following EU Direc-
tives on Public Procurement, all EU Member States have 
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introduced its principles into their national legislation 
(EU, 2014).

ISO-standards are available and specifically adapted to 
public procurement focusing on EPDs (ISO 2006, 2017), 
which initially has proven to be successful in the building/
construction and food sectors. Especially building certification 
schemes, such as BREEAM or LEED, led to a rapid growth 
of demand for EPDs in the construction sector, by giving 
credits for reporting certain types of verified environmental 
information (Gelowitz and McArthur 2016; Bernardi et al. 
2017, Bienert et al. 2017). The Swedish government’s climate-
political framework also highlights the need to consider a life 
cycle perspective in the different phases of public procurement 
(Naturvårdsverket 2019).

2.2  Inclusion of life cycle thinking in environmental 
management systems

The ISO 14001 standard for environmental management 
systems (EMS) has been around for 20 years and is one of 
the most commonly used ISO standards with over hundreds 
of thousands of certificates around the world (ISO 2015). In 
2015 a new version of the standard was released where one of 
the most significant changes from a procurement perspective 
is the need to consider a life cycle perspective (ibid.). The 
standard states that it is mandatory (‘shall’ requirements) to 
consider the life cycle perspective including the environmen-
tal aspects of an organisation’s activities, products and ser-
vices that it can control or influence. The ‘shall’ requirements 
are specifically addressed when:

• identifying significant environmental aspects,
• setting environmental goals, and
• examining the organisation´s own purchasing procedures.

2.3  Environmental benchmarks within LCA

The growing interest in the benchmarking of LCA results 
can be viewed as a response to the increased demand 
of using LCA methodology in information specifically 
targeted to selected customers to support sustainable con-
sumption patterns (Nissinen et al. 2007). The application 
of an environmental benchmark for LCA data is rela-
tively uncommon, with applications in e.g. the method 
of an Eco-indicator (Goedkoop and Spriensma 2001) or 
the analyses of the development work, or the understand-
ing and presentation formats of benchmarks (Nissinen 
et al. 2007). In contrast, the use of benchmarking in the 
building sector is more widespread, with the majority of 
benchmarks developed for the energy usage of a build-
ing. In a comparison by Hong et al. (2013), two types of 
benchmarking programmes are distinguished: top-down 
(1) and bottom-up benchmarking (2).

While top-down benchmarking compares a single 
performance of a product to a group of products with similar 
characteristics, bottom-up benchmarking programmes 
examine the specific characteristics of a product in order 
to represent the products’ specific context. In the top-down 
programme, statistical analyses are required to determine the 
performance of the reference group. Bottom-up programmes 
calculate a theoretical performance and therefore are 
depending on a model to reflect the characteristics of the 
product (ibid.). Data for statistical analyses for top-down 
benchmarking can be provided through LCA studies (Murphy 
et al. 2015; Rönnlund et al. 2016). Bottom-up benchmarking 
requires further analysis of the function and characteristics of 
the studied product, which may relate the chosen functional 
unit.

Apart from the type of benchmarking programme chosen 
for the definition of a benchmark, the presentation format 
and level of detail of the benchmark are important aspects 
to consider (Nissinen et al. 2007). Studies of more detailed 
methods for the development of benchmarks have exam-
ined how the visualisation of information can be made more 
effective (Otto et al. 2003). Despite using LCA as a robust 
method for the definition of a top-down benchmark, specific 
expectations from stakeholders on trustworthy approaches 
cannot always be met (Brinkmann et al. 2019). More research 
is therefore needed to better understand the implications of 
a benchmark for the best applicability and effectiveness, as 
concluded by Heinzle and Wüstenhagen (2012) and Galindro 
et al. (2019). Changes in the definition of a benchmark such 
as the EU energy label (ECEEE 2009) have been shown to 
impact the perception and behaviour of the user of the infor-
mation (Heinzle & Wüstenhagen, 2012).

With increasing availability of LCA- and EPD-information 
as well as access to digitalised databases provided by EPD 
POs, the concept of benchmarking could become more rec-
ognised and relevant to facilitate the interpretation and use of 
this type of information (Nissinen et al. 2007).

3  Methods

In this study the concept of a top-down benchmarking pro-
gramme is chosen for the selected product categories, because 
of the complexity and inherent differences of the studied prod-
ucts in each product group. Three statistical indicators are 
calculated and analysed in this study—mid- and end-points, 
arithmetic averages and medians. The data are further visual-
ised in the form of distribution curves and cumulative distribu-
tion functions to illustrate the shape, span and characteristics 
of the distribution curves. Furthermore, the data are tested for 
normal distribution using the Anderson-Darling test (Ander-
son and Darling 1952). Significance levels of 5% and 0.01% 
(six sigma) are chosen to test the hypothesis that the data are 
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normally distributed (Engineering Statistics Handbook,n.d.). 
Depending on the chosen significance level, the p value indi-
cates if the null hypothesis can be accepted or rejected. A mini-
mum number of datasets under these conditions must be around 
20–25 to achieve a reasonable level of significance for such a 
judgement. An increasing number of datasets is considered to 
make this type of statistical analyses more credible and trust-
worthy (Gunnarsson 2018).

3.1  Selection of product categories

The database of the International EPD System (IES) (2018) 
contains more than 1000 EPDs covering several product cate-
gories. Being one of the largest and broadest databases on the 
market, it has been chosen to identify two product categories 
for this study. As illustrated in Fig. 1, EPDs from construc-
tion products and food and agricultural products make up 
more than two third of all published EPDs. Sub-categories 
in the product groups are based on the PCR used for the 
EPD calculations. To allow for robust statistical analyses, 
the sub-categories with the highest numbers of EPDs were 
chosen for this study.

Within the construction products category, most EPDs 
were based on PCRs for ‘construction products and con-
struction services’ followed by ‘insulation materials’. The 
PCRs for ‘construction products and construction services’ 
is not limited to a specific sub-category and can be used for 
products with many different functions. To enable compari-
son within a narrower product group, the EPDs following 
the PCRs for insultation materials has therefore been chosen 

instead. All EPDs based on this PCR have the same functional 
unit defined as the amount of material necessary to achieve 
1 m2 * K * W − 1 of thermal resistance (IES 2016).

In the product category of food and agricultural products, 
the PCR for bakery products (2012:06) was used for most of 
the EPDs and thus chosen for this study. The declared unit is 
defined as 1 kg of product including the relative packaging, 
as presented to the customer (IES 2015).

3.2  Choice of system boundaries 
and environmental indicators

The definition of system boundaries is of vital importance to 
ensure the comparability of LCA- and EPD-information within 
a product category. For insulation materials, the scope of the 
LCA study and the resulting EPDs according to the PCR was 
defined as ‘cradle-to-gate with options’. According to EN 
15804, five life cycle stages are distinguished: product stage 
(A1-3), construction stage (A4-5), use stage (B1-7), end-of-
life stage (C1-4) and reuse, recovery and recycling potential 
(D). The product stage consists of the information modules A1 
(raw material supply), A2 (transport to manufacturer) and A3 
(manufacturing). It is mandatory to report on these modules, 
and therefore, they were chosen for the statistical analyses of 
the EPDs for insulation materials. The remaining modules and 
life cycle stages were not considered as they are not mandatory 
to report on and therefore not available for all studied EPDs. 
The aggregated results for the environmental impact of the 
product stage (A1-3) for the chosen functional unit were 
used for the statistical analyses. For bakery products, three 

Fig. 1  Distribution of EPDs within defined categories from the International EPD System
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life cycle stages were considered—upstream (ingredients and 
packaging), core (production) and downstream (distribution 
and end-of-life). The results for all life cycle stages are 
mandatory to be reported in the EPDs and were therefore 
part of the statistical analyses. Information for the statistical 
analyses was gathered from the EPDs of the selected categories 
and can be divided into two main categories—indicators for 
environmental impacts and indicators for resource use. All 
reported indicators in the EPDs were included in the statistical 
analysis. The indicators for the selected product categories 
differ due to the requirements in the underlying PCRs. Table 1 
gives an overview of the data that were gathered for each of the 
product category groups.

3.3  Methods for the definition of performance 
classes

This study further examined the effect of a calculation method 
for the definition of a benchmark based on the frequency and 
span of data. Three different methods were used and presented 
to illustrate the impact of the calculation approach on the defi-
nition of the benchmark and performance classes. An uneven 
number of seven ranges were used for the classification of the 
distribution curves to allow for a centre class and to provide a 

finer division than in a three- or five-range classification, which 
is often used for benchmarking purposes (Galindro et al. 2019). 
A linear distribution of the data over the seven classes is applied, 
with the exemption of the centre including the double amount 
of data compared to the other classes, as a model to consider 
the higher density of data at the core of a benchmark, as given 
in a normal distribution. The centre of the benchmark and class 
is visualised as a blue-coloured range and contains 25% of the 
values of the dataset. The range with the lowest environmental 
impact is green-coloured, followed by a light-green and light-
blue coloured range towards the centre. A yellow, orange and 
red-coloured range indicates the areas with higher environmen-
tal impact compared to the blue-coloured range. Each of these 
classes contain at maximum 12.5% of the data.

The different methods for the calculation and visualisa-
tion of the benchmark use different approaches for defin-
ing the centre of the benchmark — the dark-blue coloured 
range. The first method uses the average value of the dis-
tribution as the centre of the benchmark (average-based 
benchmark); the second one uses the median value of the 
distribution (median-based benchmark). The third method 
makes use of a market-based approach, where the centre 
of the benchmark is defined as the area of the distribu-
tion in which the frequency of observations is highest, 
based on the prerequisite that the area contains at least 

Table 1  Selected environmental indicators for the product categories included in this study

Environmental indicators (units) Insulation materials Bakery products

Acidification potential (AP)  (SO2 eq) x x
Eutrophication potential (EP)  (PO4-eq) x x
Global  warming potential (GWP)  (CO2 eq) x
Global  warming potential (GWP)-fossil contribution  (CO2 eq) x
Global  warming potential (GWP)-biogenic contribution  (CO2 eq) x
Photochemical  ozone creation potential (POCP)  (C2H4 eq) x x
Ozone  depletion potential (ODP) (CFC-11 eq) x
Abiotic  depletion potential (mineral resource elements) (ADPE) (Sb eq) x
Abiotic depletion potential (non-renewable fossil energy resources) (ADPF) (MJ) x
Total use of renewable primary energy resources (PERT) (MJ) x
Total use of non-renewable primary energy resources (PENRT) (MJ) x
Non-renewable energy resources (NRER)–Coal (g) x
Non-renewable energy resources (NRER)–Oil (g) x
Non-renewable energy resources (NRER)–Natural gas (g) x
Non-renewable energy resources (NRER)–Other (g) x
Renewable energy resources (RER)–Hydroelectric (MJ) x
Renewable energy resources (RER)–Wind (MJ) x
Renewable energy resources (RER)–Solar (MJ) x
Use of net fresh water (water)  (m3) x
Water consumption (water) (l) x
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25% of the values of the whole distribution (market-based 
benchmark).

4  Results

The statistical analyses and visualisation of the results in the 
form of distribution curves for the chosen product categories 
and life cycle stages were based on 54 EPDs for insulation 
products (containing 79 datasets) and on 49 EPDs for bak-
ery products (containing 72 datasets). The number of data-
sets is higher than the number of EPDs due to the fact that 
some EPDs contain LCA results for more than one product, 
i.e. different product variations. A list of acronyms for the 
reported indicators is presented in Table 1.

4.1  Distribution and cumulative distribution curves

The shape of the distribution curves for most of the studied 
environmental indicators for insulation materials follow sim-
ilar patterns of being narrow and slightly positively skewed. 

An example of such a distribution curve is illustrated in 
Fig. 2 for the distribution of the impact on climate change 
for insulation materials. The distribution curves for all 
reported indicators are presented in Appendix Fig. 9. Most 
of the values for the environmental impacts of the products 
are positioned in a small interval with lower values for the 
environmental impact. However, the distribution curves also 
indicate that the span of the environmental performance is 
rather large compared to the area in which most of the obser-
vations and environmental performances are located within. 
Based on the graphical illustration, the assumption of the 
data being normally distributed is unlikely, due to its posi-
tive skew and the span of the distribution curve.

In contrast to the shape of the distribution curves for the envi-
ronmental impact and resource use of insulation materials (as 
presented in Appendix Fig. 9), a common form for the shape of 
the distribution curves for ‘bakery products’ cannot be observed. 
In general, the distribution curves seem to follow a less posi-
tively skewed and narrow distribution curve. However, the dis-
tributions vary between impacts categories and resource use, as 
illustrated in Appendix Fig. 10. The distribution curves of data 
for eutrophication and global warming potential (GWP)-fossil 

Fig. 2  Distribution curve for 
global warming potential for 
environmental performance of 
insulation materials
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global warming potential for 
environmental performance for 
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contribution show a close correlation to the shape of a normal 
distribution curve (Fig. 3 and Fig. 10) The majority of the dis-
tribution curves for bakery products differ significantly from a 
standard normal distribution curve, though the span of the distri-
bution curves appears to be smaller than for insulation products.

One of the characteristics of a normal distribution 
curve is that approximately half of the values are lower 
than the average and that half of the values are higher. The 
area of the span from zero to the average of the distri-
bution curve should therefore cover approximately 50% 
of the entire data. The remaining area of the span to the 
maximum value should cover the remaining 50% of the 
values. The cumulative distribution function of the data 
for GWP for insulation materials shows that this is not 
the case (Fig. 4). The span from the minimum of the dis-
tribution curve to the arithmetic average of the function 
(6.38 kg  CO2-eq.) contains significantly more than 50% of 
the data from the whole distribution (over 63%). Over 59% 
of the data (values from 0.4 to 4.8 kg  CO2-equivalents) are 
located in less than 20% of the total span of the distribution 
(0.4 to 24.3 kg  CO2-eq.).

The cumulative distribution function of the data for bakery 
products (Fig. 5) shows that the average of the distribution for 
the impact on climate change–fossil contribution (1608.1 kg 
 CO2-eq.) lies approximately in the centre of the distribution.

4.2  Standard statistical indicators

The mid- and end-points, median and arithmetic average for the 
distributions of environmental performance of insulation prod-
ucts differs significantly as shown in Table 2. The variations for 
the values strengthen the findings from the observations of the 
distribution curves that data are not normally distributed. The 
span of the distribution for the studied indicators is relatively 
large with spans varying from close to 50 (GWP, ADPF) to 
more than 800 times (POCP, PERT, PENRE, Water) the mini-
mum value for each indicator.

Standard statistical indicators for the analysed bakery prod-
ucts show similar patterns as for the visual analysis of the dis-
tribution curves (Table 3). The mid-point, median and aver-
age values show a close correlation for some indicators for 

Fig. 4  Cumulative distribution 
function for GWP for insulation 
materials
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environmental impacts and indicators for resource use. The 
span of the distribution curves is not as large as for insulation 
products, with many spans of a length of up to ten times the 
minimal value (GWP (f), GWP (b), NRER–Coal, NRER–Oil) 
and only two larger spans with more than 50 times the minimal 
value (RER–Hydroelectric, NRER–Other). This corresponds to 
the observations from the distribution curves, which indicate a 
smaller span of the distributions and some distributions follow-
ing the shape of a normal distribution curve.

4.3  Anderson‑Darling test

The results for p values of the Anderson-Darling test 
strengthen the findings from the visual observations and the 
standard statistical indicators (see Table 4). Using a six-sigma 
significance level, the null hypotheses of data being normally 

distributed can be rejected. The test shows that it is highly 
unlikely that the studied data for insulation materials follow a 
normal distribution.

Four out of thirteen indicators for bakery products are 
likely normally distributed, as the null hypothesis cannot 
be rejected using a significance level higher than 5%. The p 
value for data for GWP–fossil contribution is highest (0.44), 
followed by NRER–Oil (0.09), NRER–Natural gas (0.08) 
and EP (0.06). Using a lower significance level (0.01%) does 
not allow for the rejection of the null hypotheses of the data 
for AP and POCP being normally distributed.

4.4  Methods for the calculation for the definition 
of a benchmark

The results of comparing different definitions for categorisa-
tion of a benchmark applied to the distribution of GWP for 
insulation materials is illustrated in Fig. 6. The first method for 
classification uses the average value (6.4 kg  CO2-equivalents 
per functional unit) as the centre for the benchmark, indicated 
by the dark-blue coloured range. For the average-based bench-
mark, most of the observations from the dataset lie either in the 
dark-blue coloured range or in a range with a lower environ-
mental impact. Using the median value (4.1 kg  CO2-equivalents 
per functional unit) as the centre of the benchmark leads to a 
shift of the dark-blue coloured area to the left of the distribution 
curve, i.e. towards values with a lower environmental impact. 
Furthermore, the shift also introduces observations that are 
classified within the lowest ranking of the benchmark—the red-
coloured area. The use of the market-based benchmark results 
in a further shift of the base and blue-coloured area towards 
values with a lower environmental impact. Most of the span 
becomes classified within the lowest ranking of the benchmark; 
the highest rankings—the green- and light-green-coloured 
areas—are no longer present in the classification.

Table 2  Overview of standard statistical indicators for the distribu-
tion for environmental performances of insulation products

Min Mid Average Median Max

AP 2.24E−03 2.43E−01 4.98E−02 2.24E−02 1.23E−01
EP 3.32E−04 8.63E−02 1.46E−02 5.30E−03 4.33E−02
GWP 4.32E−01 2.47E+01 6.37E+00 4.10E+00 1.26E+01
POCP 9.65E−05 8.63E−02 1.26E−02 1.80E−03 4.32E−02
ODP 0.00E+00 6.53E−06 4.83E−07 2.00E−07 3.27E−06
ADPE 0.00E+00 2.77E−02 8.99E−04 1.70E−06 1.39E−02
ADPF 8.19E+00 3.89E+02 9.75E+01 7.27E+01 1.99E+02
PERE 2.44E−01 2.57E+01 6.57E+00 4.20E+00 1.30E+01
PERM 0.00E+00 2.01E+02 9.53E+00 1.53E−01 1.01E+02
PERT 2.44E−01 2.03E+02 1.61E+01 6.50E+00 1.01E+02
PENRE 3.00E−03 3.90E+02 8.47E+01 4.20E+01 1.95E+02
PENRM 0.00E+00 2.64E+02 1.09E+01 0.00E+00 1.32E+02
PENRET 3.10E+00 3.90E+02 9.57E+01 5.80E+01 1.96E+02
Water 9.40E−08 1.92E+00 2.78E−01 1.40E−02 9.62E−01

Table 3  Overview of standard 
statistical indicators for the 
distribution of bakery products

Min Mid Average Median Max

AP 2.20E+00 1.42E+01 1.14E+01 1.07E+01 2.62E+01
EP 3.20E−01 7.72E+00 7.67E+00 7.13E+00 1.51E+01
GWP (f) 4.49E+02 1.80E+03 1.61E+03 1.56E+03 3.14E+03
GWP (b) −5.54E+02 −3.14E+02 −1.79E+02 −1.77E+02 −7.42E+01
POCP 8.00E−02 8.20E−01 5.80E−01 6.50E−01 1.55E+00
Water 7.16E+00 1.07E+02 5.40E+01 4.81E+01 2.07E+02
Coal 2.73E+01 1.12E+02 7.86E+01 6.90E+01 1.97E+02
Oil 4.60E+01 1.13E+02 1.14E+02 1.11E+02 1.81E+02
Natural gas 3.42E+01 2.21E+02 1.97E+02 1.83E+02 4.08E+02
Other 6.00E−02 4.57E+01 3.30E+00 1.28E+00 9.13E+01
Hydroelectric 1.90E−01 5.01E+00 2.17E+00 1.64E+00 9.83E+00
Wind 1.00E−02 9.00E−02 5.00E−02 3.00E−02 1.70E−01
Solar 0.00E+00 5.00E−02 2.00E−02 1.00E−02 1.00E−01
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The classifications based on average, median or market-
based approaches for normally distributed indicators such 
as impact on climate change for bakery products differ sig-
nificantly less than for insulation products (Fig. 7). The full 
range of classifications (green-coloured to red-coloured 
classes) is represented for all approaches and the shift of 
the classes is less for the different approaches.

5  Discussion

Apart from the availability of information of the statistical analy-
ses and the definition and choice of categories for the studied 
products including the underlying LCA information, aspects 

such as the format and presentation of the resulting benchmarks 
and the use of results to facilitate decision-making are further 
discussed in this section.

5.1  Availability and quality of information 
for the statistical analysis

One challenge at the time of conducting this study was to 
compile data into a relevant format for statistical analyses. Due 
to different reporting formats of the available EPD-information, 
no standardised way of transferring the information into other 
file formats were found to conduct the statistical analyses in 
an automated way. Reporting formats for LCA- and EPD-
information that cannot be analysed automatically, such as pdf-
files, can limit the transfer of information to other applications. 
Not all products on the market have EPD-information available 
which limits the development of a benchmark to products that 
report the environmental performance and product groups 
with sufficient degrees of performance to conduct statistical 
analyses. The growing interest and demand for LCA- and 
EPD-information will likely increase the availability of 
environmental performance data on the market. Safeguarding 
a functioning, feasible and dynamic benchmark requires regular 
up-to-date analyses of the distribution curves in conjunction to 
increasing EPD datasets. Here, digitization of LCA- and EPD-
information in the form of machine-readable EPDs facilitates 
the automation of this process (WG InData 2017; IES 2020).

Another important aspect to consider when defining 
benchmarks is the quality of the underlying LCA infor-
mation. As discussed by Erlandsson (2018), the quality 
assessment of the underlying data needs to be taken into 
account when used for benchmarking, comparison or any 
other purpose. Erlandsson (2018) suggests assessing the 
quality of LCA and EPD-information based upon prod-
uct comparability, manufacturing representativeness, data 
accuracy, third party review type and additional documen-
tation specifications related to the methodological choices 
made in the LCA study. Third party verification of EPDs 
shall assure compliance with the PCR used for the under-
lying LCA calculations and the correctness of the results. 

Table 4  Overview of p values for the results of the Anderson-Darling 
test

Environmental indicators Insulation materials Bakery products

AP 4.782E−17 3.699E−03
EP 3.652E−23 5.651E−02
GWP 2.643E−11
GWP-fossil contribution 4.371E−01
GWP-biogenic contribution 8.127E−07
POCP 2.079E−31 8.167E−03
ODP 2.696E−27
ADPE 2.953E−54
ADPF 1.305E−09
PERT 1.235E−39
PENRT 4.853E−11
NRER–Coal 1.461E−05
NRER–Oil 8.742E−02
NRER–Natural gas 8.092E−02
NRER–Other 4.240E−50
RER–Hydroelectric 6.144E−24
RER–Wind 1.074E−21
RER–Solar 1.758E−28
Use of net fresh water 8.089E−34
Water consumption 1.365E−04

Fig. 6  Comparison of different 
definitions for categorisation 
of a benchmark applied to the 
distribution of GWP for insula-
tion materials
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Distributions based on a limited number of datasets are 
sensitive to incorrect results and outliers and can influence 
the definition of a benchmark based on standard statistical 
indicators. Machine-readable EPD-information may facili-
tate identifying errors that might occur in the development 
of the LCA study by detecting outliers in a dataset.

5.2  Definition and choice of product categories

Two product categories and sub-categories were chosen for 
the statistical analyses carried out in this study. The choice 
of categories is motivated by the number of available data-
sets and the existence of common calculations rules in the 
form of a PCR, which made up the foundation for statisti-
cal analyses. Separating product groups into sub-divisions 
within PCRs (e.g. regarding mineral wool and foam boards 
for insulation materials) can affect the distribution of envi-
ronmental performance within a product group and, hence, 
influence the definition of a benchmark. A lack of data for 
sub-divisions within selected sub-categories made it impos-
sible to study the impact of alternative product groups within 
a PCR. The same applies to product categories with low 
amounts of LCA data. More data are needed to study the 
effect of this concept called granularity of product categories 
on the definition of benchmarks.

5.3  Format and presentation of the results 
and benchmark

The development of an indicator to interpret EPD-
information regarding its position in relation to the studied 
market distribution and available benchmarks needs to 
consider discordant values and its impact on the average and 
median values. When defining a benchmark, the average or 
median values are considered as representative if the data 
are normally distributed. Other types of distribution curves 
may require tailored approaches for the proper definition 

of a benchmark. An average- or median-based benchmark 
representing a positively skewed distribution is beneficial 
for products with a lower environmental performance as 
the centre of the benchmark is shifted towards values of 
the span with a lower environmental performance. The 
proposed method for defining a marked-based benchmark 
in this study relates to the cumulative distribution function 
and considers the spread and span of the distribution curve. 
The approach has the advantage of ‘filtering out’ single 
outliers as well as a group of outliers in a dataset. It also 
shifts the centre of the benchmark towards the area of 
the span with the highest density of observations. EPDs 
containing several datasets for the same product, but having 
a different product variation, can therefore lead to a bias 
for the market-based benchmark approach. Assuming that 
values for the environmental indicators reflecting product 
variations do not differ in a significant way, many datasets 
will most likely reflect a short span of the distribution. With 
increasing amount of EPDs and underlying datasets on the 
market, the market-based approach for the definition of a 
benchmark will be less sensitive to this type of bias.

The classification of the benchmark is further affected 
by the choice of centring the benchmark to the blue-
coloured range, instead of adjusting it to the end points of 
the distribution. The amount of ranges chosen (i.e. seven) 
and the distribution of the data over the distribution 
(i.e. linear) have an effect on the size and location of 
performance classes, and further assumptions may be 
studied to compare the sensitivity of the implications 
based on the choices.

An attempt is made to present the results from the 
statistical analyses and different methods used for the 
definition of a benchmark in a one-dimensional way, 
i.e. presenting the results of the performance for one 
environmental indicator at a time. Figure 8 illustrates an 
approach of combining environmental information for 
several indicators using mid- and end-points as well as a 
benchmark. Here, an example of a fictive product compares 
the environmental performance within ten environmental 

Fig. 7  Comparison of different 
definitions for categorisation 
of a benchmark applied to the 
distribution of GWP fossil con-
tribution for bakery products
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indicators to a benchmark. Another approach is making use 
of normalisation by linking the environmental performance 
to an external reference, such as legal frameworks, 
minimum levels for emissions or other references such 
as the concept of planetary boundaries (Rockström et al. 
2009; Sandin et al. 2015; Ryberg et al. 2016).

6  Conclusions and outlook

The results of this study show that distributions, mid- and 
end points of environmental performances of products 
differ significantly for the selected product categories 
and indicators. The distribution curves of insulation 
materials were not normally distributed, with more than 
half of the data centred within only 15% of the total 
span of the distribution. Some of the analysed data for 
bakery products are likely normally distributed, but 
most of the studied indicators are not. The development 
of a benchmark is emphasised as a tool to facilitate 
the interpretation and communication of LCA- and 
EPD-information suggesting that the development and 
definition of a benchmark shall take into consideration the 
distribution of the underlying data. A common approach 
for these purposes, i.e. using median or average values 
for the development of benchmarks, can however lead 
to a classification of the environmental performance of 
products into classes that favours products with a lower 
environmental performance.

More datasets from EPDs are needed to analyse the 
distribution of other product categories than the ones 
included in this study to generally recommend differ-
ent types of applications for EPD-information. Such data 
need to be comparable for a variety of market applica-
tions predominantly for procurement activities, i.e. based 
on the same calculation rules and fulfilling a high-quality 

level of the underlying data. Here, the development of 
machine-readable EPD information and ongoing interna-
tional efforts with digitalisation and automation of LCA 
calculations can facilitate the development and use of 
EPDs at a large scale while supporting the introduction 
of market-based dynamic benchmarks based on statisti-
cal analyses.

This study also suggests that more research and practical 
applications are needed for the future when communicating 
and presenting formats of a benchmark for a variety of product 
groups. Decisions in the public and private domain are taken 
at various levels in an organisation usually by persons having 
different knowledge in the field of LCA and EPD. Hence, it 
is of vital importance to identify early to whom the informa-
tion for specific decisions is directed, to enable the necessary 
adaption of the reporting format to suit the intended audi-
ence. LCA or EPD-information are seldom the only source of 
information that needs to be considered when decisions about 
environmental measures are about to be taken. Typically, three 
aspects have an impact on decisions – the first one linked to 
an organisation´s basic needs that a decision is intended cope 
with, the second one related to e.g. money, material assets 
and how the organisation wants to be seen by others, and the 
third one based on what might be considered as a ‘correct’ 
behaviour according to business norms, culture or strategies, 
etc. (Rex et al. 2019). To accommodate these aspects, different 
ways can be applied to increase the practical use of LCA- and 
EPD-information as follows:

• linking the information with recommendations,
• providing additional input supporting the desired envi-

ronmental option, and
• addressing other aspects important for the decision-

making.

To fully understand the rationale behind a decision is 
difficult. For many persons, uncertainties are a factor of 
significance to solve for a successful outcome of the deci-
sion process. Here, the statistical analysis of LCA- and 
EPD datasets can provide the additional environmen-
tal information and other aspects indicated above to be 
helpful for different types of decisions. Results from this 
study could be used as potential examples to facilitate 
some of the decision-making situations described in Sec-
tion 2. Within environmental management systems, this 
could make use of the height of midpoints between differ-
ent datasets when identifying significant environmental 
aspects, ranges when setting environmental goals, and 
overall average data during the organisation´s own pur-
chasing procedures. For public procurement, ranges could 
be used when conducting market analysis, or variability 
when formulating procurement criteria and setting relevant 
goals. Uncertainties may provide decision support when 

AP

EP

GWP

POCP

ODP

ADPE

ADPF

PERT

PENRET

WATER

Benchmark

Product X

Fig. 8  Combined presentation format for the results from a benchmark 
approach including several environmental indicators
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assessing quality-assurance or certification of data and 
verification of the environmental performance and overall 
average data could be used to guide follow-up activities 
according to contract specifications.

Appendix

Distribution curves for all studied environmental 
indicators
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Fig. 10  Bakery products



 The International Journal of Life Cycle Assessment

1 3

Acknowledgements The authors would like to thank for all input 
received during the development and consultation of the project results.

Funding The study is funded by the Swedish Energy Agency.

Compliance with ethical standard 

Conflict of interest The authors declare that they have no conflict of 
interest.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribu-
tion and reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative 
Commons licence, unless indicated otherwise in a credit line to the material. 
If material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creat iveco mmons . 
org/licen ses/by/4.0/.

References

Anderson TW, Darling DA (1952) Asymptotic theory of certain “good-
ness of fit” criteria based on stochastic processes. Ann Math Statist 
23(2):193–212

Bienert S, Geiger P, Hirsch J (2017) Grün kommt! Europäische Nachhaltig-
keitsstatistik 2017. RICS Deutschland, Frankfurt am Main

Bernardi E, Carlucci S, Cornaro C, Bohne R, (2017) An Analysis of the 
Most Adopted Rating Systems for Assessing the Environmental 
Impact of Buildings. Sustainability 9 (7):1226

Bovea MD, Ibáñez-Forés V & Agustí-Juan, I (2014) Environmen-
tal product declaration (EPD) labelling of construction and 
building materials. Eco-efficient Construction and Building 
Materials, 125–150.

Brinkmann T, Köhler S, Boeth A & Metzger L (2019) Environmental 
product declarations. benefits, expectations and fulfilments − a 
stakeholder view. Part 1., Bremen: brands & values GmbH.

CEN (2013). Sustainability of construction works-environmental product 
declarations—core rules for the product category of construction 
products. European Standard EN 15804:2012 + A1:2013. European 
Committee for Standardization.

Chen YS, Chang CH (2013) The determinants of green product develop-
ment performance: green dynamic capabilities, green transforma-
tional leadership, and green creativity. J Bus Ethics 116(1):107–119

Chen H, Yang Y, Yang Jiang W, Zhou J (2014) A bibliometric investigation 
of life cycle assessment research in the web of science databases. Int 
J Life Cycle Assess 19:1674–1685. https ://doi.org/10.1007/s1136 7- 
014-0777-3

Chuang SP, Huang SJ (2015) Effects of business greening and green IT 
capital on business competitiveness. J Bus Ethics 128(1):221–231

Chuang SP, Huang SJ (2018) The effect of environmental corporate 
social responsibility on environmental performance and business 
competitiveness: the mediation of green information technology 
capital. J Bus Ethics 150.

Del Borghi A (2013) LCA and communication: environmental Product 
Declaration. Int J Life Cycle Assess 18(2):293–295

Dieterle M, Schäfer P, Viere T (2018) Life cycle gaps: interpreting LCA 
results with a circular economy mindset. Procedia CIRP 69:764–768

ECEEE (2009) Energy Labelling Directive. [online] Available at: 
https ://www.eceee .org/ecode sign/Energ y-label ling-direc tive/ 
 [28 March 2019].

ECO Platform (2020) Our Missions. [online] Available at: https ://www.
eco-platf orm.org/the-missi on.html [27 May 2020].

Engineering Statistics Handbook, n.d. Anderson-Darling Test. [online] 
Available at: https ://www.itl.nist.gov/div89 8/handb ook/eda/secti on3/ 
eda35 e.htm. [15 November 2018].

Erlandsson M (2018) Q-metadata for EPD. Quality-assured environmen-
tal product declarations (EPD) for healthy competition and increased 
transparency. IVL report C 363 [online] Available at: https ://www.
ivl.se/downl oad/18.57581 b9b16 7ee95 ab993 45/15471 22416 899/
C363.pdf [30 April 2019].

European Commission (EC), (2013) Communication from the com-
mission to the European Parliament and the Council. Building the 
Single Market for Green Products Facilitating better information on 
the environmental performance of products and organisations. EUR-
Lex. [online] Available at: https ://eur-lex.europ a.eu/legal -conte nt/EN/
TXT/?uri=CELEX :52013 DC019 6 [15 November 2018].

European Commission (EC), (2016) Product Environmental Footprint 
Pilot Guidance - Guidance for the implementation of the EU Prod-
uct Environmental Footprint (PEF) during the Environmental Foot-
print (EF) pilot phase. [online] Available at: https ://ec.europ a.eu/
envir onmen t/eussd /smgp/pdf/Guida nce_produ cts.pdf [7 November 
2020].

European Union (EU), (2013) European Commission recommenda-
tions n. 2013/19/EU of 9 April 2013 on the use of common meth-
ods to measure and communicate the life cycle environmental 
performance of products and organizations. Off. J. Eur. Union

European Union (EU), (2014) Directive 2014/24/EU of the European 
Parliament and of the Council on 26 February 2014 on Public 
Procurement and repealing Directive 2004 2004/18 EC. Off J Eur 
Union, L 94/65

Fet AM, Skaar C (2006) Eco-labeling, Product Category Rules and 
certification procedures based on ISO 14025 requirements. Int J 
Life Cycle Assess 11(1):49–54

Galindro BM, Zanghelini GH, Soares SR (2019) Use of benchmarking 
techniques to improve communication in life cycle assessment: a 
general review. J Clean Prod 213:143–157

Gelowitz MDC, McArthur JJ (2016) Investigating the effect of environ-
mental product declaration adoption in LEED on the construction 
industry—a case study. Procedia Eng 145:58–65

Goedkoop M, Spriensma R (2001) The Eco-Indicator 99. A damage 
oriented method for Life Cycle Impact Assessment. Methodol-
ogy Report, 3rd edn. Pré Consultants B.V, Amersfoort (The 
Netherlands)

Gunnarsson R (2018) Choosing statistical analysis [in Science Network 
TV]. [online] Available at: http://scien ce-netwo rk.tv/choos ing- 
stati stica l-analy sis/ [15 November 2018].

Heinzle SL, Wüstenhagen R, (2012) Dynamic adjustment of eco-labeling 
schemes and consumer choice - the revision of the EU Energy label 
as a missed opportunity?. Bus Strategy Environ 21 (1):60-70

Hellweg S, Canals LM i (2014) Emerging approaches, challenges and 
opportunities in life cycle assessment. Science 344:1109–1113

Hong SM, Paterson G, Burman E, Steadman P, Mumovic D (2013) A 
comparative study of benchmarking approaches for non-domestic 
buildings: Part 1—top-down approach. Int J Sus Built Env 2:119–213

Hou Q, Mao G, Zhao L, Du H, Zuo J (2015) Mapping the scientific 
research on life cycle assessment: a bibliometric analysis. Int J 
Life Cycle Assess 20:541–555

Hunsager EA, Bach M, Breuer L (2014) An institutional analysis of 
EPD programs and a global PCR registry. Int J Life Cycle Assess 
19(4):786–795

Ibáñez-Forés V, Pacheco-Blanco B, Capuz-Rizo SF, Bovea MD (2016) 
Environmental Product Declarations: exploring their evolution 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11367-014-0777-3
https://doi.org/10.1007/s11367-014-0777-3
https://www.eceee.org/ecodesign/Energy-labelling-directive/
https://www.eco-platform.org/the-mission.html
https://www.eco-platform.org/the-mission.html
https://www.itl.nist.gov/div898/handbook/eda/section3/eda35e.htm
https://www.itl.nist.gov/div898/handbook/eda/section3/eda35e.htm
https://www.ivl.se/download/18.57581b9b167ee95ab99345/1547122416899/C363.pdf
https://www.ivl.se/download/18.57581b9b167ee95ab99345/1547122416899/C363.pdf
https://www.ivl.se/download/18.57581b9b167ee95ab99345/1547122416899/C363.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52013DC0196
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52013DC0196
https://ec.europa.eu/environment/eussd/smgp/pdf/Guidance_products.pdf
https://ec.europa.eu/environment/eussd/smgp/pdf/Guidance_products.pdf
http://science-network.tv/choosing-statistical-analysis/
http://science-network.tv/choosing-statistical-analysis/


The International Journal of Life Cycle Assessment 

1 3

and the factors affecting their demand in Europe. J Cleaner Prod 
116:157–169

ISO 14025:2006, 2006. International standard—environmental labels 
and declarations. Type III environmental declarations—principles 
and procedures. International Organization for Standardization. 
Geneva, Switzerland.

ISO 14001:2015, 2015. Environment management system. Requirements 
with guidance for use. International Organization for Standardization. 
Geneva, Switzerland

ISO 14027:2017, 2017. International standard — Environmental labels 
and declarations—development of product category rules. Interna-
tional Organization for Standardization. Geneva, Switzerland

Life Cycle Initiative (2018) Global LCA Data network. [online] Avail-
able at: https ://www.lifec yclei nitia tive.org/resou rces-2/globa l-lca-
data-netwo rk-glad/ [30 April 2019].

Lupiáñez-Villanueva F, Tornese P, Veltri GA & Gaskell G (2018) 
Assessment of different communication vehicles for providing 
Environmental Footprint Information. Final report. European 
Commission. [online] http://ec.europ a.eu/envir onmen t/eussd /
smgp/pdf/2018_pilot phase _commr eport .pdf [15 November 2018].

Minkov N, Schneider L, Lehmann A, Finkbeiner M (2015) Type III 
Environmental Declaration Programmes and harmonization of 
product category rules: status quo and practical challenges. J 
Cleaner Prod 94:236–246

Modahl IS, Askham C, Lyng KA, Skjerve-Nielssen C, Nereng G 
(2013) Comparison of two versions of an EPD, using generic and 
specific data for the foreground system, and some methodological 
implications. Int J Life Cycle Assess 18(1):241–251

Molina-Murillo SA, Smith TM (2009) Exploring the use and impact of 
LCA-based information in corporate communications. Int J Life 
Cycle Assess 14:184–194

Mont O & Plepys A (2005) Sustainable consumption and production. 
Research and policies. Report 5460, Stockholm: The Swedish 
Environmental Protection Agency.

Murphy F, Devlin G, McDonnel K (2015) Benchmarking environmental 
impacts of peat use for electricity generation in Ireland—a life 
cycle assessment. Sustainability 7:6376–6393

Naturvårdsverket (2019). Beskrivning av Naturvårdsverkets interna-
tionella samarbete med att upprätta ett globalt nätverk för LCA-
data (GLAD). Report 2019–01–06

Nissinen A, Grönroos J, Heiskanen E, Honkanen A, Katajajuuri JM, 
Kurppa S, Mäkinen T, Mäenpää I, Seppälä J, Timonen P, Usva 
K, Virtanen Y, Voutilainen P (2007) Developing benchmarks for 
consumer-oriented life cycle assessment-based environmental 
information on products, services and consumption patterns. J 
Cleaner Prod 6(15):538–549

Otto HE, Mueller KG, Kimura F (2003) Efficient information visualiza-
tion in LCA. Int J Life Cycle Assess 8(4):183

Passer A, Lasvaux S, Allacker K, De Lathauwer D, Spirinckx C, Wittstock 
B, Kellenberger D, Gschösser F, Wall J, Wallbaum H (2015) Envi-
ronmental product declarations entering the building sector: critical 
reflections based on 5 to 10 years experience in different European 
countries. Int J Life Cycle Assess 20(9):1199–1212

Reap J, Roman F, Duncan S, Bras B (2008a) A survey of unresolved 
problems in life cycle assessment. Part 1: goal and scope and 
inventory analysis. Int J Life Cycle Assess 13:290–300

Reap J, Roman F, Duncan S, Bras B (2008b) A survey of unresolved 
problems in life cycle assessment. Part 2: impact assessment and 
interpretation. Int J Life Cycle Assess 13:374–388

Rex E, Fernqvist, N & Ryding SO (2019) Recommendation and con-
text: the missing links for increased life cycle impact in large 
industry organisations. Int J Life Cycle Assess (Under review).

Rockström J, Steffen W, Persson Å, Chapin FS, Lambin EF, Lenton TM, 
Scheffer M, Folke C, Schellnhuber HJ, Nykvist B, de Wit CA, Hughes 
T, van der Leeuw S, Rodhe H, Sörlin S, Snyder PK, Costanza R, 

Svedin U, Falkenmark M, Karlberg L, Corell RW, Fabry VJ, Hansen 
J, Walker B, Liverman D, Richardson K, Crutzen P, Foley JA (2009) 
A safe operating space for humanity. Nature 462:472–475

Ryberg MW, Owsianiak M, Richardson K, Hauschild MZ (2016) Chal-
lenges in implementing a planetary boundaries based life-cycle impact 
assessment methodology. J Cleaner Prod 139:450–459

Rönnlund I, Reuter M, Horn S, Aho J, Aho M, Päällysaho M, Ylimäki L, 
Pursula T (2016) Eco efficiency indicator framework implemented in 
the metallurgical industry: part 1—a comprehensive view and bench-
mark. Int J Life Cycle Assess 21:1473–1500

Sánchez-Medina PS, Díaz-Pichardo R, Bautista-Cruz A, Toledo-López A 
(2015) Environmental compliance and economic and environmental 
performance: evidence from handicrafts small businesses in Mexico. 
J Bus Ethics 126(3):381–393

Sala S, Andreasson J (2018) Improving interpretation, presentation and 
visualisation of LCA studies for decision making support. In: Benetto 
E, Gericke K, Guiton M (eds) Designing Sustainable Technologies. 
Products and Policies, From Science to Innovation, pp 337–342

Sandin G, Peters GM, Svanström M, Hållbar Samhällsbyggnad SP 
(2015) Using the planetary boundaries framework for setting 
impact-reduction targets in LCA contexts. Int J Life Cycle Assess 
20(12):1684–1700

Scheepens AE, Vogtländer JG, Brezet JC (2016) Two life cycle assessment 
(LCA) based methods to analyse and design complex (regional) circu-
lar economy systems. Case: making water tourism more sustainable. 
J Cleaner Prod 114:257–268

Slack N, Chambers S, Johnson R (2009) Operations Management, 3rd edn. 
Atlas, São Paulo

Stevenson MJ, Ingwersen WW (2012) Environmental product claims and 
life cycle assessment. In M. A. Curran (Ed.), Life Cycle assessment 
handbook: a guide to environmentally sustainable products 475–543.

Testa F, Nucci B, Tessitore S, Iraldo F, Daddi T (2016) Perceptions on LCA 
implementation: evidence from a survey on adopters and nonadopters 
in Italy. Int J Life Cycle Assess 21:1501–1513

The International EPD System (IES), 2015. Product Group Classification: 
UN CPC 234. Bakery products. 2012:06. Version 2.0, Stockholm: The 
International EPD System.

The International EPD System (IES), 2016. Insulation Materials. Product 
Group Classification: Multiple UN CPC Codes. 2014:13. Version 1.2, 
Stockholm: The International EPD System.

The International EPD System (IES), 2018. EPD System. [online] Available 
at: https ://www.envir ondec .com/ [15 November 2018].

The International EPD System (IES), 2020. Machine-readable EPD. 
[online] Available at: https ://www.envir ondec .com/What-is-an-EPD/
Diffe rent-types -of-EPD/Machi ne-Reada ble-EPD/ [27 May 2020].

United Nations (UN), 2015. The UN Sustainable Development Goals. 
[online] Available at: http://www.un.org/susta inabl edeve lopme nt/
summi t/ [16 January 2018].

United Nations Environmental Programme (UNEP), 2018. Proposed tran-
sition of GLAD to Life Cycle Initiative, Working Paper to Steering 
Committee meeting, [27 March 2018].

Working Group InData (WG InData), 2017. International Open Data Net-
work for Sustainable Building (WG InData). [online] Available at: 
https ://www.oekob audat .de/filea dmin/downl oads/2017-10-13_WG_
InDat a_2page r_v.tool_.pdf [15 November 2018].

Zanghelini GM, de Souza Junior HRA, Kulay L, Cherubini E, Ribeiro PT, 
Soares SR (2016) A bibliometric overview of Brazilian LCA research. 
Int J Life Cycle Assess 21:1759–1775. https ://doi.org/10.1007/s1136 7- 
016-1132-7

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.lifecycleinitiative.org/resources-2/global-lca-data-network-glad/
https://www.lifecycleinitiative.org/resources-2/global-lca-data-network-glad/
http://ec.europa.eu/environment/eussd/smgp/pdf/2018_pilotphase_commreport.pdf
http://ec.europa.eu/environment/eussd/smgp/pdf/2018_pilotphase_commreport.pdf
https://www.environdec.com/
https://www.environdec.com/What-is-an-EPD/Different-types-of-EPD/Machine-Readable-EPD/
https://www.environdec.com/What-is-an-EPD/Different-types-of-EPD/Machine-Readable-EPD/
http://www.un.org/sustainabledevelopment/summit/
http://www.un.org/sustainabledevelopment/summit/
https://www.oekobaudat.de/fileadmin/downloads/2017-10-13_WG_InData_2pager_v.tool_.pdf
https://www.oekobaudat.de/fileadmin/downloads/2017-10-13_WG_InData_2pager_v.tool_.pdf
https://doi.org/10.1007/s11367-016-1132-7
https://doi.org/10.1007/s11367-016-1132-7

	Distribution of environmental performance in life cycle assessments—implications for environmental benchmarking
	Abstract
	Purpose 
	Method 
	Results and discussion 
	Conclusion 

	1 Introduction
	2 LCA and EPD information in market applications
	2.1 Increased demand of LCA- and EPD-information in GPP
	2.2 Inclusion of life cycle thinking in environmental management systems
	2.3 Environmental benchmarks within LCA

	3 Methods
	3.1 Selection of product categories
	3.2 Choice of system boundaries and environmental indicators
	3.3 Methods for the definition of performance classes

	4 Results
	4.1 Distribution and cumulative distribution curves
	4.2 Standard statistical indicators
	4.3 Anderson-Darling test
	4.4 Methods for the calculation for the definition of a benchmark

	5 Discussion
	5.1 Availability and quality of information for the statistical analysis
	5.2 Definition and choice of product categories
	5.3 Format and presentation of the results and benchmark

	6 Conclusions and outlook
	Acknowledgements 
	References


