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Abstract

Purpose Version 3 of ecoinvent includes more data, new
modeling principles, and, for the first time, several system
models: the “Allocation, cut-off by classification” (Cut-off)
system model, which replicates the modeling principles of ver-
sion 2, and two newly introduced models called “Allocation at
the point of substitution” (APOS) and “Consequential”
(Wernet et al. 2016). The aim of this paper is to analyze and
explain the differences in life cycle impact assessment (LCIA)
results of the v3.1 Cut-off system model in comparison to v2.2
as well as the APOS and Consequential system models.
Methods In order to do this, functionally equivalent datasets
were matched across database versions and LCIA results com-
pared to each other. In addition, the contribution of specific
sectors was analyzed. The importance of new and updated
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data as well as new modeling principles is illustrated through
examples.

Results and discussion Differences were observed in between
all database versions using the impact assessment methods
Global Warming Potential (GWP100a), ReCiPe Endpoint (H/
A), and Ecological Scarcity 2006 (ES’06). The highest differ-
ences were found for the comparison of the v3.1 Cut-off and
v2.2. At average, LCIA results increased by 6, 8, and 17 % and
showed a median dataset deviation of 13, 13, and 21 % for
GWP, ReCiPe, and ES’06, respectively. These changes are
due to the simultaneous update and addition of new data as well
as through the introduction of global coverage and spatially
consistent linking of activities throughout the database. As a
consequence, supply chains are now globally better represented
than in version 2 and lead, e.g., in the electricity sector, to more
realistic life cycle inventory (LCI) background data. LCIA re-
sults of the Cut-off and APOS models are similar and differ
mainly for recycling materials and wastes. In contrast, LCIA
results of the Consequential version differ notably from the at-
tributional system models, which is to be expected due to fun-
damentally different modeling principles. The use of marginal
instead of average suppliers in markets, i.e., consumption mixes,
is the main driver for result differences.

Conclusions LCIA results continue to change as LCI data-
bases evolve, which is confirmed by a historical comparison
of v1.3 and v2.2. Version 3 features more up-to-date back-
ground data as well as global supply chains and should, there-
fore, be used instead of previous versions. Continuous efforts
will be required to decrease the contribution of Rest-of-the-
World (RoW) productions and thereby improve the global
coverage of supply chains.

Keywords Ecoinvent version 3 - LCA results - Life cycle
assessment (LCA) - Life cycle inventory (LCI) database -
System model
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1 Introduction

Life cycle assessment (LCA) is a data-intensive methodology,
i.e., a typical life cycle covers thousands of unit processes.
This information cannot usually be gathered within a single
LCA project due to the high cost that would be involved in
data collection. It is, therefore, common practice to focus data
collection efforts on selected activities that reflect the space for
action—often called the foreground system (Finnveden et al.
2009)—and to use generic data from life cycle inventory
(LCI) databases to model the remaining activities, often called
the background system (Bourgault et al. 2012; Tillman 2000).
The background system usually covers up to 99 % of the unit
processes in the product system; only in rare cases do the
number of unit processes modeled explicitly in the foreground
system exceed 5 % (Reinhard et al. submitted). Bearing this in
mind, background or LCI databases can be considered the
backbone of any LCA study. Therefore, the available quantity
and quality of unit process data provided by LCI databases are
of utmost importance.

Each update of the ecoinvent database introduces new and
updated datasets. Both updated and new data can lead not only
to direct changes but also to changes in the supply chain of
other datasets. Database updates generally lead to an increase
of the number of datasets in the database. For example, the
number of activities in the versions 1.3, 2.2, and 3.1 (Cut-off
system model) of the ecoinvent database has increased from
2632, to 4087, and to 11,301, respectively. As LCI databases
evolve, the life cycle impact assessment (LCIA) results can be
expected to change as well. Nevertheless, the transition from
version 2 (2007) to version 3 (2013) of ecoinvent is special in
the sense that it involves, in addition to new data, a set of new
modeling principles, which lead to systematic changes in the
network structure. Version 3 also features, for the first time,
three different system models: the “Allocation, cut-off by
classification” (Cut-off), the “Allocation at the point of
substitution” (APOS), and the “Consequential” system mod-
el. An overview of the methodology of version 3 is provided
in Wernet et al. (2016) as well as the ecoinvent data quality
guidelines (Weidema et al. 2013).

Against this background, the aim of this article is to analyze
the LCIA results and provide a better understanding of the
differences between the latest updates of versions 2 (v2.2)
and 3 (v3.1) of the ecoinvent database as well as between
the new system models.

2 Methods
2.1 General approach

The clear identification of reasons for deviations between dif-
ferent database versions of ecoinvent is a non-trivial task. LCI
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databases represent highly interconnected systems where al-
most everything is connected to everything else, i.e., they are
characterized by a high degree of integration. We can measure
the degree of integration of a database by computing the av-
erage number of supply chain inputs throughout all product
systems. Both the degree of integration and the average num-
ber of supply chain processes that contribute to a product
system have increased from roughly 2400 processes (59 %
integration) in v2.2 to 7500-9000 processes (70-80 % inte-
gration) in v3.1, depending on the system model (Electronic
Supplementary Material, Table S1). That is, if we randomly
pick one of the product systems in v3.1, more than 70 % of the
unit processes in the database will be contained in the up-
stream supply chain. Improvements in existing data and addi-
tion of new processes, therefore, affect most of the product
systems in the database.

When we talk about the comparison of v2.2 and v3.1, it is
the cumulated effect pattern of more than 6000 new processes,
3500 updated intermediate exchanges, and 4000 updated ele-
mentary exchanges. All of these changes can influence LCIA
results. In addition, new modeling principles have been intro-
duced that lead to changes in the network structure compared
to v2.2.

In order to analyze the difference in LCIA results between
different versions of the ecoinvent database, we proceeded as
follows: First, we compared the LCIA results to each other
and evaluated the differences by statistical measures. Then,
different reasons for the observed differences were explored.
For the comparison of v3.1 to v2.2, this included a qualitative
analysis of the changes induced by new and updated datasets
as well as an analysis of the effect of newly introduced model-
ing principle of global activity coverage. For the comparison
of the system models of version 3, the analysis focused on the
differences in modeling principles, as the underlying data are
the same.

2.2 Matching of datasets across database versions

When comparing across database versions, two distinct per-
spectives can be adopted: to analyze each database entirely by
itself or to analyze a matched sample of datasets in each data-
base, i.e., where each process has a corresponding process in
the other database version. The strength of the “complete
database” approach is that it analyzes a certain question across
all datasets in the database, providing a complete picture of the
database. The strength of the “matched sample” approach is
that the basis for comparison is the same and therefore select-
ed factors of influence can be isolated. For example, when
analyzing the geographical distribution of environmental im-
pacts within two versions of a database, the complete database
approach provides the complete picture for each database. It
is, however, subject to the datasets contained in each database
version, which makes direct comparisons difficult, e.g., as the
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database has grown with each version. The matched sample
approach is more useful in this respect, as the underlying
datasets cover the same scope. Therefore, the influence of data
or systematic changes can be identified more easily. The draw-
back is, of course, that such comparisons cannot speak for the
whole database.

In order to implement the matched sample approach, func-
tionally identical processes needed to be matched between
databases. Processes in the v3.1 system model databases as
well as v1.3 and v2.2 were matched based on their attributes,
such as product, name, location, and unit. For the comparison
of v2.2 to v3.1, a matching list provided by ecoinvent was
used as a basis. In order to compare v2.2 to v3.1, we use the
Cut-off system model as it replicates the modeling principles
of v2.2 (Frischknecht et al. 2005; Wemet et al. 2016).

Table 1 shows the sample sizes for each of the database
comparisons. Most datasets of version 1.3 could be compared
with datasets in v2.2, which is due to the fact that v2.2 was
mainly characterized by data additions. During the transition
from version 2 to 3, many changes occurred simultaneously.
Next to a revision of the naming convention (Weidema et al.
2013), some sectors were updated and in part changed in struc-
ture, which results in datasets that can no longer be directly
matched. Based on the matching list provided by ecoinvent,
67 % of v2.2 datasets could be matched with v3.1 datasets.
The other way round, the matched share of datasets is only
24 % due to the overall increase in the number of datasets.
The number of datasets in v3.1 is not the same in each system
model due to differences in the modeling principles (Wernet
et al. 2016), e.g., the consequential database does not include
datasets for the production of by-products due to the substitution
approach. Nevertheless, high numbers of datasets could be
matched between the system model databases.

2.3 Comparison of LCIA results

LCIA results were calculated for all matched datasets of the
different database versions and compared using Eq. (1),

2273 1cutoff
dye = 100*¥ ——————= 1
el 2.2 ( )

where d is the relative deviation (in percent) of an LCIA result
r in one database version over a reference database (in this

example, the deviation of v3.1 Cut-off results compared to
v2.2 results). In the LCIA comparisons, the older version is
usually taken as the reference to answer the question of how
much LCIA results of datasets in the newer database differ
from the older version. For the system model in version 3, we
compare how much the Cut-off version differs from the other
versions. Due to some unit (e.g., MJ to kWh) and sign changes
of the reference product (e.g., in treatment datasets), conver-
sion factors were used to match LCIA results of v2.2 and v3.1.
In addition, the absolute value of the relative deviation is cal-
culated for each matched dataset, as in Eq. (2).

daps = abs(d,er) (2)

Results for the deviation of all matched datasets are
displayed in histograms (e.g., Fig. 2), which show both the
relative deviation (negative and positive percentages) and the
absolute deviation. The latter is displayed cumulatively for all
datasets to inform about the total percentage of datasets that
deviate less than a certain amount from the datasets in the
reference database.

In addition, median values for the relative and absolute
deviations are calculated. The median of the relative deviation
indicates whether LCIA results increase or decrease on aver-
age compared to the reference database. We therefore call it
the median database deviation (Mpp). The median of the ab-
solute deviation expresses by how much datasets differ on
average between the databases. We therefore call it the median
dataset deviation (Mpg). The mean values for relative and
absolute deviation were not found to be useful as they are
too dominated by outliers. All datasets are given equal weight
in these comparisons despite the fact that they might be of
different relevance from an economic perspective or to LCA
practitioners.

2.4 Comparison of process contributions

In addition to knowing how LCIA results compare to each
other, the cause of these impact changes is of core interest.
We have therefore calculated the contribution of each process
throughout all product systems. This information can be
stored in a contribution matrix, where columns are product
systems and rows process contributions (illustrated in

Table 1 Number of datasets and

matched datasets for the Compared databases Datasetsin ~ Datasetsin ~ Matched share of  share of

compared databases (A/B) A B datasets A B
v1.3-v2.2 2632 4087 2496 95 % 61 %
v2.2-v3.1 Cut-off 4087 11,301 2749 67 % 24 %
v3.1 Cut-off-APOS 11,301 11,329 11,010 97 % 97 %
v3.1 Cut-off-Consequential 11,301 10,302 9969 88 % 97 %
v3.1 APOS—Consequential (results in SI) 11,329 10,302 9984 88 % 97 %
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Fig. 1). The sum of a column adds up to the impact score of
that particular product system. To obtain a relative contribu-
tion matrix, we have normalized each column by the total
impact score of the process, i.e., all entries in a column add
up to one (Reinhard et al. submitted).

The relative contribution matrix is an efficient tool to iden-
tify the mean contribution of individual processes or sectors
throughout the entire (or a selected subset of the) database.
When contributing processes are grouped (vertical aggrega-
tion of the matrix), the individual rows are summed up. When
product systems are grouped, then this is done by averaging to
the arithmetic mean value (horizontal aggregation of the ma-
trix). We use the arithmetic mean because we are interested in
typical values representing the “real” balance point of the set
of contributions associated with a process (Bulmer 1979). The
horizontal aggregation can be done, depending on the aim, for
all product systems in the database or only for those product
systems that have a match in another database version. In this
paper, we mainly apply the matched sample approach, or,
more precisely, the “all-to-matched” perspective (see Fig. 1).
It tells us the relative contribution of all processes related to a
specific issue (e.g., electricity production) throughout the sub-
set of product systems that can be compared across different
database versions. The complete database approach is only
used in Fig. 4, where vertical aggregation is performed at the
level of geographies.

Each product system is given equal weight, meaning that
we assume a uniform distribution of importance across all
product systems in the database. Consequently, the assessment
of the most important processes is determined by the process-
es and sectors contained in the database. Therefore, results
must be seen as an inward perspective on the database itself
meaning that they cannot be compared directly to results from
input-output databases or other statistical sources (Majeau-
Bettez et al. 2011; Reinhard et al. submitted).

Product systems
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Fig. 1 Illustration of different aggregation approaches in a contribution
matrix (other aggregations are possible). As our matching list only covers
part of the databases, different matrix parts can be distinguished
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2.5 Choice of impact assessment methods

While calculations could theoretically be carried out for
all existing impact assessment methods, we limited the
analysis and discussion to three key indicators: the
Global Warming Potential (GWP) for a time horizon
of 100 years (IPCC 2007) and two frequently used fully
aggregated methods, ReCiPe Endpoint (H/A) (Goedkoop
et al. 2009) and Ecological Scarcity 2006 (ES’06)
(Frischknecht et al. 2008). These, and not the latest
versions of the GWP and Ecological Scarcity Methods,
were used to avoid a bias in the database comparison,
as v2.2 data did not consistently support the application
of the new methods without adaptations. In addition,
database comparisons for selected CML-IA midpoint in-
dicators (Guinée et al. 2002) are included in the SI.

3 Results
3.1 Historical perspective: comparison of v2.2 and v1.3

In order to provide a reference for the magnitude of
differences due to version changes in the past, the
LCIA results of v2.2 were compared to those of v1.3.
Figure 2 shows that LCIA results for individual datasets
have both increased and decreased. The median dataset
deviation is 3.6, 4.3, and 5.7 % for GWP, ReCiPe, and
ES’06, respectively. A median increase of all datasets of
1 and 1.3 % was observed for GWP and ReCiPe, while
a decrease of 3.1 % was calculated for ES’06 (ESM,
Table S2 and Fig. S1 for midpoint results).

3.2 Comparison of v3.1 Cut-off and v2.2
3.2.1 Overall comparison

Figure 3 shows how v3.1 Cut-off LCIA results deviate
from v2.2 results for all 2749 matched datasets. For the
three chosen indicators, LCIA results in v3.1 Cut-off can
be both lower and higher than in v2.2 (see ESM, Fig. S2
for midpoints). At average (median of database deviation),
impact scores in v3.1 Cut-off are 6 % higher for
GWP100a, 8 % higher for ReCiPe Endpoint (H/A), and
17 % higher for Ecological Scarcity 2006 (Table 2) than in
v2.2. The average difference (median of dataset deviation)
between datasets in v2.2 and v3.1 Cut-off is 13, 13, and
21 % for GWP, ReCiPe, and ES’06. For GWP, ReCiPe,
and ES’06, respectively, the impact score of 39 %/38 %/
54 % of all datasets deviates by more than 20 %, and 4 %/
6 %/7 % of all datasets deviate by more than 100 %.
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3.2.2 Reasons for differences

Updates of existing activities We distinguish and discuss
improvements for selected existing activities according to
the following classification:

*  Allocation: this category covers changes in the applied
allocation paradigm.

*  Completeness: this category includes direct changes
which contribute to the completeness of an activity.

*  Models for inventory data: this category includes changes
focusing on the improvement of inventory modeling.

Allocation In v2.2, several products resulting from electrolysis
were mass allocated. For example, the activity “Electrolysis of
lithium chloride (GLO)” produces 0.15 kg lithium (reference
product) and 0.75 kg gaseous chlorine (by-product).
Consequently, 83 % of the environmental impact followed the

% absolute deviation of v2.2 from v1.3

by-product of the activity. This approach was revised for v3.1 in
the relevant system models. Since the atomic mass of the lithium
and the chlorine cannot be considered as the driver for the
electricity demand of the electrolysis, mass allocation was
replaced with economic allocation; the allocation approach
which is preferred according to ISO (2006) when physical rela-
tionships offer no realistic possibility. This causes a large devia-
tion in GWP as the revenue from lithium is significantly higher
than from gaseous chlorine. As a result, lithium is now associated
with around six times higher environmental impacts than before
and the impacts associated with gaseous chlorine drop
significantly.

A similar case can be made for all spatial and technological
variants of the chlor-alkali electrolysis which produces gas-
eous chlorine (reference product), sodium hydroxide, and lig-
uid hydrogen in co-production. The adaptation in allocation of
the mentioned activities increases the impacts associated with
liquid hydrogen roughly by a factor of 10, while the impacts of
gaseous chlorine and sodium hydroxide decrease somewhat.

Fig. 3 Deviation and cumulative 30 ‘ ‘ 100
absolute deviation of v3.1 Cut-off 3 3 M
from v2.2 LCIA results. The Cut- - : :
off system model is used as it : : 1l : :
replicates the modeling principles
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% deviation from v2.2

% absolute deviation from v2.2
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Table 2 Summary of statistical
measures for the LCIA
comparisons

v3.1 Cut-off/v2.2

v3.1 Cut-off/v3.1 APOS v3.1 Cut-off/v3.1

Consequential

GWP  ReCiPe ES’06 GWP ReCiPe ES06 GWP ReCiPe ES’06

Median database 6 % 8% 17% 0% 0% 0% 1% 2% 2%
deviation (Mpg)

Median dataset 13% 13% 21 % 1% 1 % 1% 8% 7% 8%
deviation (Mpg)

Datasets deviating 39 % 38 % 54% 13% 12% 13%  30% 27% 30 %
>20 %

Datasets deviating 11% 13% 25 % 8% 8% 9% 15% 12% 13 %
>50 %

Datasets deviating 4 % 6 % 7% 2% 1 % 1% 8% 7% 8%

>100 %

Completeness A notable improvement in this category con-
cerns capital equipment, e.g., “port facilities construction”
and “airport construction.” In v2.2, these activities merely
included the construction, but not the maintenance of the in-
frastructure. Consequently, the improvement focused on the
supplement of all interventions associated with the mainte-
nance over their lifetime (e.g., 100 years). The consistent con-
sideration of maintenance increased the GWP by a factor of
roughly 1500 (port facilities) and 36 (airport). To put it differ-
ently, the maintenance efforts of the modeled facilities are
much larger than the actual interventions associated with their
construction. This affects the downstream supply chains for
air and ship transport, albeit to a limited extent only.

Another noteworthy improvement in completeness can be ob-
served for many agricultural datasets requiring an input of irriga-
tion. For example, the GWP of the activity “Coconut production,
husked, (PH)” increases by a factor of roughly 5000 because crop
and country-specific irrigation requirements have been added.
The addition of irrigation has a large impact because the activity
does not record many other interventions. Such improvements in
completeness are based on the new availability of country-
specific irrigation activities. In v2.2, irrigation in agricultural ac-
tivities was usually modeled with a direct input of water from
nature ignoring the interventions associated with the provision
of the water. V3.1 offers country-specific irrigation activities that
represent the average applied technologies within a particular
country. This allows for a more realistic modeling of the interven-
tions associated with irrigation.

Models for inventory data A far-reaching improvement in this
category concerns the general revision and harmonization of the
emission models used for the modeling of N,O, NH3, and NO;
emissions in agricultural activities and the development and
cultivation of a superstructure for the consistent modeling of
emission from land use change. Nemecek et al. (2014) offer a
detailed discussion of the improvements and their consequences
in terms of climate change impacts.

@ Springer

Another example is the implementation of a new model for
transport in version 3. Transport is now accounted for within
market datasets and was revised throughout the database
based on sector transportation statistics (Wernet et al. 2016).
In addition, road freight transport activities were updated.

New activities Due to space restriction, we focus on the most
important additions per sector. For a complete overview of
new activities, the interested reader may refer to Moreno
Ruiz et al. (2013, 2014). New electricity datasets make up a
large share of new datasets across all continents, as shown in
Table 3 (Treyer and Bauer 2013, 2014). In total, more than
1800 datasets in v3.1 Cut-off are related to electricity produc-
tion, while it was around 600 datasets in v2.2. With this, more
than 80 % of global power generation is now covered by local
datasets in the ecoinvent database.

In addition, the structure of the wood sector was revised
and expanded. Roughly 150 new activities covering forestry
(country- and species-specific wood production), forest ma-
chinery (new operation datasets such as chipping, forwarding,
harvesting, skidding, and yarding), sawmill, wood boards, and
wood preservatives allow a more fine-grained modeling of the
production and processing of wood products. The food sector
was complemented with 30 new fruit and vegetable datasets
(Stoessel et al. 2012) as well as industrial data for dairy prod-
ucts (milk, yogurt, cheese, butter, cream) and soya derivatives
(tofu and soybean beverage). Passenger transport coverage
was expanded by new size classes and types (such as e-
mobility and alternate fuel sources) (Del Duce et al. 2014),
and road freight transport was complemented with new data
on EURO 6. The chemical sector was expanded by 90
chemicals including, among others, citric acid, glycine, sodi-
um amide, acrolein, lactic acid, and iron chloride. Tap water
provision operates on a higher level of detail as the infrastruc-
ture data and the technologies used for tap water production
activities were expanded. In addition, new datasets for build-
ing materials were developed, including, among others, ce-
ment, concrete, bricks, and soapstone. Finally, the metal sector
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Table 3 Overview of production

and market datasets by continent v2.2  v3.1 Cut-off Increase from v2.2to  Share of electricity
as well as the share of electricity v3.1 Cut-off datasets among new
datasets among new datasets in Total  Total Production ~ Markets datasets
version 3.1 Cut-off activities

Africa 29 79 70 9 172 % 96 %

Asia 124 496 425 71 300 % 79 %

Australia 13 64 58 6 392 % 82 %

Europe 3390 3701 3383 318 9 % 72 %

North America 122 979 866 113 702 % 58 %

South America 42 112 98 14 167 % 73 %

Global 367 3187 631 2556 768 % 0%

RoW - 2683 2574 109 - -

Total 4087 11,301 8105 3196 177 % 17 %

was complemented with new datasets for primary and second-
ary aluminum production including power generation. New
datasets on magnesium, ferrosilicon, iron pellet, gold and sil-
ver mining, and steel processing were added as well.

Global coverage and spatially consistent linking of activi-
ties A central aim of version 3 was to start the development of
a global LCI database (Wernet et al. 2016). To this end, new
modeling principles for the geographical coverage of activities
and their spatial linking were introduced. Global activity cov-
erage means that every process is represented either by an
activity with a global (GLO) geographical scope, or by activ-
ities of local scope that cover together the entire global pro-
duction volume, usually including a Rest-of-the-World (RoW)
dataset. Consistent spatial linking means, e.g., that local activ-
ities receive inputs from their own geography, if available,
whereas global activities receive inputs from all geographies
(see Wernet et al. 2016 for a complete explanation and
graphical illustration). Market activities, i.e., consumption
mixes, play a major role in this context, as they bundle the
inputs of producers within their geographical scope based on
market shares that correspond to annual production volumes.
While markets do not cause any direct environmental inter-
ventions, they act as connectors between producers and down-
stream consumers. As the production of every product is cov-
ered globally, activities that receive inputs from global mar-
kets (which is currently the case for many products) are con-
nected to supply chains from all geographies, depending on
production volumes and the degree of regionalization. In ver-
sion 2, consumption mixes have also existed, but were not
implemented consistently for every product in the database.
It is important to realize that the implementation of these con-
cepts in version 3 results in spatially consistent supply chains
across the ecoinvent database, which can differ substantially
from those modeled in v2.2.

For example, since country-specific data for South Africa
(ZA) was missing in v2.2, the electricity requirement of the

activity “Platinum group metal mine operation, ZA” was ap-
proximated with the European UCTE' electricity mix. In v3.1,
the input of UCTE electricity was deleted. Since ZA electric-
ity producers have been added during the electricity sector
update, ZA electricity consumers are now linked to the ZA
electricity market by default if not specified otherwise by di-
rect links (Wernet et al. 2016). This influences the platinum
group metal production, as the GWP of the ZA electricity mix
is seven times larger than the UCTE mix, mainly due to the
large proportion of hard coal based electricity. That is, the
improved modeling results in increased environmental im-
pacts for all metals produced by the mine operation (an ex-
ception being palladium, which shows reduced environmental
impacts due to updated price data used in the economic allo-
cation). Alternative examples for such improvements can be
found in “Sanitary ceramics production, in Switzerland (CH)”
where the input of the UCTE electricity and heat mix was
replaced with CH-specific electricity and heat consumption
mixes.

3.2.3 Associated consequences

Availability of global and local data An analysis by the
number of datasets per continent (Table 3, and Table S3
(ESM) by ecoinvent geographies) shows that version 3 fea-
tures more regionalized datasets for every continent than v2.2.
The strongest increases can be observed in North America,
Australia, and Asia. The notable increase in datasets with
global coverage is, to a large part, due to the introduction of
global markets. Still, the number of global production datasets
has almost doubled. Despite only a small increase of European
datasets, Europe continues to be the region that is best covered
within the database, both by local productions and local mar-
kets. In addition, RoW activities have been introduced to

! Union for the Coordination of the Transmission of Electricity
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cover all geographies where a local activity is not yet avail-
able. Overall, 71 % of all datasets are production datasets and
29 % are markets. While some products are distributed via
local markets (e.g., electricity (Treyer and Bauer 2014)), most
products are distributed via global markets. Thus, the region-
alization in version 3 so far takes place mostly at the level of
regionalized production datasets, which then contribute to
global markets. One reason for this is that regionalized pro-
duction datasets must exist before regionalized markets can be
created.

Geographical impact distribution To assess the conse-
quences of the increased global coverage, we have analyzed
the environmental impacts that arise along the supply chains
of each product in v2.2 and v3.1 Cut-off by geography.
Figure 4 shows that significant differences can be observed
between the databases: while most impacts in v2.2 occur in
Europe, in v3.1 Cut-off Asia, North America, and RoW gain
in importance. The importance of European datasets drops
drastically in version 3. It is important to note that both data-
bases are not directly comparable, as they do not contain the
same datasets (e.g., version 3 has more datasets with non-
European geographies than version 2). Nevertheless, Fig. 4
clearly shows that version 3 is developing towards a global
LCI database. When the geographies are disaggregated to the
underlying ecoinvent geographies, the top five contributing
geographies across supply chains in v2.2 are RER (Region
Europe) and CH (Switzerland), followed by Global,
Germany, and Italy (Fig. S3, ESM). In v3.1 Cut-off, those
geographies are RoW, China, Global, Russia, and RER. The
reason why RoW is that important in version 3 is that in many
cases, local production datasets only cover a small fraction of
global production volumes. The impact fraction arising in
RoW datasets is therefore an indicator of how well the

ecoinvent database covers important processes with regionally
appropriate data.

The impact contributions by geography in Fig. 4 should not
be mistaken for actual global distributions of environmental
impacts. Instead, the figure reflects an inward perspective on
the ecoinvent database, which does not cover all economic
sectors equally well (Majeau-Bettez et al. 2011; Reinhard et
al. submitted).

Updated transport data The direct contribution of transpor-
tation across the database has not changed significantly from
v2.2 to v3.1 Cut-off, as shown in Fig. 5 (see ESM, Fig. S4 for
ReCiPe and ES’06). In both versions, road transport is the
most important, followed by ship, rail, and air transport. The
mean contribution of transport to all matched datasets is in
both versions around 5 %. Across all datasets, i.e., within each
database separately, the mean contribution of transport rises
slightly from 5.5 to 5.8 %.

Combined effect of global supply chains and local data:
example of the electricity sector As electricity production
datasets cover 50 countries (and due to partitioning of these
71 geographies), the electricity sector is a prime example to
study the combined effect of global geographical coverage
and global background data on LCIA results. In order to do
so, the upstream impact contributions from electricity produc-
tion were compared for v2.2 and v3.1 Cut-off for two distinct
geographies: for global and European datasets. In order to
remove the bias of having different datasets in each of the
geographies across database versions, only matched datasets
were considered (n=262 for GLO and n=947 for RER). In
comparison to the total number of datasets, the share of elec-
tricity datasets remained constant at about 15 % in both data-
base versions.
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Results show that in v2.2, impacts from electricity consump-
tion along the supply chains of global and European products
occur in both cases mainly within Europe (shown for GWP in
Fig. 6), since non-European processes for electricity generation
were hardly available in 2. 2 and production processes in general
often neglected non-European supply chains. In contrast, in v3.1
Cut-off, electricity impacts arise across all world regions for glob-
al datasets. For European datasets, a high fraction arises within
Europe; however, as inputs along the supply chain of European
datasets are partly produced in other world regions, an important
share of electricity-related impacts also arises outside of Europe.
Results for ReCiPe and ES’06 are similar, although the contribu-
tion of the electricity sector to the overall impacts is lower (ESM,
Figs. S5-S7). The electricity sector therefore demonstrates that
the introduction of a global coverage of activities in version 3
effectively results in geographically more diverse (and more

realistic) supply chains than in version 2, especially for global
and non-European datasets.

It could be assumed that the drastic changes observed in the
electricity sector are a driver for the differences in LCIA results in
versions 2 and 3 (Cut-off). In order to test this hypothesis, copies
of both databases were made where electricity inputs across all
datasets were set to zero. When LCIA results were compared, the
median database deviation of GWP dropped to 1.1 % (before
6.5 %) (ESM, Fig. S8, Table S4). The median database deviations
for ReCiPe and ES’06, on the other hand, remained similar (6.8 %
instead of 8.4 %, and 18.9 % instead of 17.4 %; higher numbers
can be explained by an increased relevance of other sectors in the
context of overall lower impacts in the databases, as they exclude
electricity-related impacts). This result indicates that while the
combined effect of global activity coverage and availability of
regionalized data for electricity production leads, at average, to
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increased GWP for all datasets, the median database deviation
cannot be explained by changes in electricity supply chains alone.

3.3 Comparison of v3.1 Cut-off and APOS

As shown in Fig. 7, the differences in LCIA results between the
Cut-off and the allocation at the point of substitution (APOS)
database versions are small. The median of the database deviation
is, as shown in Table 2, close to zero, and the median of the dataset
deviation is also small and ranges around 1 % for all LCIA
methods (midpoints in Fig. S10, ESM). Due to the Cut-oft ap-
proach, recyclable materials and wastes that are allocated in the
APOS version receive zero impact on the Cut-off version, which
explains the bump at =100 %. Since the two system models are
identical except for the treatment of recyclable materials and
wastes, the rest of the spread can be explained by supply chain
propagations, i.e., some activities get inputs of burden-free
“Recycled Content” products, whereas other activities get inputs
of products that now carry burdens of waste treatment and mate-
rial supply chains.

3.4 Comparison of v3.1 Cut-off and Consequential

Figure 8 shows the LCIA result comparison of the Cut-off in
comparison to the Consequential version. Overall results in-
crease by 1.3 % for GWP, while they decrease by 2.1 % for
ReCiPe and 1.5 % for ES’06. The median dataset deviation is
7-8 % for all indicators, and LCIA results can be both higher
and lower in the Cut-off version (see Table 2). The bump at
—100 % can again be explained by the Cut-off approach for
recyclable materials and wastes.

Since the Consequential version aims at looking at conse-
quences of changes (Earles and Halog 2011; Ekvall and
Weidema 2004; Zamagni et al. 2012), its underlying modeling
principles are fundamentally different (Wernet et al. 2016). It is,
therefore, no surprise that LCIA results differ from those of the

80

Cut-off and APOS system models. There are three key issues,
which are dealt with differently in the Consequential version: first,
the use of by-products. While by-products are allocated or cut off
in the Cut-off system model, the avoided burden approach (i.e.,
substitution) is applied in the Consequential version. Second,
markets only contain marginal suppliers, i.e., those that are con-
sidered as unconstrained and will change their output as a conse-
quence of changes in demand, while in the Cut-off version, the
average supply ismodeled. Third, products that are only produced
as by-products are considered as constrained, and a demand of
these products leads to a demand of a substitutable product in-
stead, which must be produced as a reference product in the
Consequential version.

We conducted the following analyses to assess the impor-
tance of these modeling principles: a database copy was cre-
ated where the inputs of the reference product of markets were
adjusted so that they resembled the input composition in the
Cut-off version (i.e., marginal suppliers were replaced by con-
sumption mixes). When comparing the Cut-off version to the
Consequential version modified to contain Cut-off-like con-
sumption mixes, the median dataset deviations decrease from
8102 %, 7to 2 %, and 8 to 3 % for GWP, ReCiPe, and ES’06,
respectively. The fit between these databases resembles that of
the Cut-off and APOS versions, and the median database de-
viation drops from 1, =2, =2 % for GWP, ReCiPe, and ES’06,
respectively, to zero for all indicators (Fig. S11, ESM).
Therefore, while the Consequential version and the other sys-
tem models are fundamentally different in scope and modeling
principles, it is the fact that markets are comprised of marginal
instead of average suppliers that seems to be the key factor
leading to different LCIA results.

The effects of substitution and constrained markets on re-
sults of the Consequential version were also studied, but did
not add further explanations to the differences compared to the
Cut-off version. It was found that substitution reduces LCIA
results, at average, within the Consequential version by 9, 7,
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and 5 % for GWP, ReCiPe, and ES’06, respectively, while the
contribution of constrained markets to LCIA results varied
between 1-2 % (Fig. S12 and Table S6, ESM).

3.5 APOS vs. Consequential

The LCIA comparison between the APOS and the
Consequential version shows very similar results as the com-
parison of Cut-off and Consequential versions due to the sim-
ilarity of the Cut-off and APOS system models. Results for the
LCIA comparisons are provided in the ESM (Fig. S13,
Table S7).

4 Discussion

Across all LCIA comparisons, the differences of medians of
both database and dataset deviations are most pronounced for
the comparison of v3.1 to 2.2. These are due to a simultaneous
update of the underlying data and the introduction of new
modeling principles for the global coverage and spatial linking
of activities.

The combination of global supply chains and more region-
alized production activities lead to profound changes in terms
of the geographical origin of inputs across the entire database.
As shown for the electricity sector, version 2 had a European
perspective even for datasets with supposedly global scope,
whereas version 3 includes both local and global supply
chains. Through the introduction of the global activity cover-
age, version 3 has thus made an important step towards being
a global LCI database and increased the realism of supply
chains, especially in well-regionalized sectors such as the
electricity sector. With impacts having a global distribution
through the inclusion of RoW datasets, regionalized LCIA
results can be determined without geographical artifacts that

spo
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would occur if local datasets were to be used as placeholders
for global supply chains, as was the case in version 2.

Nevertheless, the mean process contribution of RoW activ-
ities is significant throughout the database (Fig. 4) showing
that regional coverage could still be improved. Further region-
alization should be targeted to those activities that contribute
most to this measure, especially, when production conditions
vary considerably across different regions. In addition to this
inward perspective (Reinhard et al. submitted), a comparison
with other statistical data or input-output databases would help
to identify sectors that need further coverage (Majeau-Bettez
et al. 2011). Further improved geographical coverage of LCI
data will thereby increase the quality of LCA studies and
reduce uncertainties related to the estimation of environmental
burdens from global supply chains.

For GWP, the combined effect of global supply chains and
new data in the electricity sector seem to explain a large part of
the observed median increase of impacts. Despite further anal-
yses, single driving factors for the differences in LCIA results
for ReCiPe and Ecological Scarcity could not be identified.
Put differently, the differences in LCIA results could not be
attributed to a single sector, which should be expected for
LCIA methods that address diverse impact categories.
Instead, the differences are the result of many overlapping
factors, including the many data updates throughout the data-
base. The newly introduced concept to model transport within
market activities and the revision of this data based on sector
statistics did not lead to significant changes in transport im-
pacts throughout the database for any of the analyzed LCIA
methods.

At the level of individual datasets, the reasons for changes
can usually be identified more readily. Typical changes in-
volved the update of models for inventory data (e.g., in agri-
culture), improved data or types of allocation, and the com-
pletion of datasets (e.g., the consideration of maintenance in
infrastructure processes). In certain sectors, such as metals and
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chemicals, the allocation approach was changed from a mass-
based one to an economic one in order to better reflect the
economic drivers of production. While different allocation
approaches were used in version 2, economic allocation has
been introduced more consistently in version 3. These chang-
es improve the consistency across the database. In addition, in
many sectors, new datasets were added. Without the consid-
eration of RoW and market datasets, the ecoinvent database
now contains more than 5000 production activities. These
additions equip the LCA practitioner with both, more nuanced
building blocks for the modeling of foreground systems and a
more complete model of the background system.

As shown in this article, the continued development of LCI
databases leads to changes in LCIA results. While the direct
effects of changes at the level of individual datasets may be
large, the induced supply chain effects due to an individual
change are often much smaller. However, the cumulative ef-
fect of all changes together is considerable and reflected in the
differences of LCIA results. The transition from version 1.3 to
v2.2 provides an interesting historical perspective to this, as
the observed changes in median database and dataset devia-
tion were smaller. However, version 2 did not introduce sys-
tematic changes as much as version 3 did and thus these fig-
ures are not directly comparable.

While the Consequential version and the other system
models are fundamentally different in scope and modeling
principles, it is the fact that markets are comprised of marginal
instead of average suppliers that seems to be the main factor
for differences in LCIA results. A more refined model of the
Consequential version in terms of greater differences between
marginal and average suppliers will, therefore, most likely
lead to more diverging results.

5 Conclusions

Considerable differences exist between LCIA results of differ-
ent database versions as LCI databases continue to evolve.
These differences are especially pronounced for the transition
from v2.2 to v3.1 (Cut-off). They arise from simultaneous
improvements of the quality and quantity of contained data
as well as the introduction of new modeling principles for the
global coverage of activities and their geographically consis-
tent linking. As shown for the electricity sector, this results in
geographically more diverse and, in many cases, more realis-
tic supply chains than in version 2, which was Europe-cen-
tered, enabling new applications such as regionalized impact
assessment. Against these observations, we recommend the
use of version 3 as a background LCI database over previous
versions. At average, LCIA results are 6 % higher for
GWP100a, 8 % higher for ReCiPe Endpoint (H/A), and
17 % higher for Ecological Scarcity 2006 than in v2.2, and

@ Springer

considerable differences in LCIA results exist for individual
datasets.

Among the three new system models of version 3, the Cut-
off and APOS models are closely related and differ only in the
way wastes and recyclable materials are dealt with. This is
reflected in the overall small differences in LCIA results.
The Consequential version, on the other hand, differs consid-
erably from the attributional system models, which is expect-
ed due to the fundamentally different perspective and model-
ing principles. An analysis shows that the use of marginal
suppliers instead of average suppliers contributes most to the
observed differences.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References

Bourgault G, Lesage P, Samson R (2012) Systematic disaggregation: a
hybrid LCI computation algorithm enhancing interpretation phase in
LCA. IntJ Life Cycle Assess 17:774-786

Bulmer MG (1979) Principles of statistics. Dover, New York

Del Duce A, Gauch M, Althaus HJ (2014) Electric passenger car transport
and passenger car life cycle inventories in ecoinvent version 3. Int J
LCA. doi:10.1007/s11367-014-0792-4

Earles JM, Halog A (2011) Consequential life cycle assessment: areview. Int J
LCA:445-453

Ekvall T, Weidema BP (2004) System boundaries and input data in conse-
quential life cycle inventory analysis. Int J Life Cycle Assess 9:161-171

Finnveden G, Hauschild MZ, Ekvall T, Guinée JB, Heijungs R, Hellweg
S, Koehler A, Pennington D, Suh S (2009) Recent developments in
life cycle assessment. J Environ Manage 91:1-21

Frischknecht R, Jungbluth N, Althaus HJ, Doka G, Dones R, Heck T,
Hellweg S, Hischier R, Nemecek T, Rebitzer G, Spielmann M
(2005) The ecoinvent database: overview and methodological
framework. Int J Life Cycle Assess 10:3-9

Frischknecht R, Steiner R, Jungbluth N (2008) The Ecological Scarcity
Method—Eco-Factors 2006. Federal Office for the Environment
FOEN, Bern, p 188

Goedkoop M, Heijungs R, Huijbregts MAJ, de Schryver A, Struijs J, van
Zelm R (2009) ReCiPe 2008, a life cycle impact assessment method
which comprises harmonised category indicators at the midpoint
and the endpoint level. Report I: Characterisation. PR¢
Consultants, Amersfoort, Netherlands, p 132

Guinée JB, Gorrée M, Heijungs T, Huppes G, Kleijn R, Koning A de,
Oers L van, Wegener Sleeswijk A, Suh S, Udo de Haes HA, Bruijn
H de, Duin R van, Huijbregts MAJ (2002) Handbook on life cycle
assessment. Operational guide to the ISO standards. I: LCA in per-
spective. Ila: Guide. IIb: Operational annex. III: Scientific back-
ground. Kluwer Academic Publishers, Dordrecht

IPCC (2007) Climate Change 2007: Synthesis Report. In: RK Pachauri
and A Reisinger (eds) Contribution of working groups I, Il and III to
the fourth assessment report of the intergovernmental panel on cli-
mate change. IPCC, Intergovernmental Panel on Climate Change,
Geneva, Switzerland, pp 104


http://dx.doi.org/10.1007/s11367-014-0792-4

Int J Life Cycle Assess (2016) 21:1269-1281

1281

ISO (2006) ISO 14044: environmental management, life cycle assess-
ment, requirements and guidelines. International Standardization
Organization, Geneva, p 56

Majeau-Bettez G, Stromman AH, Hertwich EG (2011) Evaluation of
process- and input-output-based life cycle inventory data with re-
gard to truncation and aggregation issues. Environ Sci Technol 45:
10170-10177

Moreno Ruiz E, Weidema B, C Bauer, Nemecek T, Vadenbo C, Treyer K,
Wernet G (2013) Documentation of changes implemented in
ecoinvent data 3.0. St Gallen, Switzerland

Moreno Ruiz E, Lévova T, Bourgault G, Wernet G (2014)
Documentation of changes implemented in ecoinvent data 3.1.,
Zurich, Switzerland

Nemecek T, Schnetzer J, Reinhard J (2014) Updated and harmonised
greenhouse gas emissions for crop inventories. Int J LCA:1-18.
doi: 10.1007/s11367-014-0712-7

Stoessel F, Juraske R, Pfister S, Hellweg S (2012) Life cycle
inventory and carbon and water FoodPrint of fruits and veg-
etables: application to a Swiss retailer. Environ Sci Technol
46:3253-3262

Tillman AM (2000) Significance of decision-making for LCA methodol-
ogy. Environ Impact Assess Rev 20:113-123

Treyer K, Bauer C (2013) Life cycle inventories of electricity generation
and power supply in version 3 of the ecoinvent database—part I:
electricity generation. Int J Life Cycle Assess. doi:10.1007/s11367-
013-0665-2

Treyer K, Bauer C (2014) Life cycle inventories of electricity generation
and power supply in version 3 of the ecoinvent database—part II:
electricity markets. Int J Life Cycle Assess. doi:10.1007/s11367-
013-0694-x

Weidema B, Bauer C, Hischier R, Mutel CL, Nemecek T, Reinhard J,
Vadenbo CO, Wernet G (2013) Overview and methodology: data
quality guideline for the ecoinvent database version 3. ecoinvent
Centre

Wernet G, Bauer C, Steubing B, Reinhard J, Moreno Ruiz E, Weidema B
(2016) The ecoinvent database version 3 (part I): overview and
methodology. Int J Life Cycle Assess. doi:10.1007/s11367-016-
1087-8

Zamagni A, Guinée J, Heijungs R, Masoni P, Raggi A (2012) Lights and
shadows in consequential LCA. Int J Life Cycle Assess 17:904-918

@ Springer


http://dx.doi.org/10.1007/s11367-014-0712-7
http://dx.doi.org/10.1007/s11367-013-0665-2
http://dx.doi.org/10.1007/s11367-013-0665-2
http://dx.doi.org/10.1007/s11367-013-0694-x
http://dx.doi.org/10.1007/s11367-013-0694-x
http://dx.doi.org/10.1007/s11367-016-1087-8
http://dx.doi.org/10.1007/s11367-016-1087-8

	The ecoinvent database version 3 (part II): analyzing LCA results and comparison to version 2
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	General approach
	Matching of datasets across database versions
	Comparison of LCIA results
	Comparison of process contributions
	Choice of impact assessment methods

	Results
	Historical perspective: comparison of v2.2 and v1.3
	Comparison of v3.1 Cut-off and v2.2
	Overall comparison
	Reasons for differences
	Associated consequences

	Comparison of v3.1 Cut-off and APOS
	Comparison of v3.1 Cut-off and Consequential
	APOS vs. Consequential

	Discussion
	Conclusions
	References


