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Abstract

Purpose Anthropogenic activities are a major driver of soil and land degradation. Due to the spatial heterogeneity of soil
properties and the global nature of most value chains, the modelling of the impacts of land use on soil quality for application
in life cycle assessment (LCA) requires a regionalised assessment with global coverage. This paper proposes an approach
to quantify the impacts of land use on soil quality, using changes in soil organic carbon (SOC) stocks as a proxy, following
the latest recommendation of the Life Cycle Initiative.

Methods An operational set of SOC-based characterisation factors for land occupation and land transformation were derived
using spatial datasets (1 km resolution) and aggregated at the national and global levels. The developed characterisation
factors were tested by means of a case study analysis, investigating the impact on soil quality caused by land use activities
necessary to provide three alternative energy supply systems for passenger car transport (biomethane, ethanol, and solar
electricity). Results obtained by applying characterisation factors at local, regional, and national levels were compared, to
investigate the role of the level of regionalisation on the resulting impacts.

Results and discussion Global maps of characterisation factors are presented for the 56 land use types commonly used in
LCA databases, together with national and global values. Urban and industrial land uses present the highest impacts on SOC
stocks, followed by severely degraded pastures and intensively managed arable lands. Instead, values obtained for extensive
pastures, flooded crops, and urban green areas often report an increase in SOC stocks. Results show that the ranking of
impacts of the three energy systems considered in the case study analysis is not affected by the level of regionalisation of
the analysis. In the case of biomethane energy supply, impacts assessed using national characterisation factors are more than
double those obtained with local characterisation factors, with less significant differences in the other two cases.
Conclusions The integration of soil quality aspects in life cycle impact assessment methods is a crucial challenge due to the
key role of soil conservation in ensuring food security and environmental protection. This approach allows the quantification
of land use impacts on SOC stocks, taken as a proxy of soil quality. Further research needs to improve the assessment of land
use impacts in LCA are identified, such as the ability to reflect the effects of agricultural and forestry management practices.

Keywords Land occupation - Land transformation - Land use impact - Characterisation factors - Soil organic carbon - Life
cycle impact assessment (LCIA) - Regionalisation

1 Introduction

Increased pressures on land resources caused by land use
and land use change, driven by the expansion and intensifi-
cation of anthropogenic activities, are leading to soil quality
degradation worldwide (MEA 2005). Soil quality has been
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defined as “the fitness of a specific kind of soil to function
within its surroundings, support plant and animal productiv-
ity, maintain or enhance water and air quality, and support
human health and habitation” (Karlen et al. 1997). As soils
contribute to several ecosystem services (e.g., freshwater
provision, climate regulation, biomass production), soil
conservation is key to achieving several Sustainable Devel-
opment Goals by ensuring food security, carbon sequestra-
tion, biodiversity conservation and environmental protection
(Lorenz et al. 2019). This was recently acknowledged by the
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EU soil strategy for 2030,' as part of the EU biodiversity
strategy (European Commission 2020), and the European
Commission’s proposal for a Soil Monitoring and Resilience
Law, an initiative to address soil and land degradation in a
comprehensive way (European Commission 2023).

To ensure that the methodological tools are in place to
enable assessing the contribution of products and services
to soil degradation, it is crucial to incorporate soil qual-
ity aspects in life cycle impact assessment (LCIA) methods
(Brandédo and Mila i Canals 2013; Koellner et al. 2013b;
Morais et al. 2016; Teixeira et al. 2018). Such ambition is
challenged by the complexity of soil processes, as well as
the spatial and temporal variability of soil properties (Adhi-
kari and Hartemink 2016; Li et al. 2007). Existing models,
developed to account for impacts of land use activities on
soil quality, addressed the following degradation processes:
decline in soil organic matter (SOM) (Mila i Canals et al.
2007a, b) or soil organic carbon (SOC) stocks (Brandao
and Mila i Canals 2013), soil erosion (Bos et al. 2016;
Nuifiez et al. 2013; Sonderegger et al. 2020), salinisation
(Payen et al. 2014), soil compaction (Sonderegger et al.
2020), reduction in groundwater regeneration potential,
and mechanical and physicochemical filtration potential
(included in the multi-indicator LANd use indicator value
CAlculation (LANCA®) model (Bos et al. 2016; Saad et al.
2013). The LANCA® model was further used as a start-
ing point for the development of a soil quality index (SQI),
an aggregated index based on four of the LANCA® indica-
tors applied in the EF method (EF3.0) (De Laurentiis et al.
2019). This decision resulted from an assessment of avail-
able models that not only considered the coverage of key soil
functions but also their operationality, resulting from their
compatibility with LCA’s existing modelling frameworks
and databases (Vidal Legaz et al. 2017; Sala et al. 2019).

An evaluation of existing models was performed by
an expert taskforce established by the Life Cycle Initia-
tive, hosted by the UN Environment Programme (UNEP),
to identify promising indicators and models to assess the
impacts of land occupation and transformation on soil qual-
ity, for further application and development in LCA. This
resulted in the publication of the Global Guidance for Life
Cycle Impact Assessment Indicators 2 (UNEP 2019), with a
dedicated chapter on land use impacts on soil quality (Grant
et al. 2019). In this document, a recommendation was made
to use changes in soil organic carbon stock as a proxy indi-
cator for soil quality impacts in LCA. Albeit acknowledg-
ing that the level of SOC stocks does not fully represent all
aspects of soil quality, the decision to focus on this indi-
cator was taken as it is positively correlated with several

! https://ec.europa.eu/info/law/better-regulation/have-your-say/initi
atives/12634-Healthy-soils-new-EU-soil-strategy_en
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soil functions, including carbon transformations, nutrient
cycling, soil structure maintenance, and the regulation of
pests and diseases (Kibblewhite et al. 2008).

To assess the impacts of land use on SOC stocks, an
interim recommendation was given on the use of the model
developed by Brandao and Mila i Canals (2013). The fol-
lowing needs for further development and validation of the
model were highlighted in the guidance, to ensure the opera-
tionality of the model in LCA applications and to allow more
regionalised assessments:

— To expand the list of land use types> considered to
include forests, permanent crops, and artificial areas
(e.g., urban, industrial areas, mineral extraction sites)

— To better link the recommended characterisation factors
with the land use nomenclature recommended by the Life
Cycle Initiative and currently used by inventory data-
bases, presented in Koellner et al. (2013a), by providing
a correspondence table

— To test the characterisation factors recommended by
means of case study analyses on relevant production
systems, including annual and perennial agriculture and
forestry

— To consider the potential update of the characterisation
factors based on the revised IPCC (2019) guidelines,
with updated management factors affecting the estima-
tion of SOC stocks

— To provide characterisation factors at a smaller geograph-
ical scale (e.g., states, ecoregions within a country, or at
a more refined resolution scale) than those provided in
the guidance (i.e., at a national level).

Some of the limitations and needs for further develop-
ment identified in the Life Cycle Initiative guidance reflect
the limitations reported by Sala et al. (2019) when assessing
the potential application of the model by Brandao and Mila i
Canals (2013) in the EF method (i.e., the need to standardise
the nomenclature used and to better grasp impacts on differ-
ent soil properties).

The aim of this paper is to address the needs presented
above by developing an operational set of characterisation
factors for land occupation and transformation based on
the model developed by Brandao and Mila i Canals (2013),
using the 2019 Refinement to the 2006 IPCC Guidelines for
National Greenhouse Gas Inventories (2019) for the calcula-
tion of SOC stock levels, and compatible with the land use
nomenclature list by Koellner et al. (2013a).>

2 The definitions of land-use types used in this article follow the clas-
sification provided by Koellner et al. (2013a)

3 The work presented in this paper took shape during an expert work-
shop that was conducted in October 2018 on the European Commis-
sion’s Joint Research Centre premises in Ispra (Italy), to which six
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2 Methodology

This section introduces the conceptual framework applied
to assess the impacts of land occupation and transforma-
tion activities on soil quality (Section 2.1). It then presents
the methodological steps followed to derive SOC-based
characterisation factors at grid, national, and global levels
(Section 2.2), which were then tested through a case study
analysis, described in Section 2.3.

2.1 Conceptual model to assess impacts of land
occupation and land transformation
on soil quality

Following the framework suggested by Koellner et al. (2013b)
and Brandao and Mila i Canals (2013), occupation impacts,
caused by a land use activity, are calculated as the area and time-
integrated difference between the potential soil quality of the
reference situation and the quality of the soil under the land use
activity taking place. In this work, following the recommenda-
tions of UNEP (2019), SOC stock is used as an indicator of soil
quality for its effects on soil fertility, biodiversity regulation,
water retention, nutrient cycling, and soil structure maintenance.

The SOC stock of the reference situation is defined as the
one present in native lands, such as non-degraded, unim-
proved lands under native vegetation (defined in Koellner
et al. (2013b) as the quasi-natural land cover predominant
in global biomes and ecoregions). The rationale behind the
calculation of the SOC stock value induced by the studied
land use i (LU;) is presented in Section 2.2.1 for the different
land use activities considered.

The characterisation factor (CF) for land occupation rela-
tive to LU—CF__,; y—is hence calculated as the difference
between the SOC stock of the reference situation (SOC,,y)
and the SOC stock of the land use under study (SOC ),
as illustrated by Eq. (1). As the reference situation is here
assumed to correspond to the native vegetation,* values of
SOC,.; are derived from IPCC (2019), where the SOC stocks
of the native vegetation are provided as function of the cli-
mate zone and soil type.

Footnote 3 (continued)

experts took part, all of which are co-authors of this article. During
this event, the approach to calculate the new set of characterisation
factors was defined, and the correspondence between the nomencla-
ture list by Koellner et al. (2013a), and the IPCC nomenclature were
agreed upon.

* Tt should be noted that this is a simplistic approach, also adopted by
Brandio and Mila i Canals (2013); however, the debate on the selec-
tion of the reference situation is still open (Bessou et al. 2020).

5> The IPCC (2019) defines 12 climate zones (polar moist, polar dry,
cool temperate dry, cool temperate moist, boreal dry, boreal moist,
warm temperate dry, warm temperate moist, tropical dry, tropical
moist, tropical wet, and tropical montane) and six mineral soil types

CFyeeLui = SOC s — SOC, ; [tonne C ha™'] (1

Reversible transformation impacts are calculated follow-
ing Koellner et al. (2013b) as the area and time-integrated
difference in SOC stock between the land use and the refer-
ence situation, considering that, if no further anthropogenic
activity would follow a transformation, the area under study
would naturally return to a quasi-natural state after some
time (defined as regeneration time, f,), and assuming a
linear recovery of soil quality. This entails that the CF for a
land transformation to LU—CF,,,... ., Lui—15 calculated as
illustrated by Eq. (2).

CFirans toui = 0.5 X 10, X (SOC ¢ — SOCy ) = 0.5 X 1,

X CF, ;i [tonne C year ha™']

cg

2
The regeneration time depends on the intensity of the
land use activity considered and on the ecosystem type (e.g.,
warm humid climates favour a faster regeneration in terms of
biotic production) (Koellner et al. 2013b). Although there is
limited knowledge on ecosystems’ regeneration times (Bes-
sou et al. 2020), a number of publications have proposed
estimations of regeneration times (e.g. Miiller-Wenk 1998;
van Dobben et al. 1998; Koellner and Scholz 2008; Saad
etal. 2013). IPCC’s (2019) Tier 1 method assumes a regen-
eration time of 20 years for biotic land uses, although this
is considered to be an underestimation of reality. Saad et al.
(2013) suggest values of the regeneration time for differ-
ent biomes, ranging from 52 years (for mangroves) to 138
years (for montane grassland and shrubland). Furthermore,
transformations leading to SOC losses occur at shorter time
scales than transformations leading to SOC accumulation,
meaning that in case of transformation to land uses present-
ing SOC stock levels higher than the reference situation,
the regeneration time should be shorter, as the subsequent
regeneration would entail a SOC loss (Conant et al. 2001).
In LCA applications, the inventory flow for land occu-
pation records the area occupied and the occupation time
(ha year), whilst the inventory flow for land transformation
records the area transformed (ha); therefore, the life cycle
impact assessment (LCIA) results of land occupation and
transformation are both measured with the unit “tonne C
year” referring to the amount of additional SOC temporar-
ily present or absent from the soil in the system under study
compared to a reference system and are directly additional
(Branddo and Mila i Canals 2013). Life cycle inventories
(LCI) distinguish between two types of transformations:
“transformation to LU;” and “transformation from LU,”.

Footnote 5 (continued)

(high activity clay, low activity clay, sandy, spodic, volcanic, and wet-
land soils).
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The former represents the impact caused by the hypotheti-
cal transformation from a reference situation to the land use
under study (calculated according to Eq. (2)), whilst the lat-
ter represents the avoided impact caused by the hypothetical
transformation from the previous land use to a quasi-natural
state (assumed to present the same level of SOC stock as the
reference situation). The CF for a transformation from LU,—
CFans from-Lui—is therefore calculated according to Eq. (3).

CFLrans from,LUi — 0.5 % Z‘reg X (SOCLUi - SOCref)
= —0.5 X 1., X (SOC, s — SOC; ;) 3)

reg

= —0.5 Xt X CFe 1y [tonne C year ha™']

As can be seen by comparing Egs. (2) and (3), the trans-
formation to and from CFs referring to a given land use class
presents the same absolute value but opposite signs, mean-
ing that a transformation from LU; to LU, is associated with
an impact on soil quality equal to zero.

2.2 Calculation of characterisation factors based
on SOC stock

The methodology used to derive the SOC stock-based CFs is
based on four main steps, an overview of each is provided in
Fig. 1, linking them to the corresponding outputs presented
in Section 3.

The first step (Section 2.2.1) involved defining a proce-
dure to derive a value of SOC stock for each land use from
the classification suggested by Koellner et al. (2013a). This
is a hierarchical classification consisting of four levels of

detail: at level 1, it includes 11 general land use and land
cover classes, each of which is further divided into more
detailed classes at the subsequent levels. We further refer to
“land use classes” only as encompassing the various possible
land covers, shall they be natural or not and the land actually
used or not. Each land use class is assigned an identifica-
tion code (ID), consisting of up to four digits, depending on
the level of detail (e.g., agriculture, 5; arable, 5.1; arable
non-irrigated, 5.1.2; arable non-irrigated extensive, 5.1.2.1).
The classification presented in Koellner et al. (2013a) was
analysed in detail, and a distinction was made between
two groups of land uses: those presenting the highest level
of detail in their group, i.e., sub-classes up to the fourth
degree (group A), that were directly assigned a SOC stock
value, and those assessed at a less detailed level (group B),
for which we derived a value of SOC stock based on those
assigned to the land use belonging to group A.

The second step (Section 2.2.2) was the calculation of
occupation CFs, using the approach suggested in the previ-
ous step to calculate SOC stock values for each land use and
by applying Eq. (1). As a result, maps of CFs for different
land use activities were obtained.

To ensure the usability of the CFs in LCA applications
and in LCA software environments, and in relation to back-
ground systems (where the LCA practitioner most likely will
not be aware of the exact location where certain activities
took place), national and global CFs were derived for each
land use class by aggregating the grid-cell-level CFs calcu-
lated at the previous step (Step 3, Section 2.2.3).

STEP 1 STEP 2
Calculating
occupation CFs at
grid-cell level (1 km
resolution) based
onEqg.1

Linking land use
classes to SOC stock
values

Methodology

(Section 2.2.1)
(Section 2.2.2)

* Reviewing the list of land use classes
(removing/adding classes)

* Distinguishing between Group A and
Group B land use classes (Table 1)

« Setting the rules to calculate SOC
stocks for Group A land use classes (Table
2 & Table S1)

* Assigning SOC stocks to Group B land
use classes (precautionary approach)

Global maps of
occupation CFs

(Examples for two
land use classes
provided in Figure 2
and Figure 3)

Results (Section 3.1)

STEP 3 STEP 4

Calculating
transformation CFs
based on Eq. 2 &

Aggregating
occupation CFs at
national and global

level Eq.3

(Section 2.2.3) (Section 2.2.4)

a) Tables of
national/global
occupation CFs

(Table S2)

b) Overview of
national/global CF
values— Table
4/Figure S1

a) Global maps of
transformation CFs

b) Tables of
national/global
transformation CFs
(Table S3)

Fig. 1 Overview of the methodological steps followed to derive soil organic carbon (SOC) stock-based characterisation factors (CFs) and cor-

responding outputs presented in Section 3
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Arable, rion irrigated, intensive
Il 0.72 - 3.56
W 3.57:7.84
7.85-15.34
N 15.35-24.29
Bl 243 -42.76

Fig.2 Occupation characterisation factors for land use class “ara-
ble, non-irrigated, intensive” measured in tonne C ha~!. Values are
provided for all the locations where arable landcovers are reported

In the fourth and final step (Section 2.2.4) transformation
CFs were calculated at the three resolution scales (grid-cell
level, national level, and global level) from the occupation
CFs obtained at the previous steps.

2.2.1 Step 1:setting the scene for the calculation of SOC
stock values of land use classes

The land use classification provided by Koellner et al.
(2013a) was analysed to derive a rationale to calculate a
SOC stock value (depth 0-30 cm) and related CFs for occu-
pation and transformation for each land use class.

All land use classes classified as natural references in
the original publication (those identified with a (*) mark
in Table 1 by Koellner et al. (2013a)) were assigned a SOC
stock value equal to SOC,,;, meaning that the CFs for both
occupation and transformation of those land use classes

Pasture, meadow, intensive
Il 0.9-2.69
[ 2.7 - 4.89
4.9-6.79
6.8 -9.57
Il 9.58 - 143

Fig.3 Occupation characterisation factors for land use class “pasture/
meadow, intensive” measured in tonne C ha™'. Values are provided
for all the locations where pasture landcovers are reported according

according to the land use map by Kehoe et al. (2017). Each colour
is associated with a quintile of the overall global distribution of grid-
cell-level characterisation factors for this land use class

would be equal to zero. As the classification of land uses
presented in Koellner et al. (2013a) is done at four levels of
detail, it was decided to calculate SOC stock values only for
the land use activities presenting the highest level of detail
in each group of land use classes (e.g., for pasture/meadows
at level three—ID codes 4.2.1 and 4.2.2—whilst for agri-
culture at level four—ID codes 5.1.2.1,5.1.2.2.,5.1.3.1, and
5.1.3.2). These land use classes were defined as belonging
to group A, classifying under group B the remaining classes.

A precautionary approach was taken to assign SOC
stock values to the land use classes belonging to group B,
by assigning to a land use class presenting a lower level of
detail the minimum SOC stock value amongst the ones cal-
culated for its related land use classes belonging to group A,
in other words, choosing the class associated with the largest
impact as a proxy of a broader class. For instance, the SOC
stock value attributed to land use class 4.2 (pasture/meadow)

to the land use map by Kehoe et al. (2017). Each colour is associ-
ated with a quintile of the overall global distribution of grid-cell-level
characterisation factors for this land use class

@ Springer
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Table 1 Classification of land use classes in three main groups (land cover, land use group A, and land use group B) and approach to assign soil

organic carbon (SOC) stock values to group B classes

ID Land use class Group Rule for assigning SOC stock value (for group B classes)
0 Unspecified B MIN (all classes)

0.1 Unspecified, used B MIN (all classes, excluded land cover classes)
0.2 Unspecified, natural Land cover (SOC=SOC,,)

1 Forest B MIN (1.1; 1.2)

1.1 Forest, natural Land cover (SOC=SO0C,)

1.1.1 Forest, primary A

1.1.2 Forest, secondary A

1.2 Forest, used B MIN (1.2.1; 1.2.2)

1.2.1 Forest, extensive A

1.2.2 Forest, intensive A

2 Wetlands Land cover (SOC=SO0C,)

2.1 Wetlands, coastal Land cover (SOC=SO0C,)

22 Wetlands, inland Land cover (SOC=SO0C,,)

3 Shrub land Land cover (SOC=SO0C,,)

4 Grassland/pasture/meadow B MIN (4.1;4.2)

4.1 Grassland B MIN (4.1.1;4.1.2)

4.1.1 Grassland, natural Land cover (SOC=SO0C,.)

4.1.2 Grassland, for livestock grazing A

4.2 Pasture/meadow B MIN (4.2.1;4.2.2;4.2.3)

4.2.1 Pasture/meadow, extensive A

422 Pasture/meadow, intensive A

423 Pasture/meadow severely degraded™** A

5 Agriculture B MIN (5.1; 5.2)

5.1 Arable B MIN (5.1.1;5.1.2; 5.1.3; 5.1.4)
5.1.1 Arable, fallow A

5.1.2 Arable, non-irrigated B MIN (5.1.2.1;5.1.2.2)

5.1.2.1 Arable, non-irrigated, extensive A

5.1.2.2  Arable, non-irrigated, intensive A

5.1.3 Arable, irrigated B MIN (5.1.3.1; 5.1.3.2)

5.1.3.1 Arable, irrigated, extensive A

5.1.3.2  Arable, irrigated, intensive A

5.1.4 Arable, flooded crops A

5.1.5 Arable, greenhouse B MIN (5.1.1;5.1.2;5.1.3; 5.1.4)
5.1.6 Field margins/hedgerows Excluded

5.2 Permanent crops B MIN (5.2.1; 5.2.2)

5.2.1 Permanent crops, non-irrigated B MIN (5.2.1.1; 5.2.1.2)

5.2.1.1 Permanent crops, non-irrigated, extensive A

5.2.1.2 Permanent crops, non-irrigated, intensive A

522 Permanent crops, irrigated B MIN (5.2.2.1; 5.2.2.2)

5.2.2.1 Permanent crops, irrigated, extensive A

5.2.2.2 Permanent crops, irrigated, intensive A

6 Agriculture, mosaic Excluded

7 Artificial areas B MIN (7.1;7.2;7.3;7.4;,7.5,7.6)
7.1 Urban B MIN (7.1.1;7.1.2;7.1.3;7.1.4,7.1.5)
7.1.1 Urban/industrial fallow A

7.1.2 Urban, continuously built A

7.1.3 Urban, discontinuously built A

7.1.4 Urban, green areas A

7.1.5 Urban, sparsely built** A

@ Springer
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Table 1 (continued)

ID Land use class Group Rule for assigning SOC stock value (for group B classes)
7.2 Industrial area A

7.3 Mineral extraction site A

7.4 Dump site A

7.5 Construction site A

7.6 Traffic area B MIN (7.6.1;7.6.2,7.6.3)

7.6.1 Traffic area, road network A

7.6.2 Traffic area, rail network A

7.6.3 Traffic area, rail/road embankment A

8 Bare area

Land cover (SOC=SO0C,,)

MIN minimum value, SOC,,, SOC stock of the reference situation

**Suggested additional land use classes

would be the minimum between the two values calculated
for class 4.2.1 (pasture/meadow, extensive) and 4.2.2 (pas-
ture/meadow, intensive).

In this process, the list of land use classes was critically
assessed to identify land uses that should be removed and
others that should be added to the list based on updated
SOC stock change factors from the revised IPCC guidance
(IPCC 2019). First, land use classes classified under ID codes
9 and 10 (snow and ice and water bodies) were excluded as
the focus was on terrestrial activities. Then, two land use
classes (i.e., “field margins/hedgerows” and “agriculture,
mosaic”) were excluded from the analysis, and no further
calculations were done for those classes. This decision was
motivated by the fact that those classes were considered
to refer to specific practices for which the SOC modelling
remains challenging due to the spatial heterogeneity and no
sufficient mechanistic knowledge. It was suggested that a
new land use class might be introduced in the future to better
reflect agroecological practices; in this case, the use of field
margins and mosaic practices could be two of the criteria
for selecting such a land use class. Moreover, two new land
use classes were suggested. The first is “pasture/meadow
severely degraded”, as there was no land use class reflecting
a major long-term loss of productivity and vegetation cover,
due to severe mechanical damage to the vegetation and/
or due to severe soil erosion, whilst this typology of land
is available in the IPCC (2019) classification. The second
is “urban, sparsely built”, in addition to the existing class
“urban, discontinuously built” to capture urban landscapes
with different construction densities (defining the former as
an area where less than 30% is sealed land and the latter as an
area presenting between 30 and 80% of sealed land).

The list of land use classes considered and their classifi-
cation into three main groups (i.e., natural, group A, group
B) is presented in Table 1. For those belonging to group B,

the criteria followed to assign a SOC stock value in each
case are also presented.

The procedure adopted to assign SOC stock values to
group A land use classes is presented in Table 2. In the case
of forest, grassland, and agricultural land use classes, this
was done by linking a land use class to a set of SOC stock
change factors taken from the IPCC (2019), in line with the
method suggested by Branddo and Mila i Canals (2013).

The IPCC Tier 1 method provides stock change factors
(unitless) to calculate the steady state SOC stock values asso-
ciated with different types of land use, management and inten-
sity from the value of SOC stock of the reference condition
SOC,.s, as illustrated by Eq. (4). By steady state, it is meant
that the SOC stock value of the land use under study (SOC; ;)
is present in the soil starting from 20 years after a change in
land use, management practice or input level has taken place.
For the purpose of this exercise, and in line with Branddo and
Mila i Canals (2013), it was assumed that the two situations
compared were both at equilibrium, and therefore, the use of
said stock change factors is considered appropriate.

SOC; ; = SOC,; X F;y X Fyjg X F;  [tonne C ha™']  (4)

Fiy1s a stock change factor for land use systems (e.g., cropland,
long-term cultivated), Fyg is the stock change factor for man-
agement regime (e.g., no tillage), and F7 is a stock change factor
for the input of mineral and organic amendments or N-fixing
crop in rotation (e.g., high input with manure). Stock change
factors are provided for cropland and grassland land uses and
for different climate zones, considering 9 climate zones from
the 12 defined in IPCC (2019)%, as tropical most and tropical
wet are aggregated, and polar moist and polar dry are excluded.

Cropland and grassland land use classes (belonging to
group A) were assigned a set of stock change factors based

6 See footnote 5.
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Table 2 Rationale for the calculation of soil organic carbon (SOC) stock values for group A land use classes

1D Land use class Basis for SOC stock Land use category (F[;)  Land use practice (Fy;5) = Land use intensity (F))
calculation
1.1.1  Forest, primary IPCC factors Forest
1.1.2 Forest, secondary IPCC factors Forest
1.2.1 Forest, extensive IPCC factors Forest
1.2.2  Forest, intensive IPCC factors Forest
4.1.2  Grassland, for livestock IPCC factors Grassland Nominally managed (non-
grazing degraded)
4.2.1  Pasture/meadow, exten- IPCC factors Grassland Improved grassland Medium inputs
sive
4.2.2  Pasture/meadow, intensive IPCC factors Grassland High-intensity grazing
4.2.3  Pasture/meadow, severely IPCC factors Grassland Severely degraded
degraded
5.1.1 Arable, fallow IPCC factors Cropland—set aside
5.1.2.1 Arable, non-irrigated, IPCC factors Cropland—Ilong-term Reduced tillage Medium inputs
extensive cultivated
5.1.2.2 Arable, non-irrigated, IPCC factors Cropland—Ilong-term Full tillage Medium inputs
intensive cultivated
5.1.3.1 Arable, irrigated, exten-  IPCC factors Cropland—Ilong-term Reduced tillage Medium inputs
sive cultivated
5.1.3.2 Arable, irrigated, inten- IPCC factors Cropland—Ilong-term Full tillage Medium inputs
sive cultivated
5.14  Arable, flooded crops IPCC factors Cropland—paddy rice
5.2.1.1 Permanent crops, non- IPCC factors Perennial/tree crop No tillage Medium inputs
irrigated, extensive
5.2.1.2 Permanent crops, non- IPCC factors Perennial/tree crop Reduced tillage Medium inputs
irrigated, intensive
5.2.2.1 Permanent crops, irri- IPCC factors Perennial/tree crop No tillage Medium inputs
gated, extensive
5.2.2.2 Permanent crops, irri- IPCC factors Perennial/tree crop Reduced tillage Medium inputs
gated, intensive
7.1.1  Urban/industrial fallow 80% sealed area
(SOC=0); 20% severely
degraded grassland
4.2.3)
7.1.2  Urban, continuously built 90% sealed area
(SOC=0); 10% grass-
land (4.1.2)
7.1.3  Urban, discontinuously 50% sealed area
built (SOC=0); 50% grass-
land (4.1.2)
7.14  Urban, green areas IPCC factors Grassland Improved grassland Medium inputs
7.1.5  Urban, sparsely built 30% sealed area
(SOC=0); 70% grass-
land (4.1.2)
7.2 Industrial area 90% sealed area
(SOC=0); 10% severely
degraded grassland
4.2.3)
7.3 Mineral extraction site SOC=0
7.4 Dump site SOC=0
7.5 Construction site SOC=0
7.6.1 Traffic area, road network SOC=0
7.6.2  Traffic area, rail network  SOC=0
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Table 2 (continued)

ID Land use class Basis for SOC stock

calculation

Land use category (F| )

Land use practice (Fy;g) ~ Land use intensity (F)

50% sealed area
(SOC=0); 50% nomi-
nally managed grassland
(4.1.2)

7.6.3  Traffic area, rail/road
embankment

IPCC factors are taken from IPCC (2019). Additional definitions for some of the land use classes are provided in Table S1

on the description of the land use class provided in Koe-
llner et al. (2013a) and the specification provided by the
[PCC 2019 refinement (2019), in particular focusing on the
decision trees provided in support to the choice of stock
change factors. In this process, an additional definition was
assigned to some of the land use classes, whenever this was
considered necessary to explain the rationale for assigning
the stock change factors to a land use class (i.e., in case the
original definition was not enabling to choose a set of stock
change factors and a value choice had to be made). The full
list of land use classes, together with their original defini-
tion (from Koellner et al. (2013a)) and additional definition
(when relevant), is provided in Table S1 of the SI.

According to the IPCC (2019), so far, it is not possible to
include changes in SOC stock under different forest manage-
ment systems, when adopting a Tier 1 method at a global
level. Therefore, in line with what was done by Brandao and
Mila i Canals (2013), for forestry land use, it is assumed that
the SOC stock is equal to one of the reference situations
(meaning that the resulting CFs will be equal to zero).

In the case of artificial land uses, the following assess-
ment was made: in case the land use entails that the land
is fully sealed, the value of SOC stock was assumed to be
unavailable during occupation and thus set to zero; in all
the other cases, the SOC stock value was calculated model-
ling the land use as a combination of sealed land and grass-
land (characterised by different levels of degradation and/
or management), with the exception of “urban green areas”,
which was fully modelled as improved grassland. As a result
of this exercise, it was possible to assign to each land use
class belonging to group A either a combination of SOC
stock change factors from IPCC 2019 refinement docu-
ments (2019) or a criterion to calculate the variation from
the SOC,; under that specific land use activity.

2.2.2 Step 2: calculating maps of characterisation factors

The calculation of occupation characterisation factors was
performed using spatially explicit datasets. The calcula-
tion was done using R version 3.5.2 (2018-12-20) (R Core
Team 2020) and the following packages: raster, sp, rgdal,
doParallel, and foreach (Bivand et al. 2013, 2019; Calaway
et al. 2017, 2018; Hijmans and van Etten 2012; Pebesma

and Bivand 2005). The visualisation of the results was done
using ArcGIS version 10.5.1 (ESRI 2017).

A 1-km resolution map providing SOC stock reference
values (expressed in tonne C ha™!, 0-30 cm depth) by cli-
mate zone and soil type was derived, based on the IPCC
default reference conditions SOC,,; values for mineral soils
provided in IPCC 2019 refinement documents (2019), fol-
lowing the approach by Hiederer (2016).

Maps were then generated for each land use LU; by
assigning to each grid cell the factors needed to calculate the
SOC, ;, derived as explained in Section 2.2.1. As the factor
assigned to each cell is multiplied by the SOC,; value (fol-
lowing Eq. (4)), these maps are referred to as “multiplicator
maps”. For cropland and grassland land use activities, these
factors depend on the climate zone; therefore, to derive such
multiplicator maps, a map of global climate zones was used
(taken from Hiederer et al. 2010).

Subsequently, the SOC,; map was combined with the
multiplicator maps to derive maps of SOC stock values
under each land use considered. As the IPCC (2019) does
not provide stock change factors for polar areas, no calcu-
lation of SOC stock values was performed in these areas.
Then, for each individual land use map, the difference
between the SOC,; and the SOC; y;; was calculated (Eq. (1)),
resulting in a map of occupation CFs for each land use type.

2.2.3 Step 3:aggregating characterisation factors
at national and global level

The rationale chosen to calculate aggregated national CFs
was the following: only those areas where the land use activ-
ity considered could feasibly take place would be included
in the calculation of the aggregated CFs. To this end, for
each land use class, aggregated national CFs were calcu-
lated as the average of the CFs obtained in each grid cell
included in the national boundaries excluding those areas
where the considered activity does not take place according
to the land use map provided by Kehoe et al. (2017), similar
to the aggregation approach proposed by Maier et al. (2019).
Therefore, the land use map of Kehoe et al. (2017) was
divided into the broad land use classes, namely cropland,
pasture, urban, primary, and secondary vegetation, using the
same matching approach of the land use classes of Newbold
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et al. (2015). Global average CFs were derived following
a similar approach, by calculating the average of the CFs
obtained in each grid cell where a certain land use activity
takes place according to the land use map considered. Areas
where a given land use cannot take place (e.g., arable crops
in the Sahara region) were excluded in order to avoid dis-
torted results such as those identified in De Laurentiis et al.
(2019) for the LANCA® model v2.0 (Bos et al. 2016). The
approach here suggested for performing the aggregation is a
refinement of the approach presented in De Laurentiis et al.
(2019), which was applied to derive new national aggregated
CFs for the LANCA® model v2.5 (Horn and Maier 2018).

2.2.4 Step 4: deriving transformation characterisation factors

As afinal calculation step, CFs for land transformation were
calculated from occupation CFs by means of Eqgs. (2) and
(3), assuming a regeneration time of 20 years for biotic land
uses and 85 years for artificial land uses, following the sug-
gestion of Branddo and Mila i Canals (2013). “Transforma-
tion to” and “transformation from” CFs were derived at all
resolution scales: at the grid-cell level, at the national level,
and at the global level.

2.3 Case study analysis

A case study analysis was developed to showcase the appli-
cation of the CFs presented in this work at different geo-
graphical scales. For this specific application, an interme-
diate level of aggregation was adopted to derive additional
CFs at the regional level on top of those calculated at the
country level, with the purpose of exploring further the sen-
sitivity of the CFs to the level of geographical aggregation.
The aggregation approach adopted to derive regional CFs
was the same as the one adopted for national CFs, the only
difference being the geographical areas considered in the
aggregation. Regions were defined as level 1 of countries’
subdivisions in the Global Administrative Area Database
(GADM 2021), which was used as the data source for the
regional boundaries.

Three alternative energy supply systems for passenger car
transport are considered and compared using as a common
functional unit the annual travelling distance of an average
EU passenger car, equal to 18,600 km (European Commis-
sion 2018). The selected examples of energy supply systems
for passenger cars are solar photovoltaic (PV) electricity pro-
duction in the federal state of Bayern, Germany; corn (Zea
mays) silage methane production in the federal state of Sach-
sen, Germany; and sugarcane (Saccharum officinarum) etha-
nol production in S3o Paulo, Brazil. Geographical locations
were chosen as considered typical locations for these pro-
duction activities (Uusitalo et al. 2022). These three energy
supply systems for passenger car transport differ in terms of
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land use classes and geographical locations of major land
uses thus providing a suitable case for testing the developed
CFs. Sugarcane and corn represent typical feedstocks for
biofuel production. Germany and Brazil are examples of
different climate conditions for feedstock production. Solar
PVs are an example of an energy supply system which does
not require biomass feedstock production. To develop the
case study analysis, the following tank-to-wheel energy use
data are considered: ethanol-operated flexi-fuel cars 1.9 MJ/
km, gas-operated cars 1.8 MJ/km, and electric cars 0.69 MJ/
km. Energy use values are presented considering an occu-
pancy factor of 1.7 passengers, and assuming 27% street
drive and 73% highway drive (Technical Research Centre
Finland 2018).

This case example is carried out by calculating annual
land occupation and related land transformation for the three
energy supply systems including agricultural land use for
corn and sugarcane cultivation, land occupation for solar
PVs, land occupation of ethanol and biomethane production
plants, and land occupation for refuelling and charging sta-
tions. Land use for inputs required in cultivation (e.g., for the
production of fertilisers) or production is not included in the
assessment. This is considered justifiable as the aim of the
case study is to demonstrate the applicability of the method
and not carry out a full life cycle assessment. According
to Uusitalo et al. (2022), land use of biomass production
in energy supply systems for passenger cars is dominating
the total land use in comparison to, e.g., production sites or
refuelling infrastructure.

According to Wang et al. (2012), ethanol productivity
from sugarcane is 171 MJ/kg. Average Brazil sugarcane
crops have a yield of approximately 75 t/ha (FAO 2021).
This leads to land occupation of arable land of 0.078 m? over
1 year to produce 1 MJ of energy from sugarcane ethanol.
It can be assumed that in Germany, 1 ha of arable land for
corn silage production is able to produce 6400 m> biogas
with 53% methane content (Lask et al. 2020). Therefore, this
leads to an arable land occupation of 0.084 m? over 1 year to
produce 1 MJ of energy from corn methane.

According to Global Solar Atlas (2021), direct normal
irradiation in the Bavarian region in Germany is approxi-
mately 1100 kWh/m?y. Efficiencies for solar PVs have
been increasing, and a 20% efficiency has been used in this
paper (Green et al. 2019), leading to an electricity produc-
tion of 220 kWh/m?y. PV constructions require additional
land occupation for corridors between PVs. Based on sat-
ellite maps of example PV installations in Bavaria, it can
be roughly assumed that PVs cover only 40% of total land
use and corridors 60% (Google Maps 2021). There can be
alternative land use options for corridors, e.g., sheep grazing
(Al Mamun et al. 2023), but this has not been considered in
the case analysis.
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Table 3 Calculation of land
occupation related to the

production and refuelling/
recharging of ethanol,
biomethane, and electricity
needed to provide a functional
unit (FU) of 18,600 km yr~!
travelled by passenger car

Unit Ethanol car Methane car Electric car
Energy use [MJ/FU] 35340 33480

[KWh/FU] 3565
Land occupation for cultivation [mzy/MJ] 0.078 0.084

[m?y/FU] 1458 1567
Production plant land occupation [m?y/MJ] 0.00002 0.0001

[m?y/FU] 0.86 3
Electricity produced by solar PV [kWh/m?y] 220
Area required for PVs [m%y/FU] 16.2
Land occupation for PV and corridors [m?y/FU] 40.5
Refuelling/recharging land occupation [m?y/FU] 0.28 0.28 0.033

Both ethanol production from sugarcane and methane
production from corn silage require processing plants to
convert biomass into fuel. Land occupations for produc-
tion plants are calculated using example plants’ annual
fuel production capacities and land occupations measured
from maps. An example ethanol production plant in Brazil
produces annually 3.3 billion MJ of ethanol and 313,000
t of sugar, and it occupies approximately 200,000 m? of
land (Industry About 2014; Google Maps 2021). The land
occupation of the plant is economically allocated based
on market prices for ethanol 0.4 US$/1 and sugar 0.3 US$/
kg (Trading Economics 2021a, b). This leads to 40% land
occupation allocation for ethanol. Land occupation for etha-
nol plant is therefore 0.00002 m?y/MJ. An example biom-
ethane production plant in Germany produces annually 5.8
million m? of biomethane, and it occupies approximately
20,000 m” of land (Google Maps 2021; MVV Energia AG
2021). Land occupation for the biomethane plant is there-
fore 0.0001 m?y/MJ.

Uusitalo et al. (2022) assessed that land occupation for
charging electric cars is 0.03 m?y and 0.28 m?y for land
occupation for refuelling ethanol and methane cars. Both
values refer to the same functional unit as the one used
in this current study. Table 3 provides an overview of the
input data used in the calculation of land occupation and
the resulting values.

Land transformation flows associated with the occupation
of arable land in Brazil and Germany for the production of,
respectively, sugarcane and corn were calculated using an
updated version of the Blonk land use change tool (Blonk
Consultants 2013), where the input land use data from
FAOSTAT were updated to refer to the year 2018. Land
transformation flows related to the occupation of land for solar
PV installations in Germany were calculated by assuming
that the entire area occupied was transformed from a different
land use and allocating the transformation over 20 years. The
allocation to the 20 years after the transformation has taken
place was done as suggested in Koellner et al. (2013b). The
resulting “transformation to” flow was equal to 2.03 m? per
functional unit. The corresponding “transformation from”

flows were calculated assuming the same proportions reported
in the Blonk tool for Germany, based on trends in land use
statistics (0% deriving from forest, 0% deriving from grassland,
6% deriving from perennial cropland, and 94% deriving from
annual cropland). The low level of detail of the land use classes
used for land transformation is related to the level of detail of
the land use statistics underlying the calculations performed
by the Blonk tool. The transformation of land linked to the
land occupied by the industrial plants for both ethanol and
biomethane production was assumed to be negligible, due to
the very small entity of these land occupation flows (Table 3).
The same was assumed for the land transformation connected
to the occupation of land for the refuelling and recharging
stations. Each land occupation and transformation value thus
obtained was associated with a land use type following the
classification considered in this study, the resulting inventory
of land uses is presented in Table S4.

To assess how the level of aggregation of the CFs can affect
the results of the analysis, the location-specific inventory data
collected for the three alternative energy systems considered
were combined with CFs calculated at three different spatial
resolution scales: at the grid-cell level, at the regional level,
and at the national level. The results of this analysis showing
the impacts on soil quality linked to land use activities associ-
ated with the chosen functional unit in the three alternative
systems are presented in Section 3.2.

3 Results

3.1 Characterisation factors based on SOC stock

As a result of the first two steps (Fig. 1), maps of occupation
CFs were derived for each land use class belonging to group

A’ (as defined in Section 2.2.1). As an example, Fig. 2 pre-
sents the map of CFs obtained for the land use class “arable,

7 Available at: https://fordatis.fraunhofer.de/handle/fordatis/395.
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non-irrigated, intensive”, and Fig. 3 presents the map of CFs
obtained for the land use class “pasture/meadow intensive”.
In both figures, CFs are shown only in areas where the land
use activity considered can take place following the rationale
presented in Section 2.2.3, which was used to aggregate CFs
at national and global levels. CFs at the grid-cell level are
also available for the remaining locations, to allow practi-
tioners to assess alternative scenarios.

The occupation CFs obtained were then aggregated at
national and global levels (Step 3, Fig. 1). These values are
provided in tabular form for all land use classes considered
in this work in Table S2 of the SI. In addition, Table 4 illus-
trates the variability of the country-aggregated occupation
CFs obtained for all group A land use classes (a visualisa-
tion of the same data is provided in Fig. S1 of the SI). It is

possible to see that, for some land use classes, the distribu-
tion of CFs is predominantly made of positive values (rep-
resenting a loss of SOC), whilst for other classes (namely
“pasture/meadow, extensive”, “arable, flooded crops”, and
“urban, green areas”), the distribution is either fully or
almost fully characterised by negative values (represent-
ing an increase in SOC stocks). This highlights how the
correct identification of the most suitable land use class
to describe an activity at the inventory stage is critical, as
this choice drastically influences the final outcome of the
LCA study (in terms of land use impacts). Focusing on the
median values reported, as expected, artificial land uses
(IDs from 7.1.1 to 7.6.3 in Table 2) are those presenting
the highest impacts on soil quality (with the exception of
urban green areas). They are followed by severely degraded

Table 4 Distribution of country-aggregated occupation characterisation factors and global average occupation characterisation factors for land

use classes belonging to group A. Values are measured in tonne C ha™

1D Land use class Global average Country aggregated characterization factors
Min 1st quartile Median 3rd quartile Max

1.1.1 Forest, primary 0.00 0.00 0.00 0.00 0.00 0.00
1.1.2 Forest, secondary 0.00 0.00 0.00 0.00 0.00 0.00
1.2.1 Forest, extensive 0.00 0.00 0.00 0.00 0.00 0.00
1.2.2 Forest, intensive 0.00 0.00 0.00 0.00 0.00 0.00
4.12 Grassland, for livestock grazing 0.00 0.00 0.00 0.00 0.00 0.00
4.2.1 Pasture/meadow, extensive -6.32 -17.92 -8.90 -7.05 -4.98 -1.57
422 Pasture/meadow, intensive 4.26 0.92 3.17 4.31 5.67 12.80
423 Pasture/meadow severely degraded 12.78 2.77 9.50 12.94 17.01 38.40
5.1.1 Arable, fallow 6.23 0.68 3.27 7.00 9.47 21.02
5.1.2.1 Arable, non-irrigated, extensive 10.08 0.87 5.33 7.12 11.22 31.95
5.1.2.2 Arable, non-irrigated, intensive 10.74 0.78 6.20 8.43 11.45 35.18
5.1.3.1 Arable, irrigated, extensive 10.08 0.87 5.33 7.12 11.22 31.95
5.1.3.2 Arable, irrigated, intensive 10.74 0.78 6.20 8.43 11.45 35.18
5.14 Arable, flooded crops —-15.76 —41.16 —19.95 —15.06 —10.67 -3.40
5.2.1.1 Permanent crops, non-irrigated, extensive 6.26 =777 —4.22 0.59 8.93 25.37
5.2.1.2 Permanent crops, non-irrigated, intensive 8.16 -3.53 —-1.78 1.82 10.57 29.60
5.2.2.1 Permanent crops, irrigated, extensive 6.26 =1.77 —4.22 0.59 8.93 25.37
5222 Permanent crops, irrigated, intensive 8.16 -3.53 —-1.78 1.82 10.57 29.60
7.1.1 Urban/industrial fallow 43.63 7.74 25.94 35.80 49.09 110.08
7.1.2 Urban, continuously built 45.66 8.10 27.15 37.47 51.37 115.20
7.1.3 Urban, discontinuously built 25.37 4.50 15.08 20.81 28.54 64.00
7.1.4 Urban, green areas —-7.34 —-17.92 -9.02 —6.80 —4.46 —-1.53
7.1.5 Urban, sparsely built 15.22 2.70 9.05 12.49 17.12 38.40
7.2 Industrial area 47.18 8.37 28.05 38.71 53.08 119.04
7.3 Mineral extraction site 50.73 9.00 30.16 41.63 57.08 128.00
7.4 Dump site 50.73 9.00 30.16 41.63 57.08 128.00
7.5 Construction site 50.73 9.00 30.16 41.63 57.08 128.00
7.6.1 Traffic area, road network 50.73 9.00 30.16 41.63 57.08 128.00
7.6.2 Traffic area, rail network 50.73 9.00 30.16 41.63 57.08 128.00
7.6.3 Traffic area, rail/road embankment 25.37 4.50 15.08 20.81 28.54 64.00
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Fig.4 Soil organic carbon (SOC)-based occupation characterisation
factors (CFs) for the land use class “arable irrigated, intensive” for
Germany at a regional aggregated level and b grid-cell level. ¢ Dis-
tribution of characterisation factors displayed in b. All values are in

pastures, intensive arable lands, other agricultural land uses,
and high-intensity grazing pastures. Forest and nominally
managed grassland presented a CF equal to zero, according
to the IPCC (2019).

CFs for transformation impacts (calculated in Step 4,
Fig. 1) are provided in the form of maps® for all the land uses
belonging to group A and are reported in the SI in tabular
form (Table S3) at national and global aggregated levels.

3.2 Case study analysis

To assess the sensitivity of the results to the level of aggre-
gation of the CFs used, the case study analysis was per-
formed by applying to the location-specific inventory data
CFs calculated at three different spatial resolution scales:
at a grid-cell level, at a regional level, and at a national
level. The calculation of CFs at a grid-cell level and their
aggregation at a national level are presented in Section 3.1.
Instead, regional-level CFs were calculated specifically for

8 Available at: https://fordatis.fraunhofer.de/handle/fordatis/395.

tonne C ha™!. The location where the cultivation of corn in the case
study analysis takes place is marked with a purple dot in a and b and
highlighted by a black arrow. Each value of characterisation factor is
associated with a specific colour

the case study analysis and only for the two countries con-
sidered: Germany and Brazil. Figure 4 shows as an example
a comparison between the SOC-based CFs calculated at a
regional level (Fig. 4a) and at a grid-cell level (Fig. 4b) for
Germany. In both cases, the CFs are derived for the land use
class “occupation, arable irrigated intensive”. It can be seen
that the regional aggregation and, even more so, the national
aggregation entail a significant loss of detail as the CFs for
the considered land use class for Germany vary between 3.0
and 41.9 tonne C ha™! at grid-cell level (Fig. 4b), whilst at
regional level, this variation is reduced to the interval 6.5
to 24.9 tonne C ha~! (Fig. 4a) and becomes a unique value
(equal to 21 tonne C ha™!) at national level. Nevertheless, the
distribution of CFs obtained at grid-cell level for Germany
(Fig. 4c) shows that the largest share of grid cell-level CFs
ranges between 20 and 25 t C ha™!, a range to which belong
also all the regional-level CFs excluded three (Fig. 4a). In
the location where the cultivation stage of the case study
analysis takes place (shown in Fig. 4a, b), the grid-cell CF
is equal to 10 tonne C ha™". In case the LCA practitioner did
not know the exact location, but only the region, they would
use instead the regional-aggregated CF, which is equal to 20
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tonne C ha™"!. Finally, if the only information available was
the country where the cultivation takes place, they would use
the national CF, equal to 21 tonne C ha~!. Therefore, in this
specific case, the regional-aggregated value is only slightly
closer to the grid-cell value than the national-aggregated
value. Similarly, CFs at grid-cell, regional, and national lev-
els were extracted considering the location where the cul-
tivation of sugarcane takes place in the case study analysis
and are reported in Table S4 of the SI.

The following land use types were associated with the
different activities considered in the case study analysis:
“arable, irrigated, intensive” was selected for the cultivation
of corn in Sachsen (Germany), “arable, non-irrigated, inten-
sive” for the cultivation of sugarcane in Sao Paulo (Brazil),
“industrial area” for the biomethane and ethanol production
plants (both assumed to be located in the same region as the
ones considered for the cultivation phase), “urban” for the
refuelling and recharging stations (assumed to be located in
Baden-Wiirttemberg, Germany), and “urban sparsely built”
for the PV power station in Bayern (Germany). The choice
of modelling the occupation of land for PV power stations
with the land use class “urban sparsely built”, caused by the
lack of a specific land use class, is considered reasonable as
this land-use class is described as a combination of grass-
land and sealed land. The land occupation and transforma-
tion flows and the associated CFs at grid-cell, regional and

country levels are reported in Table S4 of the SI for all the
considered land use types and locations.

The results of the case study analysis are presented in
Fig. 5, comparing the impacts on soil quality due to land
occupation and transformation associated with the consid-
ered functional unit in the three cases considered (biometh-
ane, ethanol, and solar electricity powered passenger car)
and performing the analysis at three different spatial resolu-
tion scales. The regional aggregation yielded results that
were in-between the grid-cell level and the national level
of aggregation, in two cases out of three (i.e., for the biom-
ethane and the solar electricity), yet closer to the results
obtained with national CFs. This limits the ground for adopt-
ing this level of aggregation in place of the national one,
which in turn is less data-intensive both to derive the CFs
and to implement them in LCA software. The differences
between the results obtained at different levels of aggrega-
tion (Fig. 5a—c) are particularly significant for the case of
biomethane (where the impact obtained with national CFs
is more than double the one obtained using grid-cell level
CFs), and less so for the ethanol and the solar electricity.
It is interesting to notice the predominant role of occupa-
tion impacts over transformation impacts for biomethane
and ethanol, due to significantly lower inventory values for
land transformation than for land occupation in these two
cases. Similar results were obtained by Mila i Canals et al.
(2013), who argued that this might unveil a shortcoming in

a) Biomethane b) Ethanol c) Solar electricity
3.50 3.50 350
3.00 3.00 3.00

pun} = =
Y+ 250 't 250 1250
@ v @
o -9 ~ o
= 2.00 5 200 = 200
S S S
5 150 & 150 & 150
2 2 g
< 1.00 c € 1.00
8 2 2]

Native Regional National Native

B Occupation  ® Transformation

d) Native resolution e)
3.50 3.50
3.00 3.00
= =
* 250 Y 250
[ @
Q. o
5 200 § 200
& S 150
@ @
3 g 100
j=] =]
£ 2

1.50

1.00 J
0.50 l 0.50
0.00 =

Biomethane Ethanol Solar electricity Biomethane

M Occupation M Transformation B Occupation

Fig.5 Impacts on soil organic carbon (SOC) stocks from land occu-
pation and transformation associated with the considered functional
unit (FU) (energy used for a transport distance of 18,600 km by pas-
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the approach adopted to model impacts from land use change
in this framework. The reverse can be noticed in the case of
solar electricity production. This is due to relatively higher
inventory values for land transformation than in the other
two cases (due to the assumption that all land occupied has
been transformed in the 20 years prior to the occupation) and
also to the higher values of regeneration times considered in
the calculation of land transformation CFs for artificial land
uses (85 years) compared to biotic land uses (20 years). Fig-
ure 5d—f presents the same trend, indicating that the highest
impacts from land use are associated with the biomethane
energy supply system, followed by the one based on ethanol
and then on solar electricity, notwithstanding the level of
aggregation of the CFs. This shows that, in the case ana-
lysed, the level of regionalisation of the analysis does not
influence the ranking of the options considered.

4 Discussion

To derive an operational list of CFs that can be implemented
in LCA software, the nomenclature adopted for land use
types in this work is the one recommended by the Life
Cycle Initiative and currently used by inventory databases,
introduced by Koellner et al. (2013a). However, the chosen
nomenclature system was not initially developed to be com-
patible with the definitions of land use classes adopted by
the IPCC when providing SOC stock change factors. This
means that to associate said factors to each land use class,
value choices had to be made based on the additional infor-
mation provided by the IPCC (2019), and the description of
each land use class in Koellner et al. (2013a). An example is
the case of the land use classes “arable, irrigated, intensive”
and “arable, irrigated, extensive”. From the description pro-
vided in the original classification, the level of intensity of
these classes did not seem to correlate with the input level as
defined in the IPCC; therefore, both classes were assigned
input stock change factors connected to medium inputs and
were differentiated by linking the extensive land use with
reduced tillage and the intensive one with full tillage. To
explain better the rationale behind these value choices and
the link between the land use types as defined in inventory
databases and their relative CFs suggested in this work,
an additional definition was provided to complement the
original one from Koellner et al. (2013a), when considered
necessary. These additional definitions should be considered
when building land use inventory models with the aim of
characterising them with the CFs presented in this study.
Despite the nomenclature harmonisation effort performed by
Koellner and colleagues (2013a), inventory databases might
use different nomenclature systems. In this case, to apply the
CFs developed in this current study, mapping exercises are

required, such as the ones presented in Sanyé-Mengual et al.
(2022) and Scherer et al. (2021).

Moreover, this nomenclature system suffers from some
limitations as it only partially captures different management
regimes and intensities with highly varying levels of detail
(for instance, not enabling to capture different management
regimes in greenhouse agriculture). As a consequence, CFs
were derived for an additional land use class, describing
pasture and meadows that are severely degraded, which are
covered by the land use practices considered by the IPCC
(2019). However, this article could not cover all land uses
considered by IPCC (2019). In particular, the current nomen-
clature system does not address the intensity of tillage,
which affects the level of SOC (Ligthart and van Harmelen
2019). Furthermore, specific soil management options such
as organic agriculture or conservation agriculture, are not
distinguished in the CFs developed here. Given that one of
the key goals of such forms of agriculture is to preserve and
enhance soil quality, potentially resulting in higher levels of
SOC than in conventional agriculture (Corbeels et al. 2019),
the CFs provided so far cannot support comparisons with
conventional agriculture. It is for this reason that the addi-
tion of a new land use class to better reflect agroecological
practices, currently not considered in the nomenclature list,
was suggested. Another land use that could not be assessed
in this work is agroforestry, although it affects the level of
SOC (Cardinael et al. 2018). Overall, it is here suggested
that the classification of agricultural land uses should be
expanded to better reflect the influence of agricultural prac-
tices, using as a starting point the practices considered in the
management and input factors provided by the IPCC (2019)
(e.g., reduced/no tillage, green manure, cover crops, use of
perennial grasses in annual crop rotation).

As the model here presented is in general based on the
IPCC (2019) Tier 1 method at the global level for measur-
ing SOC stock changes in mineral soils, it was not possible
to derive CFs for different forest management systems,
which are currently all modelled as having an impact on
SOC equal to zero, similarly to what is done by Branddo
and Mila i Canals (2013). Whilst this assumption allows
the use of a consistent data basis globally, its application to
forestry systems is limited as it does not consider changes
in SOC due to different forestry intensity levels, species,
and management practices, which have been identified as
relevant factors for forest soil carbon stocks (Griineberg
et al. 2014; Mayer et al. 2020). In particular, forest man-
agement practices may critically affect SOC stocks, both
in terms of storage capacity but also in terms of risk pre-
vention, e.g., against fire events (Hurteau et al. 2019).

Beyond the need to extend the current list of land use
and land management types, there are also a number of
limitations in current knowledge hindering the implementa-
tion of such refinement in a robust way. First, soil depth is

@ Springer



The International Journal of Life Cycle Assessment

a key factor in assessing the long-term impact of agricul-
tural or land use change practices on SOC (Balesdent et al.
2018). So far, CFs only refer to the first 30 cm, and further
work is needed to provide evidence to account for the influ-
ence of land use activities on SOC stock at deeper depths.
Second, many factors need to be accounted for to fit with
the current land use framework in LCA. In particular, the
natural reference and the regeneration times are very sen-
sitive parameters that critically influence the final results
(Bessou et al. 2020). More research is needed to model
better the regeneration times depending on land use and
practice change, and embedding larger depth and long-term
changes. The choice of the natural reference to derive CFs
has been much debated and may be related to the goal and
scope of the LCA study (Mila i Canals et al. 2013). The
reference state proved to be a very sensitive variable (Bes-
sou et al. 2020), and in some cases, CFs may need to be
adjusted manually depending on the LCA study, bearing in
mind that this should not be allowed when LCA is adopted
to perform comparative studies, such as in Environmental
Footprint studies (European Commission 2013). A limita-
tion of the aggregation approach adopted to derive national
and global CFs is that it is influenced by the accuracy of
the land use map providing information on where differ-
ent land use activities take place. To take future potential
changes in land use into account, this aggregation should
ideally be periodically updated using newly published land
use maps.

Although SOC stock represents a crucial indicator of
the provisioning (e.g., biotic production) and regulating
ecosystem services (e.g., climate regulation) and can be
considered overall a good indicator of soil health, fertility,
and quality (Lorenz et al. 2019), the risk related to adopt-
ing a model based on SOC as a standalone indicator when
performing LCA studies is that impacts on other important
soil functions are not directly assessed, e.g., soil resistance
to erosion and filtration capacity, and some impacts are
neglected, e.g., compaction and salinisation (Mattila et al.
2011; Vidal Legaz et al. 2017). Therefore, the approach
presented in this work to assess the impacts of land use
activities in LCA on soil, using SOC as a proxy of soil qual-
ity, should ideally be complemented by assessing additional
impacts on soil properties.

Despite the discussed limitations and needs for fur-
ther improvement, the added value of this work is to have
advanced previous efforts to consistently derive SOC-based
CFs from a single and authoritative data source at a global
level (Brandao and Mila i Canals 2013) by (i) increasing
the level of detail of the land use classification adopted,
(ii) ensuring the operationality of the CFs by tailoring them
to the nomenclature system and the spatial scale resolution
commonly adopted by life cycle inventory databases, and
(iii) additionally deriving them at a more refined spatial
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resolution, useful for further investigating the relevance of
using location-specific data when developing the foreground
system. The case study application highlighted the relevance
of the latter aspect, as, in one of the three cases investigated,
the use of location-specific CFs led to impacts that were
less than half of those obtained with national aggregated
CFs, stressing the need to perform analyses at a finer spatial
resolution to support decision-making.

5 Conclusion and outlook

The Global Guidance for Life Cycle Impact Assessment
Indicators 2 (UNEP 2019) presented an interim recommen-
dation to use the model developed by Brandao and Mila i
Canals (2013) to assess the impacts of land use activities
on soil quality, taking SOC as an indicator of soil quality.
In the guidance document, a number of needs for further
development and validation of the recommended model
were highlighted, including improving the link between the
characterisation factors and the land use nomenclature rec-
ommended by the Life Cycle Initiative and currently used
by inventory databases; providing characterisation factors
for forests, permanent crops, and artificial areas; testing the
model by running case study analyses; updating the calcu-
lation of characterisation factors in line with the revised
IPCC guidelines from 2019; and providing characterisation
factors at more detailed geographical scales, beyond those
available at country scale. This article aimed to address
these needs by deriving a new set of CFs based on the model
suggested by Brandao and Mila i Canals (2013), using the
IPCC 2019 refinements for the calculation of SOC stocks,
and compatible with the land use nomenclature list recom-
mended by the Life Cycle Initiative. The characterisation
factors were derived using spatial datasets (1-km resolution)
and aggregated at national and global levels, by adopting
an aggregation approach excluding those areas not suitable
for a certain land use activity to avoid the introduction of
bias. The new occupation and transformation characterisa-
tion factors were tested by means of a case study analysis,
investigating the impact on SOC stocks caused by land use
activities necessary to provide three alternative energy sup-
ply systems for passenger car transport. It is the authors’
opinion that those requirements have now been fulfilled
and that the present work may be the basis for an upgrade
(from interim to full recommendation) of the Life Cycle
Initiative’s recommendation.

The case study analysis highlighted the relevance of con-
ducting regionalised studies (at the foreground level) to bet-
ter capture the spatial variability of soil types and climatic
conditions and their influence on the resulting impacts. Fur-
ther needs to improve the assessment of land use impacts
in LCA based on changes in SOC stocks are a refinement
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of the list of land use classes used at the inventory level to
better capture the effects of management practices in agri-
culture and forestry, the introduction of a method to assess
changes in SOC stocks induced by forestry activities, and
better estimates of regeneration times. Further validation of
the developed characterisation factors and application to dif-
ferent case studies are needed to evaluate the boundaries and
potential weaknesses of the methods and theoretical frame-
work employed, aiming to enhance trust in the reliability of
the outcomes for the purpose of decision-making support.
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