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Abstract
In Europe, poplar and other fast-growing tree species are considered valuable resources for meeting the required wood demand of
the rising bioeconomy. The agricultural technique of short rotation coppice (SRC) has gained relevance to ease the pressure of the
demand for wood from forests. Previous studies have implemented the life cycle assessment (LCA) methodology to evaluate
such systems’ potential environmental impacts. These studies present different outcomes, though a general pattern on the
potential benefit of SRC is observed. The variation of relevant methodological options, such as goal and scope, system boundary,
functional unit, reference system, data source, characterization models, and impact categories assessed can significantly affect the
results. A consequence of this discrepancy is its effect on results’ interpretation, making the absolute comparison of case studies
challenging and hindering the understanding of the potential impacts of SRC LCAs in support of developing a sustainable
bioeconomy. Therefore, the current research attempts to understand the methodological implementation of LCA in assessing
SRC value chains. Through literature research, studies are analyzed based on the four LCA phases. One of the results of this study
shows how most of the articles focus on assessing the impact category related to climate change, while other environmental issues
that are particularly relevant for agricultural woody biomass systems are seldomly evaluated. By discussing the state of the art of
SRC LCA, this review paper attempts to suggest improvements that will allow future LCA studies to reach a more comprehensive understanding of the overall environmental impact of SRC systems.
Keywords Bioeconomy . Environmental assessment . Short-rotation coppice . Dendromass . Sustainability

Introduction
Wood is considered one of the primary biomass materials to
substitute for fossil-based alternatives, representing an essential pillar to fuel the bioeconomy. Different studies predict that
establishing a sustainable bioeconomy can increase the wood
demand and exceed the supply by 2030 in the European
Union [1, 2]. This will exert pressures on the forest ecosystem
services such as nutrient cycles, carbon storage, water, and air
purification [3]. Agricultural wood production from fastgrowing short rotation coppices (SRC) can help to meet the

* Franziska Hesser
franziska.hesser@boku.ac.at
1

Wood K plus – Competence Centre for Wood Composites and Wood
Chemistry, Kompetenzzentrum Holz GmbH, Altenberger Straße 69,
4040 Linz, Austria

2

Department of Economics and Social Sciences, Institute of
Marketing and Innovation, University of Natural Resources and Life
Sciences Vienna, Gregor-Mendel-Straße 33, 1180 Wien, Austria

increasing wood demand [4] by its potential to produce large
amounts of woody biomass cost-effectively in relatively short
rotation cycles [5]. Nevertheless, like forest-based wood production, SRC plantations also cause environmental impacts,
for example, on water and soil quality [6]. During the last
decade, an increasing number of life cycle assessments
(LCA) attempted to model SRC value chains’ potential environmental impacts [7–9]. However, LCA results are influenced by the selected methodological options, for instance,
when defining to which alternatives SRC is compared or
which environmental impacts are studied [10].
Consequently, this challenges the overall understanding of
SRC systems’ potential environmental impacts. To improve
the understanding of potential environmental impacts
associated with wood production in SRC systems, it is
relevant to identify the state-of-the-art of LCA studies,
their findings, and shortcomings on SRC and comprehend which conclusions were drawn.
Previous researchers have addressed similar problems; for
instance, Pawelzik et al. [10] developed a review of bio-based
LCAs. Among the most important outcomes, the study
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remarked upon the relevance of quantifying impacts on land
use and biodiversity. More recently, D’Amato et al. [11] focused on reviewing forest-based product LCAs connected to
ecosystem service impacts in the context of the bioeconomy.
Their study found that the most assessed categories were climate change, ozone, eutrophication, human toxicity, resource
depletion, acidification, and environmental toxicity. After
linking the encountered impact categories to ecosystem services, they observed that only 20% of ecosystem services
were included in forest-based LCAs. Despite the similarities
between forest-based and agricultural wood production, in
terms of the wood being produced, the management of SRC
systems is more analogous to annual crops than to forest systems [12]. For instance, SRC land use management can include land preparation, irrigation, fertilizer and pesticide application, soil erosion, carbon sequestration potential, and land
remediation. These differences highlight the importance of
performing LCA studies on SRC projects.
The LCA is a standardized methodology for the assessment
of potential environmental impacts induced by human activity
[13]. Different methodological options arise from the flexibility of LCA itself, from methodological developments, evolving needs in assessments due to the policy environment or
environmental challenges. There is no specific guideline for
implementing an LCA on SRC value chains. Other requirements, standards, or documents, such as ISO standards,
Product Category Rules (PCRs) of the International
Environmental Product Declarations (EPD) System, EU sustainability criteria, or product environmental footprints
(PEFs), do not specifically mention SRC. However, suggestions on methodological options when carrying out an LCA of
SRC and other bio-based materials have been presented [10].
For instance, Djomo et al. [14] mentioned the importance of
including a reference land use within the system boundaries
defined since the conversion of agricultural and forest land to
SRC plantations affects soil organic carbon (SOC). Moreover,
Hansen et al. [15] mentioned how the uncertainties about the
SOC accumulation have an essential impact on the overall
carbon mitigation potential of SRC systems. A study that reviews recent SRC LCAs and summarizes relevant interdependencies between methodological options and study outcomes
has not yet been carried out.
This study aims to close this gap by identifying and
discussing how LCA is used in SRC value chains. A literature
review of previous SRC LCAs will help to understand which
effects different methodological options have on the conclusions of the environmental impacts. Moreover, the study helps
to comprehend the overall interpretation of SRC LCA studies
that can contribute to the SRC community and those interested
in communicating such results in support of a sustainable
bioeconomy. To reach this aim, a descriptive investigation
applying a literature review was conducted. The study objectives are the following:

1. Examine the state of the art of LCA studies on SRC to
identify which methodological options are implemented.
2. Identify implications of methodological options on the
conclusions of the potential environmental impacts of
SRC.
3. Derive gaps in the LCA study of SRC and propose a
research outlook for improving the understanding of potential environmental impacts associated with wood production in SRC systems.

Background
Following the International Standard Organization (ISO)
14040 [13], LCA as a method has been developed to assess
the potential environmental impacts of systems and products
through their life cycle. Studies focusing on LCA vary in their
applications, including product development and improvement, strategic planning, and informing policymakers. As
depicted in Fig. 1, the methodology consists of an iterative
process involving the interaction between four main phases.
The following subchapters introduce these phases.

Goal and Scope Definition
As the first phase, the goal and scope consist of providing an
overall framing of the study’s aim. According to the ISO standards [13], this should integrate and clearly describe the
study’s intended application, state why the research is being
carried out, and identify the intended audience, the product
system, the functional unit (FU), and system boundary (SB).
The product system definition describes all the system
functions and involved processes. This description is
the foundation for the FU definition, which provides a
reference to all the product system inputs and outputs.
Usually, the FU attempts to represent a product’s function rather than the physical properties, allowing comparisons between different systems.
The ISO standards mention that an LCA study intends to
perform an assessment “throughout a product’s life cycle,
from raw material acquisition (cradle) through production,
use, end-of-life treatment, recycling, and final disposal
(grave)” [15 , p. 5]. The SB definition represents a helpful
criterion to decide whether a life cycle step or process is included in the analysis. Common terminology for describing an
SB that consists of a product’s whole life cycle is “cradle to
grave” (CtGr). Other variants of LCA’s SB are those that
consider a partial representation of the life cycle, for instance,
“cradle to gate” (CtGa), “cradle to farm gate” (CtFG), and
“gate to gate” (GtG). The first two refer to assessing a partial
product life cycle from resource extraction (cradle) to the
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Fig. 1 Life cycle assessment framework [13]

factory gate or farm gate. The GtG approach focuses on only
one value-added process [16].
LCA studies can be further classified depending on the
system modeling approach. Attributional LCA (ALCA) refers
to studies that account for impacts associated with the physical
changes during the life cycle, thus a cause-oriented perspective. Consequential LCA (CLCA) examines the effects of the
environmental impacts produced by the life cycle, hence an
effect-oriented view. In other words, ALCA estimates only the
environmental burden of a product, whereas CLCA expands
the focuses to study the effects that the product burden has on
an external environment (e.g., a market change generated by
producing the product).

Inventory Analysis
Through the life cycle inventory (LCI), the LCA practitioner
collects all the product system flow data. The LCI is one of the
most time-consuming LCA phases since all inputs and outputs
such as resources, emissions, and products are gathered
throughout the product’s life cycle. A practical strategy is to
divide the system in terms of “background” and “foreground.”
The background consists of processes that cannot be influenced directly by the decision-maker (e.g., production of electricity supply). The foreground consists of those that can be
modified (e.g., processes within the defined product system).

The data can be collected from different data sources, classified as primary or secondary sources. Generally, a first-hand
source, usually called primary data (e.g., from experiments)
source, is used to collect information on the foreground system, whereas secondary sources (e.g., databases) are used for
the background system.

Impact Assessment
After the data is collected, the purpose of the life cycle impact
assessment (LCIA) is to relate the elementary flows to the
environmental impact scores. This phase provides a clearer
understanding of the system’s impacts, presenting answers
to the study’s goal and the decision-making process [17].
The LCIA consists of five steps, which are (1) selection of
impact categories, category indicator, and characterization
models, (2) classification and assignment of LCI data to impact categories, (3) calculation of category indicator results,
(4) normalization and weighting of results, and (5) the grouping of impact scores [18].
The first step consists of selecting which impact categories,
indicators, and models are relevant to the study’s goal and
scope [13]. Here the practitioner decides at which point along
the impact pathway the environmental impact will be measured. To help understand the pathway stages, method developers have proposed to differentiate between midpoint and
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endpoint indicators. An example of a midpoint is climate
change, which can be measured based on the Global
Warming Potential (GWP) indicator and calculated by different methods, such as the Intergovernmental Panel for Climate
Change (IPCC) baseline model [19]. An instance of an endpoint indicator is damage to human health; the Disability
Adjusted Life Years (DALY) serves as the indicator for this,
calculated with the help of the IMPACT2002+ method [20].
The impact modeling selection varies depending on several
factors, such as data availability, the LCA practitioners’ expertise, data quality, and the product system’s own characteristics. Nevertheless, the ISO standards present a list of recommended impact categories that should be measured.
Additionally, several default lists of impact categories have
been developed to support and facilitate the development of
an LCA study [21].
The second step consists of assigning the LCI results, such
as an elementary flow (e.g., CO2) to a selected impact category (e.g., climate change) from the previous step. Similar to the
impact category lists, default lists of elementary flows exist,
for instance, the Ecoinvent database, which provides datasets
of previously analyzed products.
The following step calculates the category indicator by
multiplying the assigned elementary flow to a characterization
factor. Different impact methods are used to calculate the categorization factors (CF), which represent the determined contribution of an elementary flow (e.g., CO2) to the impact category (e.g., GWP). The CF is expressed as per unit emission
or resource consumption (e.g., kg CO2 eq per unit) [22].
Considered as optional within the ISO standards [13], the
forth step consists of first normalizing the previously calculated values by comparing the results with a global, regional,
national, or industrial reference system. This calculation
brings all the results into the same set of information, allowing
an impression of the indicator’s relative magnitude. After the
normalization of the impacts, the weighting step can be carried
out. The weighting or aggregation is done by applying
weights to each normalized category indicator. The weighting
factors are subjective according to the practitioner’s or involved stakeholders’ choices and need to match the goal and
scope definition [23].
The last step consists of grouping the characterization results into different sets based on global or regional impacts, or
based on ranking defined by a selected criterion. This step is
done to ease the interpretation of the results, and it is also
optional within the ISO standards [13].

Interpretation
The interpretation phase is the fourth and final step in
the LCA study. It combines the results of the LCI and
the LCIA to determine the potential environmental impacts of the value chains. The results and conclusions

presented in this phase should be in coherence with the
previously defined goal and scope. Moreover, the limitations and uncertainties of the study are clarified.

Method
This study carried out a literature review of peerreviewed articles and books using the scientific databases Science Direct and Scopus to encounter the objectives stated. The focus was to identify literature on
SRC value chains, LCA, environmental sustainability,
and agricultural wood production. Additionally, to extend the search and identify any possible relevant research, the review included synonyms of the previously
mentioned topics. Consequently, after an iterative process [24], the search considered the following refined
search: (“Short rotation coppice” OR “SRC” OR
“SRP”) AND (“life cycle assessment” OR “LCA” OR
“Environmental sustainability”) AND (“Dendromass”
OR “agricultural wood production” OR “Woody biomass” OR “Woody crops”) AND (“value chain” OR
“supply chain”).
From this search, 186 results were obtained. As the
LCA of SRC and the bioeconomy is a recent phenomenon [11], it was decided to limit the investigation to
the time frame from 2000 to 2020. An initial screening
was based on titles and abstracts. Moreover, a further
selection criterion was to consider literature that (i) was
written in English (conference proceedings, literature reviews, and abstracts alone were excluded), (ii) applied
LCA as the environmental assessment method (studies
that referred only to energy, economics, and business
sustainability were excluded), and (iii) stated that the
woody biomass is produced from agricultural lands.
After the full-text screening, additional documents that
did not meet the inclusion criteria were excluded, leading to a final sample of 40 articles (n = 40).
The collected articles were afterward analyzed using descriptive content analysis. Firstly, the methodological options
implemented were extracted considering an inductive procedure based on the four structural and procedural components
of LCA phases (goal and scope, life cycle inventory, life cycle
impact assessment, and life cycle interpretation).
Subsequently, the obtained data was analyzed quantitatively
using statistical analysis. This step helped to determine patterns of implemented methodological options, interdependencies, and outcomes (e.g., potential environmental
hotspots). Previous literature on biomass production
(e.g., [25]) and LCAs of bio-based systems and agricultural systems (e.g., [11, 26]) served to help inform the
analysis of gaps and research outlook.
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Results

Functional Unit

The literature review provided insights into the different methodological options taken in 40 LCAs of SRC value chains,
covering studies from the years 2003 to 2019. As presented in
Table 1, some of the methodological options identified concerned the framing of the study’s goal and scope, the system
boundary definition, the function until selected, and the impact categories assessed, among others. The geographical
scope of the studies includes Europe and North America.

As the FU selection is closely related to the study goal and the
evaluated production system, the results present a comparison
between the study’s focus and system boundaries. The outcome showed that most studies that focused on woody biomass for bioenergy considered the FU to be in terms of energy
units; nevertheless, other studies used the area unit of, for
instance, 1 ha. Those studies that focused only on the biomass
production with a system boundary CtFG considered mostly
the FU of 1 t. Consequently, to understand the methodological
patterns of the studies, three groups of FUs are encountered:
cultivated area (ha), harvested volume (ton), and energy (e.g.,
MJ). The following pattern is observed between the FU
groups, system boundaries, and study focus: (i) most studies
focusing on biomass for bioenergy (e.g., thermal, and electric
energy) used an energy unit as FU, (ii) studies assessing only
the biomass production referred to volume units.
Among the reviewed publications, the definition of the FU
varied. The results present a total of 10 different FUs as shown
in Table 1. The most frequent FU was the energy unit
“Joules,” considered in 37.5% (n = 15) of the studies, followed by the mass unit “tonnes” evaluated in 25% (n = 10), and
the area unit “hectares” in 22.5% (n = 9). A variation to this
last FU was 1 ha/year (in 5% of the studies). Another energy
unit was 1 watt.hour (Wh), considered in 15.0% (n = 6) of the
reviewed articles. The rest of the articles referred to using a
distance unit (km) and different volume units (e.g., 1 m3 biomass and 1 m3 particleboard).
Within the case studies that adopted the FU of tonnes, the
predominant trend was t d.m. (n = 10), whereas the remaining
(n = 1) studies applied t f.m. Additionally, 45% (n = 18)
articles reported the wood moisture content, which is relevant
for understanding biomass-related calculations. Interestingly,
only one article within the articles dealing with ton FU defined
the moisture content assumed.

Goal and Scope Definition in LCAs of Agricultural
Wood Production
The results present that 37 out of 40 (92.5%) articles referred
to following the ISO guidelines [13]. Out of these 37 articles,
approximately 64% clearly defined the goal and scope of the
study. Another observation is that only five out of 40 (12.5%)
studies indicated their intended audience and application, even
though the studies stated to follow the ISO standards.
Furthermore, it was found that, besides the goal of environmental assessment, some studies also focused on energy performance (n = 12), system comparison (n = 7), and system
optimization (n = 2). As for the LCA approach taken, seven
studies mentioned using an ALCA, one article specifically
framed the study as CLCA, and the majority (32 articles) did
not explicitly mention their approach.
The woody biomass studied varied in terms of species such as poplar, willow, and eucalyptus. For those
studies where the objective was to compare different
biomasses (e.g., [34]), the analysis considered other
feedstocks such as alfalfa, miscanthus and straw pine.
Additionally, few studies specifically mentioned the genotype or species of biomass considered. Most studies
referred to the general biomass species, for instance,
willow (Salix spp.) [32] or poplar (Populus spp.) [27].
Regarding the system boundaries definition, it was
found that about half of the studies (n = 30) considered
a cradle to gate (CtGa) approach. These studies were
dedicated mostly to woody biomass for bioenergy.
Another part of the reviewed articles (n = 5) considered
a cradle to farm gate (CtFG) approach, in which approximately 60% of the studies focused on assessing
biomass and the remainder on bioenergy. Four articles
considered a cradle to grave (CtGr) approach, and one
research presented a gate to gate (GtG) assessment. The
processes accounted for within the defined system
boundaries varied in some studies. For instance, the
definition of CtFG by Clarke et al. [9] did not account
for the end of the plantation period and the emissions
related to it. Contrarily, Lovarelli et al. [30] included
the end phase by considering soil restoration after the
end of the plantation.

Life Cycle Inventory (LCI)
It was encountered that only a small percentage (15.0%) of the
reviewed papers clearly described their selected foreground
and background systems. For instance, Parajuli et al. [34]
considered the background system as those processes involved in production of the material inputs (e.g., chemicals,
machinery, fuel, fertilizers, seedings). The foreground system
considered the downstream processes, meaning all the agricultural operations and the production phase. An example can
be taken from Caputo et al. [41], where the constructed LCA
model includes the impacts from the necessary inputs (e.g.,
extraction of oil) but does not refer to this as the foreground or
background system.
The selected studies dealt with a total of 9 data sources as
presented in Table 2. The most frequent data source was

1 ha/yr

Ireland

Belgium

Poland

Italy

Italy

Spain

Denmark

Canada

Denmark

Germany

[9]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Biomass

1 t d.m

1 t d.m

1 MJ

1 ha

1 MJ

1t

1 MJ

CML 2001

Methodb

CtGa Willow,
alfalfa,
straw from
spring
barley
CtGa Poplar

CtGa Willow

CtGa Willow

CtGr Pine, poplar

CtGa Vine, olive
grove
woody
biomass
CtFG Poplar

Landscape DNDC

NM

NM

NM

17 different
Populus
spp., 12
different
Populus
spp., and 3
willow
(Salix spp.)
Poplar
(Populus
spp.)

NM

Genotype/
speciesc

CC, EP

Max 4
(Populus

NM

Willow (Salix
spp.)
CC, EP OD HAT, AD Willow (Salix
spp.)

CC, EP, AD, ET, L

CC, EP, OD, HAT,
AD, ET, L, EUs,
RC, PM

CC, EP, OD, HAT,
AD, RC, PM

EP, HAT, ET, L

CC, HAT, AD, ET,
RC, PM

CC, EUs

CC

Impact category

ReCiPe Midpoint
CC, EP, ET, L, RC
(H), ILCD, CML
2001

TRACI 2.1

CML 2001

ILCD

ILCD, ReCiPe
Midpoint (H)

ReCiPe Midpoint
(H)

ReCiPe Midpoint
(H)

CtGa Willow, poplar IPCC

CtFG Willow,
miscanthus

SBa

1 t d.m, 1 GJ, CtFG Willow
1 ha

1 ha

FU

Summary of reviewed studies

Reference Origin of study

Table 1

Ecoinvent

Ecoinvent, P
data

Ecoinvent, P
data
Ecoinvent, P
data, S data

Ecoinvent, P
data

Ecoinvent, P
data, S data

Ecoinvent, P
data, S data

Ecoinvent, P
data, S data

GaBi,
Ecoinvent, P
data, S data
Ecoinvent, P
data, S data

Data sourcesd

LCA of a low-input SRC willow grown on
different Danish lands
Identify environmental hotspots in SRW
bioenergy life cycle to suggest
improvements and compare life cycle
impacts of producing thermal energy with
SRW biomass and conventional fossil fuels
Assess resource requirements, emissions and
finally evaluating environmental impacts
for the production of the selected
biomasses for utilizing the mass for
bioenergy or biorefinery feedstocks
Evaluate the environmental impacts of
technological, agronomic, and

Quantify the environmental load associated
with the production of roundwood from
planted poplar plantations in Italy
Evaluate the environmental impacts
associated with a bioenergy chain’s life
cycle based on pine wood pellets produced
both from forest management and wood
processing activities and their consumption
for domestic heating

Environmental impact of the cultivation and
harvesting of poplar trees grown on poor
mineral soil fertilized with mineral
fertilizers, lignin and unfertilized
Assess the environmental footprints
associated with all steps throughout the
pellet production system

Assess potential environmental impacts
caused by miscanthus and SRC willow
driven land-use changes
Identify the optimal management scenario
that maximizes yield and energy
production at minimal energy
consumption, water use, and GHG
emissions from SRC-based electricity production

Research goal/scope
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1 t d.m

Italy

Poland

Germany

UK

Italy

Belgium

Spain

[36]

[37]

[7]

[38]

[39]

[40]

[5]

Biomass

1 GJ

1 kWh

1 t f.m

1 GWh

1 t d.m

Methodb

CML 2001

Poplar

ILCD, ReCiPe
Midpoint (H)

CtGa Poplar

ReCiPe Midpoint
(H)

CtGa Poplar, willow, ReCiPe Midpoint
black alder,
(H)
hazel

GtG

CtGa Willow, poplar IPCC

CtGa Poplar

CML 2 baseline
2000

CtFG Poplar, willow ILCD

SBa

1 t d.m, 1 MJ CtGa Willow

FU

Reference Origin of study

Table 1 (continued)

maximowiczii A. Henry
9P. nigra
L.),
Monviso
(P.9
generosa A.
Henry 9P.
nigra L.)
Populus
deltoides
Bartr,
Populus ×
canadensis
Mönch,
Salix
babylonica
L, Salix
babylonica
hybrid
Three varieties
of willow,
protected by
intellectual
rights
Poplar clones
Max 4 and
Monviso
NM

Genotype/
speciesc

Ecoinvent,
Phyllis
database, S
data
Ecoinvent, P
data

Ecoinvent

Ecoinvent

Ecoinvent, P
data

Data sourcesd

CC, EP, OD, HAT,
More than 20 Ecoinvent, P
AD, ET, L, RC, PM
species
data, S data
(please refer
to the
reference)
CC, EP, OD, HAT,
Populus ×
Ecoinvent, P
AD, ET, RC, PM
canadensis
data, S data
clone AF2

CC, EP, OD, AD, RC, NM
PM

CC

CC, EP, AD, EUs

CC, EP, AD, ET, RC

CC, EP, OD HAT,
AD, ET, RC, PM

Impact category

Environmental and energy performance of the
experimental biomass supply chain, 2
harvesting and transportation systems

Assess the environmental impact of the
harvest solution for SRC plantation with
2-year cutting time
Environmental burdens related to wood chips
production from SRC

Assess the environmental impacts of a
common production chain for wood chips
from SRC
Evaluate the GHG emissions that arise from
the use of SRC willow chips for heating

LCA of 7 willow cultivars in a 3-year harvest
cycle and their environmental impact, particularly GHG emissions depending on the
transport distance adopted

Assess the environmental impact of the
harvest solution for SRC plantation with
2-year cutting time

environmental aspects of bioenergy
production from hybrid poplar SRC
cultivation on marginal land

Research goal/scope
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1 t d.m

USA

Sweden, Italy,
1 m3 f.m/yr
France, Portugal,
Germany

Sweden

Southern Europe

Ireland

France

Germany

Sweden

Sweden

[41]

[42]

[43]

[44]

[45]

[46]

[15]

[47]

[48]

Biomass

1 ha

1 ha

1 MJ

1 GJ

1 GJ

IPCC

Methodb

CtGa Willow

CtGa Willow

CtGa Willow

CtGa Poplar

CtGa Eucalyptus

CtGa Willow

CML 2001

SAS 9.2

CML 2001

CML 2001

CML 2001

Time dependent
climate impact

CtGa Poplar, willow, CML 2001
maritime
pine, spruce

CtGa Willow

SBa

1 kWh, 1 m3 CtGa Poplar,
eucalyptus

1 ha, 1GJ

FU

Reference Origin of study

Table 1 (continued)

Willow (Salix
spp.)

Genotype/
speciesc
Ecoinvent,
USLCI
database
Ecoinvent, P
data, S data

Data sourcesd

Eucalyptus
globulus,
Populus
spp.
Willow (Salix
spp.)

P data, S data

CC, EP, OD, AD, RC Hybrid
between
Eucalyptus
gunnii and
dalrympleana
CC
Populus
Ecoinvent, P
maximowicdata
zii ×
Populus
nigra
CC, EP, OD, AD, L, Willow (Salix Ecoinvent,
EUs, RC
spp.)
P data, S data

CC, EP, AD, EUs

CC, EP, OD, AD,
EUs, RC

Quantify the fossil fuel inputs and greenhouse
gas balance of the willow biomass cropping
system.
Analysis and comparison of environmental
profiles associated with wood biomass
production for five representative tree
species for different industrial uses

Research goal/scope

Evaluate and compare the environmental
performance of two bioenergy products
derived from willow biomass: bioethanol
and electricity

The GHG mitigation effect of bio-electricity
from poplar short rotation coppice (SRC)

Climate impact and energy efficiency from
electricity generation through anaerobic
digestion or direct combustion of short
rotation coppice willow
Ecoinvent, S
Assess and compare the environmental and
data
energy impacts on the life cycle of three
different potential feedstocks for electricity
production
Ecoinvent, S
Evaluate the energy requirements and
data
environmental impacts associated with
willow cultivation, harvest, and transport
RED database, S Evaluated the environmental impacts of
data
delivering 1 GJ of heat from eucalyptus
SRC using LCA

CC, EP, OD, AD, EUs Willow (Salix
sp.), poplar
(Populous
sp.),
Douglas-fir
(Pseudotsuga
menziesii),
pine (Pinus
pinaster),
spruce
(Picea
abies)
CC, EUs
NM
Ecoinvent, P
data, S data

CC

Impact category
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UK

UK

Spain

Italy

Germany

Spain

[51]

[52]

[53]

[54]

[55]

[56]

CtGa Poplar

CtGr Poplar,
Ethiopian
mustard

CtGa Willow,
miscanthus

CtGa Willow,
miscanthus

1 ha

CtGa Poplar,
Ethiopian
mustard

1 t d.m, 1MJ CtGa Poplar

1 MJ

1 kWh

1 MJ

1 ha/yr

CtGr Willow

Central Europe

[50]

1 MJ, 1 m3
particleboard

Italy

[49]

CtGr Eucalyptus

Biomass

CtGa Poplar

1 km

Spain

[8]

SBa

1 t d.m

FU

Reference Origin of study

Table 1 (continued)

CC, EP, AD

CC, EP, AD, L, EUs

CC, EP, OD, AD

CML 2 baseline
2000

CC, EP, OD, HAT,
AD, ET, RC

EcoIndicator 99,
CC, EP, OD, HAT,
EPS 2000, EDIP
ET, RC
CML 2001
CC, EP, OD, AD

SiAGROSOST tool CC, OD, HAT, AD,
RC

CML 2 baseline
2000

CML 2001

EcoIndi-cator 99,
CML 2001

CC, EP, OD, HAT,
AD, RC

CC, EP, OD, AD,
EUs, RC
CC, EP, OD, HAT,
AD

CML 2 baseline
2000
CML 2001

CML 2 baseline
2000

Impact category

Methodb

Data sourcesd

Ethiopian
mustard
(Brassica
carinata),
poplar
(Populus
spp.)

NM

Poplar
(Populus
spp.),
Ethiopian
mustard
(Brassica
carinata)
NM

Willow (Salix
spp.),
miscanthus
(x
giganteus)
NM

Ecoinvent, S
data

Ecoinvent, P
data, S data
KTBL, GaBi

Ecoinvent

Ecoinvent, S
data

P data

Willow (Salix
spp.)
Eucalyptus
Ecoinvent, P
(E. globuludata
s)
Crossing
Ecoinvent, S
Populus
data
deltoides
and Populus
nigra (AF2)
NM
Ecoinvent

Genotype/
speciesc

LCA study about household heat from short
rotation coppice wood pellets combustion
Assesses the environmental impacts of SRC
poplar production, considering the biomass
production system from soil preparation,
harvest, drying, and transportation
Climate impact of two ways of generating
electricity and heat from SRC willow

Determine the environmental impacts for
large-scale biomass cultivation under UK
conditions, using different fertilizer options
for crop nutrition
Assess the environmental impacts associated
to the production of electricity from poplar
and Ethiopian mustard

Environmental impact assessment of
energetic and the material use of wood,
respectively, from SRC compared to wood
from conventional forestry
Study the cultivation of crops for energy. The
scope covers the “cradle-to-gate” stage of
the life cycle.

Study the environmental impacts of Italian
poplar plantations

Analyze the environmental performance of
eucalyptus based ethanol
Environmental performance of eucalyptus
based ethanol production

Research goal/scope
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USA

USA

USA

Western Europe

[58]

[59]

[59]

[60]

d

c

b

a

1 ha

Ireland

[57]

Biomass

CtGa Miscanthus,
willow,
black alder,
sycamore
maple,
hazel, and
hornbeam

CtFG Willow

CtGr Willow

CtGa Willow

CtGa Willow

SBa

IPCC

IPCC, CML 2001

IPCC, CML 2001

IPCC, CML 2001

NM

Methodb

CC, RC

CC, EP, AD

CC

CC, EP, AD

CC, EUs

Impact category

P data, primary data; S data, secondary data

NM, not clearly mentioned; spp; species

ILCD recommended methods

SB, system boundary; CtGa, cradle to gate; CtFG, cradle to farm gate; CtGr, cradle to grave; GtG, gate to gate

1 ha/100 yr

1 MJ, 1ha

1 MJ

1 MWh

FU

Reference Origin of study

Table 1 (continued)

Willow (Salix
spp.),
miscanthus
(specie
NM), black
alder (specie
NM),
sycamore
maple (Acer
pseudo L.),
hazel, and
hornbeam
(specie NM)

Willow (Salix
spp.)

Willow (Salix
spp.)

Willow
(Caprisalix)

Willow (Salix
spp.)

Genotype/
speciesc

Research goal/scope

Evaluate energy efficiency and emissions of
different production pathways for
electricity generation from SRC willow
feedstock
DEAM database Evaluate energy, environmental, and
economic performance of willow
production and conversion to electricity
using life cycle modeling methods
DEAM database Evaluate the energy and environmental
performance of biomass-to-electricity system under development
DEAM database Evaluate the energy performance and net
greenhouse gas emissions of the biomass
feedstock production system
S data
Compare different bioenergy crops

S data

Data sourcesd
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Table 2

Data resources within the reviewed studies

Source

Frequency

%

Ecoinvent database
Secondary data (literature)
Primary data
DEAM database
GaBi database
USLCI database
RED database
KTBL
Phyllis database

31
22
21
3
2
1
1
1
1

77.5
55.0
52.5
7.5
5.0
2.5
2.5
2.5
2.5

secondary data, which was derived from a mixture of database
sources and previous literature. The Ecoinvent database was
the main resource, as 75% of the studies used this data source.
Previous literature data was presented in 55%. Other data
sources were as follows: DEAM database (7.5%), GaBi database (5.0%), USLCI (U.S. Life Cycle Inventory Database)
database (2.5%), RED database (2.5%), KTBL (2.5%), and
Phyllis database (2.5%). It is important to note that the data
within the mentioned databases also rely on secondary data,
such as published articles and available statistics [61].
Regarding primary data from own field measurements or laboratory, it can be seen that 52.5% of the studies used this
source. Furthermore, studies that used primary data also relied
on secondary data sources. For instance, Rugani et al. [40]
used the Ecoinvent database for retrieving background data,
whereas primary data were collected from project partners.
When comparing the studies’ geographical location with
the data sources, a correlation between the database and location prevails. Studies carried out in the USA considered
USLCI and DEAM databases, whereas all the other mentioned databases, for instance, the Ecoinvent database, were
generally used for those studies in Europe.

Life Cycle Impact Assessment (LCIA)
In order to facilitate the interpretation of the results, the impact
categories were grouped depending on the following macrocategories: climate change (CC), eutrophication (EP), acidification (AD), ozone depletion (OD), resources consumption
(RC), human toxicity (HAT), energy use (EUs), environmental toxicity (ET), land (L), and particulate matter (PM). Within
each of these categories, the respective individual midpoint
and endpoint categories were localized. A summary of the
encountered impact categories is presented in Fig. 2. Climate
change related categories, as GWP and GHG, were the most
frequent impact categories considered, as they were included
in almost all the review articles, covering 97.5%. Following
were the categories of eutrophication and acidification, with

72.5% and 67.5%, respectively. Ozone depletion and resource
consumption were included in less than half of the papers, precisely 47.5% and 45%, respectively. The rest of
the indicators were considered in less than 35% of the
studies. The indicators that were evaluated the least
were those related to L and PM.
A comparison of environmental impacts was discussed by
Bacenetti et al. [39]. The authors present that the CC impact of
SRC poplar plantations ranges between 26.44 to 49 kg
CO2 eq t−1. This range is extracted from previous case
studies [9, 46, 53, 62, 63]. Though this comparison is
stated, it is also underlined that a direct comparison in
absolute terms is restricted to the LCA methodological
options of the different case studies.
Concerning the environmental impact assessment methods,
87.5% (n = 35) of the studies directly defined the method
used. Within these studies, 11 different methods were considered. The method by the University of Leiden, named CML
(Centrum Milieukunde Leiden), was the most frequently applied (50%, n = 20 out of 40). The ReCiPe Midpoint (H)1 and
the IPCC method were the second most used methods
(17.5%). The ILCD (International Reference Life Cycle
Data System) [17] was adopted in 12.5% of the relevant studies. Several studies used a combination of methods in order to
calculate the different impact categories. For instance, Parajuli
et al. [34] used the EPD recommended methods [65], the
ReCiPe Midpoint, and the ILCD recommended methods to
calculate separate categories. The USEtox midpoint model,
as suggested by the ILCD, served for environmental toxicity,
the ReCiPe Midpoint for land-related impacts, and the CML
2001 baseline for CC and EP (EPD suggested methods).
Another example is Saez de Bikuña et al. [32], who
used a set of four impact categories chosen from the
CML 2001 method. The impact categories analyzed
were chosen at a midpoint level, such as CC, EP, AP,
and HAT. Land use impacts were considered not as a
midpoint indicator but as part of GWP emissions. As
for all the other impact assessment methods, these were
implemented in less than 5% of the studies.
Moreover, it was found that the selection criteria of impact
categories and their assessment method were rarely stated in
the reviewed articles. In some instances [32], the criteria were
referred to in previous studies of similar systems.
Nevertheless, a clear description of why the selected categories were included was mostly absent.
Another investigated aspect concerned the inclusion of normalization and weighting of the impact category results. For
the reviewed studies, approximately 20% (n = 8) of the studies
considered the normalization step, and even fewer considered
1

“The acronym also represents the initials of the institutes that were the main
contributors to this project and the major collaborators in its design: RIVM and
Radboud University, CML, and PRé” [64, p. 5].
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Fig. 2 Frequency of environmental impact categories analyzed in the reviewed studies N = 40

the weighting step (7.5%, n = 3). For example, Krzyżaniak
et al. [28] implemented normalization using the ReCiPe’s
European hierarchical version for all the evaluated impact
categories. Another example is Kunstmann [50] who considered both normalization and weighting. The normalization is
done comparing the results to the total inventory of mass and
energy used in Western-Central Europe. For the weighting,
relevant stakeholders helped to deduce the factors; however,
a discussion on how they were selected is not presented.
Another example of weighting is Fantozzi and Buratti [54],
who used elements based on the EDIP method that applies the
environmental targets proposed by the Danish Government or
the International Protocols. The implementation of both normalization and weighting is dependent on the goal and scope.
Its subject matter requires that those studies performing this
step clearly state their selection criteria.

Life Cycle Interpretation
The studies’ results were mostly presented based on the life
cycle steps of the agricultural wood production system.
However, the heterogeneity of the case studies and the functional unit selection, system boundary, and impact categories
evaluated make the comparison of the results of the LCA
models challenging. Nevertheless, to have an overview of
the relevant outcomes, a quantification of the most mentioned
environmental hotspots in terms of the life cycle steps is presented in Fig. 3. The hotspots are defined as the process that
has the highest environmental impacts. As a quantitative comparison between the studies was not feasible, hotspots were
extracted qualitatively from the reviewed studies; meaning
that a hotspot was noted when a review study was found to
mention a process with a high environmental impact.

Fertilizer and harvesting activities were considered to have the
highest environmental impact in 50% of the studies. The fertilizer
activities concern production and field application. For instance,
Krzyżaniak et al. [28] reported that, for the impact category
GWP, a reduction of GHG emissions is possible by reducing
or substituting the use of mineral fertilizer. Moreover, attention
is also drawn to the impact category EP, which is affected by
mineral fertilizer use. In comparing different agricultural management systems, Schweier et al. [7] presented how fertilization
and irrigation could increase the GWP of the system by approximately 220%, particularly by an increase of nitrous dioxide
(N2O) emissions, which strongly influences the overall impact.
Additionally, it is also mentioned how fertilizer use affected the
EP category, adding nitrates and phosphates. From a different
perspective, the study of Goglio and Owende [57] analyzes different fertilizer types and application techniques, for example, the
use of sewage sludge instead of mineral fertilizer. Results show
that this change of fertilizer type only increases the CO2 emissions by 1.7%. Nonetheless, they present fertilizer activities as
one of the hotspots of the agricultural wood production system.
The harvesting operation, also the major hotspot in 50% of
the studies, usually occurs during each rotation cycle of SRC,
for instance, in cycles of 1, 2, 5, 10, 15, or 20 years. This
energy-intensive operation often includes the forwarding process. Bacenetti et al. [36] presented harvesting as having one of
the highest contributions to the field operations for almost all
the twelve impact categories assessed, like those related to CC,
OD, AD, and EP, the highest being for marine eutrophication
(ME) and terrestrial eutrophication (TE). Another instance is
the study by González-García et al. [47], which presents that
the harvesting operations are the main contributors to GWP due
to the diesel combustion. Similar results were given for other
impact categories related to RC, AD, EP, and OD.

Frequency of environmental hotspot %

Bioenerg. Res.

60
50
40
30
20
10
0

Process
Fig. 3 Frequency of environmental hotspots identified in reviewed studies N = 40

The third most mentioned operation is transportation, identified in 35% of the studies. This operation varies between the
project specifications, including the transportation of cuttings,
material inputs (e.g., fertilizer and sludge), transportation to storage, and biomass transportation from the farm gate to industry.
For instance, as part of the results from Whittaker et al. [38], it is
estimated that all the transportation-related events represent the
second biggest GHG emitter. Similar results were presented by
Gilbert et al. [52], who also mentioned the contribution of transportation to EP. Transportation emissions could be impacted by
transportation distance, truck’s carrying capacity, the biomass’s
weight, and the biomass yield [11, 50].
Within the studies that considered irrigation, this process
also surged as an environmental hotspot. For instance,
Bacenetti et al. [36] concluded that irrigation was the process
that had the highest impacts on CC, HAT, EP, and RC.
Schweier et al. [7] also presented a similar conclusion on the
impact of irrigation, they draw attention to the required energy
demand. Irrigation and fertilization are usually implemented
to increment the biomass yield; their usefulness is proportional to factors such as water availability, soil type, and soil
fertility. Accordingly, the use of irrigation and fertilization
varies from case to case, and as mentioned by the previously
selected studies, it should be considered if its effect on biomass yield compensates for the negative environmental impacts. However, Djomo et al. [27] discussed the questionable
positive correlation between irrigation and biomass yield for
their particular case study.
Other environmental hotspots mentioned were those of mechanical weed control, planting, pesticides, and stump excavation. However, they were only reported in less than 3% of
the studies. All the other operations were not mentioned in any
of the considered studies.

Sensitivity Analysis
Furthermore, as part of the life cycle interpretation
phase, an assessment of the results, a sensitivity and
uncertainty analysis are recommended by the ISO
14044 [13]. Within the evaluated studies, almost half
(47.5%) performed a sensitivity analysis, and only
22.5% carried out an uncertainty analysis. Depending
on the study’s goal, the sensitivity analysis targets issues such as data uncertainty, scenario analysis, methodological options, LCIA method, and allocation method. Lovarelli et al. [30] focused on two aspects, the
methodological options concerning allocation and the
key scenario parameters like the biomass yield. Rajabi
Hamedani et al. [29] focused on the elements of data
uncertainty and the impact assessment method. For the
first part, the analysis consisted of evaluating the input
data within a range of ±10%. The other factor involved
the results’ outcomes when using ReCiPe midpoint (H)
and CML methods.

Discussion
The results allowed for addressing the knowledge gap
of reviewing recent SRC LCAs and summarizing relevant interdependencies between methodological options
and study outcomes. Through this analysis, it was possible to derive gaps in the LCA study of SRC and
propose a research outlook for improving the understanding of potential environmental impacts associated
with wood production in SRC systems.
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SRC LCA Methodological Implementation
The identified diverse methodological implementation of SRC
LCAs is plausible due to the various study foci. Starting with the
system definition, most selected FUs corresponded to the phases
along the studied value chain. Nevertheless, some studies evaluating similar value chains and system boundaries did not always
present the same FU. Such discrepancy hints that an evaluated
indicator, such as energy use, is measured using a different reference, thus reflecting the variety of study foci presented in the
review papers. For instance, a focus on system comparison [56]
rather than system optimization [27], which justifies selecting a
different FU.
As for the system boundary, most of the studies dealt with a
partial LCA based on a CtGa or CtFG boundary. The boundary definition matched the focus taken by the studies, which
was mostly towards system optimization and system comparison rather than assessing the overall environmental impact of
SRC systems. A similar result was given in the study by
D’Amato et al. [11], where they found that the focus was
mostly directed at the analysis of upstream processes.
Although these boundaries show a valid representation of
the system, attention was drawn to the fact that most of the
studies considered some sort of EoL phase within their analysis. Moreover, it was noticed that the plantation EoL was
considered in most of the reviewed papers; however, this stage
was treated differently among the various studies. For instance, Lovarelli et al. [30] conducted a CtFG LCA where soil
restoration was equivalent to the EoL phase. The study
accounted for fuel emission during soil restoration but did
not account for land use related impacts. In comparison,
Clarke et al. [9] also defined their study as a CtFG LCA but
excluded the plantation EoL and did consider land use impacts. Though these different methodological applications
can be valid, a justification for assumptions is recommended
by ISO guidelines since such assumptions directly impact the
results. The EoL phase’s relevance concerning the study outcome is discussed further in the following section.
Another important finding was regarding data representativity
related to foreground and background definitions. According to
the results, few studies gave a clear description of the selected
foreground or background system. A significance of such distinction is that it helps to discern whether a process is part of the
primary or secondary system and defines where primary or secondary data is required. Moreover, it can influence the support to
decision making, as these definitions help to communicate which
parts of the system can be influenced and modeled.
Simultaneously, an ambiguous definition of such systems can
lead to confusion rather than guidance [22]. The lack of clarity
is reflected by the challenge of identifying whether the data represented the foreground or background system. This implies a
further issue when interpreting the results and when a review for
transparency or replicability is desired.

Regarding the environmental impact categories evaluated,
the results show that more than half of the studies included at
least three categories, which are climate change, eutrophication, and acidification. Similar results were given by D’Amato
et al. [11] who reported climate change, ozone, eutrophication,
human toxicity, resource depletion, acidification, and environmental toxicity as the most common impact categories in
forest-based LCAs. The issue of knowing the number of impact categories necessary to evaluate a product life cycle has
been discussed by Steinmann et al. [62]. The authors found
that, by assessing six impact categories, as CC, OD, land use,
marine and terrestrial ecotoxicity, and combined effects of EP
and AD, nearly 92% of the variance in 976 product rankings
from the Ecoinvent database are covered. Based on this
knowledge, it can be deduced that SRC LCAs have partially
developed a comprehensive assessment in terms of evaluation
range at a midpoint level. Nevertheless, an important finding
is that several studies avoid the inclusion of relevant impact
categories, such as biodiversity and land use [10]. Many articles do not justify such exclusion, though these categories are
known for their relevance for agricultural plantations. This
exclusion undermines the understanding of such LCA results
to represent the potential environmental impacts of SRC value
chains, as not all environmental issues resulting from the product system are included [21]. The relevance of including the
land use category is discussed in the following section.
There is a lack of clear communication of the impact category selection criteria. Though several studies indicated that
their choice was based on predefined sets, such as CML, a
thorough justification of the selection, as suggested by the ISO
standards [13], was missing in most studies. It can be
discussed that, in practice, the selection criterion is an essential
step in LCA studies, it provides the connection between the
LCIA phase and the study’s goal, building justification for the
exclusion of irrelevant categories. For instance, for an LCA
that intends to support a decision-making process while establishing a SRC value chain, it is essential to know why a relevant impact category (e.g., land use) is not assessed. Such
communication implies a higher level of transparency that
would enable further analysis and hint at the assessment’s
limitations.

Critical Methodological Options Affecting SRC LCA’s
Study Outcome
More than half of the reviewed papers did not include any land
use impact in their analysis (Fig. 2), which leads to burdenshifting between the environmental impact categories.
Previous studies, such as Pawelzik et al. [10], who focused
on LCA of bio-based materials, highlighted the importance of
including land use as this can significantly affect the overall
study outcome. The land use aspects of relevance are direct
land use, direct land-use change, indirect-land use change, soil
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degradation, biodiversity, and water use. One of the reasons
that might prevent LCA practitioners from including any land
use aspect is the stage of maturity in a methodology. For
instance, accounting methods for carbon stocks within the
different carbon pools are among the most debated topics in
the literature [21], reflecting the not yet consensus on how to
assess the related land use impacts. Issues discussed are,
among others, the temporal dimension of carbon storage in
products, the accounting and allocation methods, and the carbon cycle method. For the studies that did consider land use, it
was noticed that SOC stocks were a critical aspect. Djomo
et al. [27] calculated the land SOC stocks using a land surface
model. Their conclusions draw attention to the impact that
SRC plantations have on SOC stocks compared to previous
cropland, forest, or marginal land. Also, SOC stocks can be a
determinant factor in the SRC value chains net carbon balance
calculations, as they count within the carbon sink calculations.
Therefore, their accounting can be a critical factor to understanding the potential climate benefits of SRC LCAs.
One of the clear connections is the dependency of identified environmental hotspots and the inclusion of value chain
processes. While certainly not all SRC projects include all
possible agricultural processes, the exclusion of hotspots identified in the current study can have an important impact on the
overall environmental assessment. Hence, considering that
SRC projects might have a variety of plantations that require
different agricultural practices, LCA studies could dismiss an
important environmental impact by not considering the
possibility that, for instance, fertilization might be necessary for a particular field during the lifetime of the
project. Thus, LCA studies can deliver more holistic
results when including a range of scenarios that evaluate
the previously identified hotspots.
Besides the inherent partial estimation of a cradle to gate
LCA approach, the exclusion of the EoL can mean missing
one of the most critical aspects of SRC value chains, which
can potentially lead to burden shifting between life cycle
stages. The analysis of the reviewed studies revealed that the
different EoL options were mainly stump excavation [46],
herbicide application [12], mulching of roots [38, 52], tree
levelling [54], and soil restoring. Though most studies included one of these EoL options, critical aspects related to land use
impacts were not often included. The following points are
relevant in the literature: (i) if roots are left in the ground, they
can be a potential source of SOC depending on the agricultural
management given after the EoL [38]; (ii) root removal can be
a potential carbon source due to the loss of carbon within the
soil; and (iii) possible impacts on biodiversity. In a recent
study by Rowe et al. [63], it was concluded that potential
changes in SOC stocks at the plantation EoL could substantially impact the net carbon calculations, and excluding such
accounting can lead to misguidance based on an incomplete
environmental assessment of SRC.

Research Outlook
The present study’s final objective is to derive gaps in the
LCA study of SRC and propose a research outlook for improving the understanding of potential environmental impacts
associated with wood production in SRC systems. First, in
light of SRC LCAs to support developing a sustainable
bioeconomy, it is suggested that such assessments improve
the communication of the goal, scope, and limitations of
study, as well as the intended audience, foreground and background system definition and argumentation for environmental impact categories selected. This will generate a robust interpretation that leads to a more straightforward transformation of the results into policies [25]. Furthermore, SRC LCAs
can benefit by taking into account the methodological findings
of the present research. Considering the FU definition, SRC
LCAs aiming at a CtFG, as the study of land use or comparison of agricultural technologies, can implement an area or
volume-based FU. If the focus expands to consider a CtGa
or CtGr approach, an FU based on the product’s function is
beneficial, for instance, an energy-based FU.
It is encouraged that future assessments go beyond system
comparison and a CtGa or CtFG approach. In particular, for
SRC value chains, the inclusion of the plantation EoL phase is
appropriate, as its exclusion weakens the life cycle thinking
suggested by the ISO standards [13], bearing the risk of burden-shifting, underestimation, and misleading conclusions.
The plantation EoL involves agricultural operations such as
uprooting, land remediation, and land reconversion. These
operations could result in SOC loss, influencing the overall
carbon calculations, potentially implying a reconsideration of
some studies’ outcomes [26, 38, 63]. Moreover, the gain of
biodiversity is hinted as a potential benefit of SRC plantations;
however, further research is needed to understand the EoL
phase’s consequences. More comprehensive LCA results are
obtained by including the effects on land use, such as SOC
and biodiversity as their findings could lead to reconsider the
overall outcome of LCA results. If partial LCAs are taken as
the basis for decision-making in light of supporting a sustainable bioeconomy, there is an inherent risk of underestimating
the environmental impacts. Thus, future SRC LCAs should
include impacts related to the plantation EoL, fuel consumption for the agricultural machinery and land-use impacts.
The variability of methodological options and the results of
the different case studies highlight the relevance of including a
sensitivity analysis in future LCA studies of SRC value
chains. The following relevant points were deduced from the
reviewed articles: (i) regarding input data, many studies
accounted for secondary data to perform their calculations.
SRC LCAs would strengthen their results by performing a
sensitivity analysis to reduce uncertainties attached to using
data that is not specific to the case study. Such analysis considers a range of data, thus providing a spectrum of the results
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that is more representative of reality. (ii) Concerning agricultural processes, particularly for LCA studies performed during
value chain development, it is suggested to develop a scenario
analysis where effects of different agricultural operations are
tested, especially concerning the previously identified
hotspots, such as harvesting, transportation, fertilization, pesticides, and irrigation. Based on this knowledge, it should be
possible to identify development pathways.
As for the limitations of the present study, it can be mentioned that the search strategy was limited to using only two
search engines, Scopus and Science Direct. Also, the articles
retrieved are reliant on the applied search string. Therefore, it
cannot be guaranteed that all relevant articles were included.
Nevertheless, this study contributes to understanding the state
of the art of SRC LCA studies by presenting an analysis of
previous literature and suggesting improvement paths.

Funding This study received funding from the Bio Based Industries Joint
Undertaking under the European Union’s Horizon 2020 research and
innovation programme under grant agreement number 745874 and the
Austria Research Agency (FFG) under the COMET program grant number 865905. Open access funding provided by University of Natural
Resources and Life Sciences Vienna (BOKU).
Data Availability The datasets generated and analyzed during the current
study are not publicly available to guarantee the protection of confidential
information but are available from the corresponding author on reasonable request.

Declarations
Ethics Approval Compliance with ethical standards was considered by
informing participants about the aims and methods of the respective research project. The participation in the survey was on a voluntary basis
and anonymity of the participants is preserved—no inferences can be
drawn from the answers to the individuals.
Conflict of Interest The authors declare no competing interests.

Conclusion
The underlying assumption to be examined was that SRC
LCAs are influenced by the selected methodological options,
hence challenging the overall understanding of SRC value
chains’ potential environmental impacts. The finding that previous studies with similar system definitions assume different
methodological options adds to the discussion about how flexible the implementation of the LCA framework should be.
Nevertheless, it is deduced that future SRC LCAs need to
provide clear and systematic reporting of the application purpose, methodological options, and assumptions. This description will help compensate for LCA’s methodological flexibility by providing a strong foundation that allows for comparison and interpretation of results. Data uncertainty and sensitivity analysis should be included, since SRC LCAs deal with
large amounts of secondary data, affecting the calculation of
important impact categories. For instance, analyzing SRC value chains and not considering the various EoL possibilities
and their consequences on land use can result in misleading
outcomes that affect further decision-making. Future SRC
LCAs can benefit from understanding land use related impacts, as this will help improve the modeling of the different
agricultural process consequences.
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