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Abstract

Purpose We hypothesize that the current heated scientific debate on bioenergy sustainability is fuelled by flaws in the interpre-
tation phase of bioenergy LCA studies rather than by the lack of studies or shared methodologies. The interpretation phase is the
key step in LCA studies, which guarantees their quality and consistency and gives meaning to the work carried out by delivering
results that are consistent with the defined goal and scope, which reach conclusions, and explain limitations.

Methods To test our hypothesis, we selected the 100 most cited articles found in Scopus utilizing a query to include most of the
relevant works on LCA of bioenergy. The rationale underpinning the choice of the most cited articles is that these are presumably
the most influential. A further screening identified off-topic articles, reviews, and methodological papers, which were discarded.
We have also checked whether the articles analysed referred to the ISO standards. The study is organized as a reasoned and
parametrized review in which we assess the methodological approach of the studies, rather than the results obtained.

Results and discussion We find that overlooking some of the fundamental steps in the interpretation phase in bioenergy LCA is a
rather common practice. Although most of the studies referred to the ISO standards, the identification of issues, their framing with
sensitivity analyses, and the identification and reporting of limitations, which are all needed to comply with ISO14044 standards,
are often neglected by practitioners. The most problematic part of the interpretation phase is the consistency check. In most cases,
the assessment framework built is not apt at answering the question set in the goal. Limitations are properly identified and
reported only in few studies.

Conclusions We conclude that in many studies either the conclusions and recommendations drawn are not robust because the
inventory and the impact assessment phases are not consistent with the goal of the study, or the conclusions and recommendations
go well beyond what the limitations of the study would allow. In our opinion, these flaws in the interpretation phase of influential
LCA studies are among the responsible factors that continue to fuel the debate around the sustainability of bioenergy. We report a
set of recommendations both for LCA practitioners and for users to guide the LCA practitioners in properly organizing and
reporting their work, and to facilitate the readers in understanding and evaluating the significance and applicability of the results
presented.
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1 Introduction

Life cycle assessment (LCA) is a standardized methodological
approach (ISO 2006a) aimed at assessing the potential envi-
ronmental impacts associated with a product, service, or sys-
tem. LCA is a key tool in pursuing sustainable production and
consumption patterns which has been increasingly integrated
into the policymaking process, either at the stage of policy
design and impact assessment or directly into legislative doc-
uments (Sala et al. 2016).

The ISO 14040 standards series (ISO 2006a, b) de-
fine the principles and provide a framework for carrying
out an LCA study. The framework consists of four
phases, namely (1) the goal and scope definition, (2)
the inventory analysis, (3) the impact assessment phase,
and (4) the interpretation phase (see Fig. 1).

In the first phase, the intended application and the reasons
for carrying out the study are set (i.e. the question addressed in
the study is stated). In the second phase, an inventory of input/
output data related to the system under study is compiled. The
purpose of the third phase is to provide additional information
to help assess a product system’s LCI results, and to better
understand their environmental significance.

While the first three phases are deeply interconnected; in
particular, the second and the third are determined by the first,
and the fourth phase is the key step in which the whole LCA
study is scrutinized for its quality and its capability to fulfil the
question set in the goal and scope definition phase. According
to the ISO 14044 standards (ISO 2006b), the interpretation
phase should deliver results that are consistent with the de-
fined goal and scope, which reach conclusions, explain limi-
tations, and provide recommendations. The interpretation
phase, thus, is the key step that guarantees quality and consis-
tency and gives meaning to the work carried out.

However, in previous reviews and synthesis of LCA studies
on bioenergy (Marelli et al. 2016; Agostini et al. 2013; Rocca
et al. 2015), we have observed a scattered implementation of the
ISO recommendations on the interpretation phase. We have also
noticed that, although there is broad agreement in the scientific
community that LCA is one of the most effective methodologies
for the evaluation of the environmental burdens associated with

bioenergy production (Cherubini et al. 2009), there is still a heat-
ed debate in the scientific community on the actual environmen-
tal sustainability of bioenergy production, and in particular on its
potential to mitigate climate change (examples of exchanges in
this debate (Chatham House 2017; International Energy Agency
- Bioenergy 2017)).

‘We have hypothesized that the debate on this divisive topic is,
at least in part, fuelled by flaws in the interpretation phase of
influential bioenergy LCA studies rather than by the lack of a
shared methodology, as suggested by other authors who have
critically reviewed the available literature on LCA of bioenergy
trying to compare and synthetize the results (Cherubini et al.
2009; Gnansounou et al. 2009; Cherubini and Stremman
2011). Their findings suggest that large differences in greenhouse
gases (GHGs) balances of biofuels stem from modelling choices
about system definition and boundaries, functional unit, refer-
ence systems, and allocation methods. However, we think that
such exercise is not pertinent as the LCA studies considered have
different goals and, rightfully, they set different scopes and pro-
vide different conclusions.

As far as the goal is properly set and described, and the
methodological approach is consistent with the goal set, LCA
analyses provide meaningful insights on the environmental
performances of products and systems, but results of studies
with different goal and scope should not be compared. On the
contrary, we think that flaws in the interpretation phase of
LCA studies of bioenergy may seriously mislead readers and
lead to conflicting and divisive results. To verify our hypoth-
esis, we have performed a critical review of the interpretation
phase of some of the most cited and influential LCA studies of
bioenergy; in a second stage, we draw recommendations for
LCA practitioners on how to improve the quality of their
studies, and to policymakers, stakeholders, and the general
audience on how to read and properly interpret the results of
LCA studies of bioenergy.

2 Methods

To test our hypothesis, we have selected the 100 most cited
articles found in SCOPUS utilizing the following query: KEY

Fig. 1 Life cycle assessment
framework, adapted from (ISO
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((“Ica” OR “life cycle assessment”) AND (“bioenergy” OR
“biogas” OR “biofuel” OR “biocthanol” OR “biodiesel” OR
“wood pellet”)). These research parameters should include
most of the relevant works on LCA of bioenergy published
before the 3rd of May 2018. The rationale underpinning the
choice of the most cited articles is that these are presumably
the most influential studies up to now. Our query method is
applied consistently, so that certain influential papers may not
appear in the search results because of the lack of bioenergy-
related keywords or because more novel concepts may not
have reached the number of citations to appear in our top
100. We reiterate that our review provides a snapshot of the
status of the most cited LCA bioenergy research up to 2018;
these results may look different in a few years as new concepts
and methodologies become mainstream. Nonetheless, we pro-
vide an up-to-date methodological discussion in this paper
which captures concepts and approaches well beyond what
appears in the search results. A further screening identified
off-topic articles, reviews, and methodological papers, which
were discarded. We have also checked whether the articles
analysed referred to the ISO standards.

The work is organized as a reasoned and parametrized re-
view. We refrain from assessing the quality of the articles in
terms of systems chosen, input data, system boundaries, inven-
tory modelling, allocation, etc., which are part of the goal and
scope definition; we have rather focused on the consistency
between goal, scope, and conclusions reached and on how
the results are presented and interpreted. The parameters
assessed are described in the following sections. The list of
reviewed articles is reported in the Electronic Supplementary
Material (ESM) together with their categorisation and exten-
sive justification for our limitation and consistency assessment.
The reasons for the exclusions are also reported in the ESM.

2.1 Modelled bioenergy systems

We have carried out a statistical parameterized analysis of the
following aspects describing the type of bioenergy system
analysed:

A. Energy carrier produced

B. Feedstock used
C. Main processing technology modelled

2.2 Geographical scope and timing

The categories defining the geographical scope were deter-
mined as follows:

A. Local: a specific plant or an area with homogeneous
characteristics

B. Regional: large inhomogeneous areas, countries, or set of
countries

C. Global: the whole world, or all the areas producing a
specific product

D. Notapplicable as there is no reference to a location or the
location is irrelevant

The timing of pollutants’ emissions may be relevant, espe-
cially if climate change is considered. Identifying whether the
emissions of GHGs (greenhouse gases) take place at the be-
ginning or at the end of a project, or the temporal imbalance
between emissions and absorption by plant growth may be of
fundamental importance to properly grasp the climate change
mitigation potential of a project or policy. We therefore
assessed whether the analysed articles considered time-
dependent inventory as well as time-dependent impact assess-
ment, e.g. through absolute climate metrics (Giuntoli et al.
2015).

2.3 Socio-economic impacts

In previous works, we observed that often LCA studies of
bioenergy claimed to reach conclusions on the sustainability
of the bioenergy produced, while only focusing on environ-
mental impact assessment. We argue that sustainability assess-
ments should include environmental, social, and economic
considerations (Sala et al. 2015). We therefore assess also
whether these two aspects (social and economic) were consid-
ered in the analysed articles to verify whether the authors
assessed the sustainability of a bioenergy system consistently.

2.4 Life cycle impact assessment

The first distinction in the evaluation of the life cycle impact
assessment (LCIA) was made between studies considering
endpoint and midpoint impacts. Endpoint methods (or
damage-oriented approaches) are models that provide indica-
tors at or close to the level of Areas of Protection (natural
environment’s ecosystems, human health, resource availabili-
ty) (ISO 2006b; European Commission 2011). They provide
more aggregated results, simplifying the interpretation; how-
ever, much of the information is lost. For example, endpoint
methods may aggregate all the emissions impacting human
health into one indicator, e.g. disability-adjusted life years
(DALY), losing the information on whether the impact comes
from emissions to air or water.

A midpoint method is a characterisation method that pro-
vides indicators to compare environmental interventions at a
level of cause-effect chain between emissions/resource con-
sumption and the endpoint level (European Commission
2011). It aggregates the emissions relevant for a specific area
of environmental concern without considering the damage.
For example, GHG emissions are aggregated in one indicator,
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measured in kilograms of CO, equivalent, without assessing
the impact on human health or to the environment.

Both methods, at endpoint or midpoint, are valid and ac-
cepted as far they can fulfil the needs of the goal and scope
defined in the study. Specifically, endpoint methods are help-
ful in the comparison of alternative products, keeping in mind
that some information is lost, while for eco-design purposes
the endpoint methods are to be avoided, as it would be impos-
sible to identify where the impacts are generated along the
production chain.

Though several impact assessment methods at midpoint are
available in literature for each environmental impact category,
we have categorized all the studies in the 15 impact categories
reported in Table 1, irrespectively of the methods used.

As most of the studies on bioenergy are focused on climate
impacts, we have further parametrized the impact assessment
method for climate change to clarify to what extent the assess-
ment is comprehensive of all the climate forcers and, if not,
whether this limitation is identified and reported.

Bioenergy products and system can impact the climate
through well-mixed GHG (WMGHG) but also by near-term
climate forcers (NTCF, aerosols, and ozone precursors), and
other biogeophysical forcers such as evapotranspiration and
albedo. Several metrics can be used to assess the potential
impact on climate change. Global warming potential is the
most used one; it is defined as the cumulative increase in
radiative forcing of the emission of 1 kg of a gas, relative to
the increase in radiative forcing from release of 1 kg of CO..
Global warming potential (GWP) is integrated over a specific
time horizon (e.g. in international treaties, such as the Kyoto
Protocol, it is mostly used in the 100-year time frame). The
global temperature change potential (GTP) goes one step fur-
ther in the cause-effect chain and is defined as the change in
global mean surface temperature at a chosen point in time in
response to an emission pulse, relative to that of CO, (IPCC

Table 1 Environmental
impact categories used

for the classification of
the reviewed studies

Abiotic depletion

Acidification

Biodiversity
Emergy/renewability/transformity
Energy/exergy

Eutrophication (freshwater, marine, land)
Land use, appropriation

Ozone layer depletion

Particulate matter emissions/air quality
Photochemical ozone

Radioactivity

Toxicity (human, ecosystem, etc.)
Waste production

Water

Weighted indicators at midpoint
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2014; Cherubini et al. 2013). These metrics answer different
questions. GWP 100 can be used to understand the average
long-term impact of GHG emissions, while GTP 20 is suitable
to characterize the short impact on global surface temperature
20 years after the emission has taken place (Frischknecht and
Jolliet 2016). Absolute metrics, which assess impacts not rel-
ative to CO,, can be used as well, and as shown in Giuntoli
et al. (2015), they can better show the evolution in time of the
earth surface temperature response not only to WMGHG
emissions but also to NTCF, and other biogeophysical climate
forcers (see also Cherubini et al. 2012; Brandio et al. 2013;
Kirschbaum 2014).

Other environmental impact assessment methods can be
interpreted using different metrics to answer different ques-
tions. For example, as regards eutrophication, the emission
of nutrients can be analysed as total amount emitted, or
amount per hectare (see Battini et al. 2016).

2.5 Modelling approach

One of the main causes of inconsistency, and therefore of mis-
leading results, lays on the choice of the inventory modelling
approach which may not be appropriate for the goal of the study
(Plevin et al. 2014). Modelling approaches can be consequential,
attributional, or a combination of them (hybrid approaches).
Consequential modelling is defined as a “System modelling ap-
proach in which activities in a product system are linked so that
activities are included in the product system to the extent that
they are expected to change as a consequence of a change in
demand for the functional unit”, and attributional modelling is
defined as “System modelling approach in which inputs and
outputs are attributed to the functional unit of a product system
by linking and/or partitioning the unit processes of the system
according to a normative rule” (Sonnemann and Vigon 2011).

In short, consequential modelling refers to an inventory
modelling approach that considers also the scale effects.
This type of modelling aims at internalizing the market-
mediated impacts caused by a change in the installed capaci-
ties of a system on the rest of the economic system. This
modelling approach is suitable for capturing the impact of
macroscale choices, such as policies aimed at changing the
installed capacities. By contrast, the attributional approach
models the impacts of a specific amount of product without
considering impacts on other sectors of the economy, and it is
therefore valid when installed capacities are not impacted,
either because the study aims at supporting a microscale deci-
sion, or because it is performed for accounting purposes.

The inventory modelling categories considered are as
follows:

A. Consequential
B. Attributional
C. Attributional with elements of consequential



Int J Life Cycle Assess (2020) 25:17-35

21

Category C has been added because some of the reviewed
articles have added impacts measured with a consequential
approach (e.g. indirect land use change factors) to attributional
results.

2.6 Multifunctionality

Bioenergy systems are often multifunctional systems provid-
ing more than one product or service along the supply chain
(e.g. soybeans produce vegetable oil for biodiesel and protein
meal as feed). There are two main ways to solve
multifunctionality (ISO 2006b): by allocation (i.e. allocating
shares of the impacts to the different products or services) or
by system expansion.

System expansion is defined by (ISO 2006b) as
“Expanding the product system to include the additional func-
tions related to the co-products”; in practice, in comparative
studies, a system providing two products is compared with
two, or more, systems providing the same products or level
of services. Allocation can be carried out considering the eco-
nomic value, or some physical properties of the products.

The approach to multifunctionality in the papers was there-
fore placed into one, or more, of the following categories:

System expansion
Economic

Exergy

Mass

Carbon content
energy

mmO0®

The choice of the approach to solve multifunctionality has
large impacts on the results of the study. ISO14044 standards
(ISO 2006b) recommend system expansion; however, the
choice of the product replaced is a subjective choice which
should be addressed with a sensitivity analysis and reported in
the limitations (e.g. assuming that glycerol from biodiesel re-
places glycerol used in nutraceuticals should take into account
the different scales of production). The economic allocation
represents well the drivers for any activity to take place; how-
ever, given the volatility of the markets, results may not be
consistent and comparable over time. The allocation proce-
dures based on physical properties, on the other hand, allocate
the impacts to the different products based on fixed properties
which, though stable over time, may not reflect properly the
drivers for a specific production (e.g. allocation by mass in the
case of meal and oil in algae biodiesel production would allo-
cate most of the impacts to the meal, while it is not the main
driver for algae cultivation, and especially if wet biomass is
considered, it would be disproportionate (Rocca et al. 2015). It
should be noted that allocation causes imbalances in the allo-
cated datasets. Allocation breaks up the original system into
two or more artificial systems according to an allocation key,

and the only balance that remains intact in the resulting sys-
tems is that given by the allocation key. In fact, with mass
allocation, the mass balance remains intact, but energy and
elemental balances are skewed; with economic allocation,
none of the physical balances remains intact, unless, by
chance, a physical parameter follows the price of the products
(Weidema and Schmidt 2010).

2.7 Main assumptions

Few methodological assumptions, which may affect the con-
sistency of the results and/or would require a particular atten-
tion in describing and interpreting the results, were identified.

The biogenic carbon neutrality is a very common assump-
tion through which the LCA practitioner avoids accounting
for the biogenic carbon cycle by assuming that the carbon
emitted from biomass combustion or decomposition will be
reabsorbed by the growing plants on a time scale significantly
shorter than the relevant scale of the analysis. In some cases,
e.g. for assessing the impacts of processing alternatives (eco-
design), this assumption would not jeopardize the results;
however, when it is applied when performing a strategic as-
sessment of the climate change mitigation potential of
bioenergy options compared to other sources of energy, it
may lead to erroneous conclusions (Agostini et al. 2013;
European Commission 2016; Camia et al. 2018). Therefore,
we have assessed whether the articles analysed have included
all the most relevant carbon pools for the specific case.

Another common assumption that was tested in this review
is that of perfect substitution. With this assumption, the LCA
practitioner assumes that bioenergy replaces a given amount
of another source of energy or that a co-product replaces an
alternative product. While the use of this assumption may be
appropriate, and the results properly interpreted with the lim-
itations clearly presented, the use of this assumption based on
subjective choices, without a proper analysis of the impact on
markets, both in terms of type of products and amount re-
placed may lead to misleading results.

The assumption that the impacts deriving from the con-
struction of the infrastructures needed to produce the
bioenergy are negligible may have an impact on the results
and conclusions of the LCA studies. We have therefore also
analysed how often this assumption was made.

2.8 Uncertainty and sensitivity

Uncertainty in bioenergy LCA studies, like in any other
modelling exercises and any scientific enquiry, is an aspect
that shall be thoroughly investigated before drawing conclu-
sions and recommendations. In all the studies reviewed, most
or all of the inventory data used are secondary data, taken from
models or literature; therefore, LCA practitioners should pro-
vide a clear description of what is the level of uncertainty in
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the results. This could either follow an uncertainty propaga-
tion assessment (e.g. Monte Carlo simulation) or, at minimum,
a sensitivity analysis of the most important parameters, as
recommended by 1SO14044 standards (ISO 2006b). Hence,
we assessed whether the reviewed articles presented sensitiv-
ity or uncertainty analyses.

2.9 Limitations, conclusions, and recommendations

From our previous studies, we have also noticed that another
frequent cause of potential misinterpretation is the lack of
limitations reporting. The ISO standards, as well as any other
manual or guidelines (e.g. JRC 2010), recommends to present
LCA results together with their limitations, to offer the reader
the tools for understanding the applicability and significance
of the results. We have therefore checked the presence and
completeness of limitations reporting, which were parameter-
ized in three categories:

A. Properly identified and reported
B. Incomplete
C. Missing

The conclusions and recommendations drawn in the
reviewed studies are classified according to 4 main categories
of LCA outcomes to check whether they correspond to the
goal and scope set for the studies. The 4 categories, with the
definition used in this study, are as follows:

A. Eco-design: studies which draw conclusions and recom-
mendation on the best way to reduce the impacts of pro-
cessing (e.g. which source of energy for distillation or
drying is to be preferred to reduce the environmental
burden of a given bioenergy pathway, what are the
trade-offs due to increased use of inputs and increased
yield of farming intensification)

B. Accounting: studies which provide quantification of the
environmental burden of a specific bioenergy system

C. Benchmarking: conclusions are drawn comparing the en-
vironmental performances of several different bioenergy
pathways among them and/or with other sources of
energy

D. Policy-relevant (installed capacities): conclusions and
recommendations are drawn on the desirable scale and/
or impacts of bioenergy expansion

2.10 Consistency check
From our experience, the most frequent cause of misinterpre-
tation of LCA results is the lack of consistency. In particular,

we noticed that way too often LCA practitioners draw conclu-
sions on aspects or scales not addressed at all in the study. We

@ Springer

have therefore assessed the studies to verify their consistency
according to the definition provided by the International
Organisation for Standardisation (ISO) (ISO 2006b). In the
ISO standard 14044 “Environmental management - Life cycle
assessment - Requirements and guidelines” (ISO 2006b) con-
sistency check is defined as process of verifying that the as-
sumptions, methods and data are consistently applied
throughout the study and are in accordance with the goal
and scope definition performed before conclusions are
reached.

We have identified the following four typical consistency
categories which describe all the consistency performances of
the analysed articles:

A. CONSISTENT: the conclusions and recommendations
are robust and well presented.

B. MISLEADING: the results are robust, but the conclu-
sions and recommendations may be misleading because
drawn on aspects or scales not analysed, because the
modelling approach or main assumption would allow
for different conclusions or because of the lack (or partial
lack) of limitations’ reporting.

C. INCONSISTENT: inconsistencies between the goal and/
or conclusions and the modelling approach, impacts
analysed, metrics, and assumptions make the study
inconsistent.

D. POOR: lack of transparency, poor data quality, inconsis-
tent system boundaries, incomplete inventories, and
speculative assumptions make the study misleading.

While categories A and D are clearly identifiable, the border
between B and C may be subjective. We have positioned in B
the studies which can be interpreted correctly (e.g. the practi-
tioner has built a good inventory and impact assessment), but in
the conclusions, the limitations are not considered (e.g. biogen-
ic carbon neutrality, perfect substitution, allocation). Instead, in
category C are those studies which are misleading because the
methodological approach does not allow the reader to draw
consistent conclusions (e.g. methodological choices throughout
the study do not enable proper comparisons among bioenergy
pathways and other sources of energy).

3 Results and discussion

As the objective of this review was to analyse whether the
interpretation phase was performed properly, all articles which
could not be assessed with the method described in Sect. 2
were discarded. The 100 articles chosen were selected from a
total number of 171 papers. Among the excluded articles, 26
were off-topic, 23 were reviews, and 22 were methodological
articles. The final list of articles considered is reported in the
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ESM. Out of the 100 papers selected, 52 make explicit refer-
ence to the ISO standards.

3.1 Modelled bioenergy systems

The most common feedstocks assessed in the studies are resi-
dues and corn (see Fig. 2a). The oldest articles mainly dealt
with first-generation biofuels, such as corn ethanol or biodiesel,
but the focus progressively moved towards bioenergy from
biomass residues. The trend in LCA studies mirrors the actual
trend in industry and policy where support was shifted towards
advanced conversion technologies relying on biomass residues
(European Union 2018), and that was partly driven by the
increasing awareness of the unsustainable consequences of

a RESIDUES
CORN/MAIZE

ALGAE

PERENNIAL GRASSES
RAPESEED

SRC/SRF

SOYBEAN

GRASS

PALM OIL
WHEAT/RYE

WASTE

SUGARBEET
SUGARCANE
JATROPA

FOREST

MANURE

CASSAVA
ALL/COMPLETE ENERGY SYSTEM
CAMELINA
SORGHUM
SUNFLOWER
CYNARA/ BRASSICA
COCONUT

WASTE WATER

b BIODIESEL/ HVO/ SYNDIESEL
ETHANOL

ELECTRICITY
BIOGAS/BIOMETHANE

HEAT

BIO-GASOLINE

BUTHANOL/ ACETONE/ METHANOL
JET FUEL

ALL

WOOD

PELLETS

(o

EXTRACTION& ESTERIFICATION
FERMENTATION

DIGESTION
GASFICATION/PYROLYSIS/HTL
DIRECT COMBUSTION POWER/HEAT/CHP
EXTRACTION& HYDOGENATION

ALL

0 2 4 6 8

food-based biofuels unearthed by LCA studies (Searchinger
et al. 2008; Broch et al. 2013; Valin et al. 2013).

Surprisingly, algae are one of the most studied feedstocks,
even though currently there are no commercial-scale plants
available. This is very likely due to the attempt of identifying
an economic and environmentally sound biorefinery concept;
in fact, most of the studies on algal biofuels fit into the eco-
design category.

The most studied energy carrier is biodiesel, produced both
from oilseeds and algae, followed by other transportation
fuels, ethanol, biomethane, and biogasoline (see Fig. 2b).
This trend highlights the research focus on finding climate
change mitigation solutions for the transport sector, the most
difficult to be decoupled from fossil fuels. We observe the

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Fig. 2 Statistical data on the bioenergy systems modelled: a feedstocks used; b energy carriers; ¢ processing technologies
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same trend in processing technologies, where extraction and
esterification, again for both algae and oilseeds, are the most
frequently studied, followed by fermentation, digestion, and
thermochemical processing (see Fig. 2c).

3.2 Geographical scope and timing

About one-third of the studies in our sample (30/100) are
performed at the local level, meaning at the level of a specific
plant or of a small homogeneous geographic area (see Fig. 3a).
These studies normally rely on site-specific data or on com-
mercial technologies, and thus may have a low level of uncer-
tainty but may lack in representativeness. About two-thirds
(62/100) of the studies analysed regional case studies, where
by regional we mean a region or country with inhomogeneous
characteristics. In general, we have observed that at the re-
gional level the uncertainty increases, because data averaged
over the entire region or data produced from models are used.
A few cases were not located geographically, mainly because
just the processing was modelled and there was no need to
specify the location. Only two studies address bioenergy pro-
duction at the global level.

Regarding temporal modelling, practically all the papers
reviewed but one (McKechnie et al. 2011) have modelled
static inventories; therefore, the emissions trends are not cap-
tured (see Fig. 3b). Some articles have annualized emissions
from land use change or SOC changes; we have considered
these studies as static since the information on when the emis-
sions take place is lost. While for most impact categories this
approach is reasonable, for climate change impacts the specif-
ic emission profiles can greatly influence the final result (see
Giuntoli et al. 2015).

3.3 Socio-economics

As previously stated, sustainability is more than environmen-
tal sustainability; sustainability assessment should include en-
vironmental, social, and economic aspects (Sala et al. 2015).
Although some of the articles claim to analyse the sustainabil-
ity of bioenergy production, or even draw conclusions on the

a

= |ocal
m regional
m global

n.a.

Fig. 3 a Geographical scope of the articles. b Time modelling approach
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sustainability of bioenergy, only in 3 cases were the impacts
on labour analysed, and only in one paper were aspects related
to rural development considered (see Fig. 4a). The economics
of bioenergy production were analysed in 18 cases as direct
costs and in 2 cases as indirect costs (cost of externalities) (see
Fig. 4b).

3.4 Life cycle impact assessment

Most of the studies (84/100) have performed their analyses at
midpoint, i.e. the emissions or consumptions were calculated
and grouped using characterisation factors (see Fig. 4c). Six
studies limited their analysis to the provision of inventories of
emissions or consumption. In 4 cases, the endpoint methods
were used.

Climate change impacts are the most investigated (90 papers
out of 100, see Fig. 5). Bioenergy, or at least modern bioenergy,
is often seen as a tool to fight climate change, and in most
developed countries its use is promoted for that reason; there-
fore, most studies aim to verify whether various bioenergy
pathways can be a valid climate change mitigation option.

According to the International Panel on Climate (IPCC),
the climate is impacted by several climate forcers: WMGHG
(well-mixed GHG), including CO,, CHy, and N,O, and
NTCEF (near-term climate forcers), such as aerosols and ozone
precursors, and biogeophysical forcers such as surface albedo
and evapotranspiration (IPCC2013). As reported by Agostini
et al. (2013), bioenergy production and consumption impact
the climate via all these climate forcers. However, most stud-
ies, 82 out of the 90 which analyse climate change impacts,
have considered solely WMGHG. Seven studies have
analysed only carbon dioxide emission. Only in one case were
other biogeophysical forcers other than WMGHG considered
(see Fig. 4d).

Energy consumption is the second most analysed impact
(64/100). This result is not surprising, with bioenergy being
produced to provide energy services; the analysis of its ener-
getic performances, for comparative or eco-design purposes,
was to be expected. Eutrophication and acidification, which
impact heavily the environment during cultivation, but also

b
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combustion processes, are analysed in about half of the stud-
ies. The impact categories most relevant for human health,
POCP (photochemical ozone creation potential) and toxicity
were analysed by 27 out of 100 studies. Most of the studies
assess a very limited number of environmental impact catego-
ries (see Fig. 5).

3.5 Inventory modelling approach

As stated in Sect. 2.5, we have categorized the choice of a
modelling approach according to JRC (2010). Practically, al-
most the totality of the studies has adopted an attributional

CLIMATE CHANGE
ENERGY/EXERGY
ACIDIFICATION
EUTROPHICATION

POCP

TOXICITY

OZONE LAYER DEPLETION
ABIOTIC DEPLETION

LAND

PM EMISSIONS/AIR QUALITY
WATER

WEIGHTED INDICATORS
RADIOACTIVITY
BIODIVERSITY

WASTE
EMERGY/RENEWABILITY/TRANSFORMITY

Fig. 5 Environmental impact categories

approach (97/100, see Fig. 6a). This means that one functional
unit of the product, either a kilogram, a petajoule, or 1 ha, was
modelled, in a static way, without considering scale-
dependant impacts on other sectors of the economy, the so-
called market-mediated impacts. In 2 cases, elements of con-
sequential modelling, namely indirect land use change (ILUC)
factors, were mixed within an attributional approach. We re-
frain from questioning whether the use of elements of conse-
quential thinking into attributional modelling may be appro-
priate. However, we believe that when it comes to providing
results that will influence strategic decisions, it is better to be
roughly right than precisely wrong and include all the
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multifunctionality

elements necessary for a more complete assessment even at
the expenses of precision (Brandao et al. 2014). However, it is
clear from the results that almost all the articles are not suitable
to support policies aimed at changing the installed capacities.
Attributional studies are used for eco-design (i.e. identifying
ways of reducing the environmental burden of a process or
product) or for identifying criticalities and hot spots in a sup-
ply chain, or for accounting purposes. Consequential model-
ling, on the other hand, is focused on modelling scale effects
and therefore is appropriate for supporting policies and strate-
gic decisions aimed at promoting bioenergy by analysing most
of the expected impacts of bioenergy expansion (e.g. compe-
tition for feedstocks, competition for land, competition with
other renewables or energy sources, rebound effects). One of
the most frequent causes of inconsistency in bioenergy LCA
studies is related to the use of the attributional approach to
draw policy relevant conclusions with recommendations on
the installed capacities.

3.6 Multifunctionality

Multifunctionality was solved in most cases (48) by system
expansion, i.e. by subtracting the emissions to produce an
amount of product delivering the same function as the co-
product considered (see Fig. 6b). The choice of what is re-
placed has large impacts on the results, and it is a subjective
and uncertain choice, both for what is assumed to be replaced
and in which amount. These “credits”, in fact, can be large
enough to shift the impact of a product from negative to pos-
itive; given the large uncertainty and the great influence on the
final assessment of this choice, a sensitivity analysis should be
carried out to understand the robustness of the results. For
example, glycerol resulting from the esterification of biodiesel
is often assumed to replace fossil glycerol in nutraceuticals,
without considering that the scales of the productions are not
comparable, or the need for refining and purification
(Bernesson et al. 2004; Halleux et al. 2008; Hou et al. 2009;
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Achten et al. 2010; Talens Peir6 et al. 2010; Brentner et al.
2011; Tonini and Astrup 2012).

The physical allocation methods, based on energy, mass,
exergy, or carbon content, are the second most used method
for solving multifunctionality, followed by economic alloca-
tion. All these approaches present limitations, and the ISO
standards (ISO 2006c¢) state that “whenever several alternative
allocation procedures seem applicable, a sensitivity analysis
shall be conducted to illustrate the consequences of the depar-
ture from the selected approach”. For instance, economic al-
location properly represents the drivers for any economic ac-
tivity, but prices are variable in time and space and thus a
sensitivity analysis which assesses the historical range of var-
iability of the prices considered is required. Allocation by
physical quantities does not represent effectively the drivers
of economic activities (e.g. some studies have allocated the
upstream emissions by mass to residues), and its use must be
justified and checked with sensitivity analyses and thoroughly
discussed and presented in the Sect. 2.9.

3.7 Main assumptions

We have identified three main common assumptions recurring
in the studies. The first common assumption is that environ-
mental impacts associated to energy infrastructures are negli-
gible and therefore are usually not accounted for (78/100 see
Fig. 7a). The few studies who account for those impacts,
though, found that infrastructure emissions can account for
up to or more than 10% of total GHG emissions of bioenergy
systems (Hartmann and Kaltschmitt 1999; Agostini et al.
2015). Crucially, the studies that excluded those emissions
also did not report this limitation (see Fig. 7a).

Another common assumption is that biogenic CO, does not
impact climate change, and it is therefore not accounted explic-
itly (71/100) (see Fig. 7a). However, once in the atmosphere,
there is no difference between fossil and biogenic carbon, and
only an explicit inclusion of all the carbon pools (SOC, above-
ground and belowground biomass, carbon stored in products,
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Fig. 7 Statistical data on the methodological approach adopted by the articles analysed: a main assumptions; b uncertainty

their end of life including landfilling in case) can provide a
comprehensive understanding of the climate impacts of bio-
mass. This assumption is not always incorrect: for instance,
studies which investigate the impact of different processing
technologies may justify the exclusion of biogenic C from the
analysis. In many other cases, especially if the study is of com-
parative and strategic type, the alternative fate of land or the
alternative fate of biomass must be accounted for.

The third assumption, made in 79 studies (see Fig. 7a), is
that the bioenergy produced replaces perfectly, i.e. 1:1, anoth-
er energy source, normally a fossil alternative chosen among a
basket of possible energy sources. While comparing the envi-
ronmental performances to a similar product may provide a
useful reference for interpreting the results, the assumption
that a specific product is replaced in a specific amount, with-
out considering neither current nor future market develop-
ments, leads to erroneous interpretation of the results. For
example, the assumption that wood pellets will replace coal
in a coal-powered plant is not appropriate. The electricity
market is very complex, with high variability in time and
space; the coal-pellet plant competes with all the other sources
of electricity, including renewables, both in the operation
phase and in the construction/refurbishing phase. Moreover,
the co-firing of pellets in coal plants may cause a delay in the
dismission of the coal plant and a barrier to the penetration of
other renewables. Regarding biofuels, the same applies: even
biodiesel or bioethanol does not compete only with their fossil
alternatives but also with other fossil/renewable fuels and with
electricity in electric vehicles. For example, diesel cars are
being phased out in Europe while electric cars are expected
to grow substantially; therefore, assuming that biodiesel can
only replace fossil diesel is not appropriate.

Another phenomenon to be accounted for when assuming
perfect substitution are rebound effects and behavioural as-
pects (Vivanco et al. 2018). Many recent studies have found
that the substitution effect of renewable energy to fossil energy
may be significantly less than 1 (Hochman et al. 2010;
Rajagopal et al. 2011; Thompson et al. 2011; York 2012,
Chen and Khanna 2013). For example, York (2012) showed
that on average, across most nations of the world over the past

50 years, 1 MJ of total energy use from non-fossil sources
(hydropower; nuclear, geothermal, solar, wind, tidal, and
wave energy; combustible renewables; and waste) displaced
less than 0.25 MJ of fossil fuel. Focusing specifically on elec-
tricity, each MJ of electricity generated by non-fossil fuel
sources, York (2012) found that it displaced less than 0.1 MJ
of fossil fuel electricity.

These three assumptions are not wrong “per se”, and in
some cases, depending on the goal of the study, they are ac-
ceptable and the simplifications appropriate. However, their
widespread use, without any sensitivity analysis and proper
reporting in the limitations, makes most of the studies that rely
on them seriously misleading.

3.8 Uncertainty and sensitivity

Modelling environmental impacts of bioenergy systems is
complex due to the linkages between these systems and many
sectors of the economy (agriculture, forestry, food and feed
supply, transport, etc.) and due to the multiple environmental
pressures associated to bioenergy. As any complex modelling
exercise, bioenergy sustainability modelling is very challeng-
ing and subject to great uncertainty due to the enormous
amount of input data required, and to the use of several nu-
merical and conceptual models needed to grasp the environ-
mental implications of biomass production and processing
and the fate of the compounds involved along the supply
chain. On top of these factors, most of the studies have actu-
ally analysed hypothetical bioenergy pathways, using data
extrapolated from other studies, other contexts, or roughly
modelled, with plenty of methodological aspects and input
values chosen at the discretion of the practitioners.
According to [SO14044 standards (ISO 2006b), uncertain-
ty analysis is the procedure to determine how uncertainties in
data and assumptions progress along the calculations and how
they affect the reliability of the results of the LCA; sensitivity
analysis is a procedure to determine how changes in data and
methodological choices affect the results of the LCA.
Sensitivity analysis was performed by about half of the
articles reviewed (49/100, see Fig. 7b); most of the times,
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the sensitivity was carried out on key input data (e.g. yields
from cultivation) and allocation procedure.

Uncertainty analysis was usually performed with a Monte
Carlo technique (14/100, see Fig. 7b), to provide ranges of
likely results rather than single score values.

As explained above, the nexus between bioenergy and the
environment is very complex and far from being fully under-
stood; for this reason, we expected a wider use of sensitivity
and uncertainty analyses to properly interpret the robustness
of the results of the studies performed.

3.9 Limitations, conclusions, and recommendations

The identification of limitations and their explicit communi-
cation, together with the results, is a fundamental step in LCA,
which is required to avoid misleading messages and misinter-
pretation of the results (ISO 2006b). However, we find that in
most of the studies analysed (65/100, see Fig. 8a), limitations
were not reported at all. In 24 cases, we found an incomplete
set of limitations, while only 11% of the studies properly iden-
tified and reported the limitations of their approach and data
inventory. Surely, the most frequent gap was the limitations
reporting on the 3 main assumptions described in Sect. 3.7.
Reporting of limitations was also missing for the limited set of
impact categories analysed, the poor quality of input data, the
completeness of the system boundaries used, the inventory
modelling approach, the multifunctionality, and, in general,
all the choices made by the practitioners. In most cases, the
results were presented as a single score number without any
reference to the representativeness, uncertainty, robustness,
intended use, and audience.

The most common conclusions and recommendations are
on the comparison among different bioenergy pathways or
with fossil fuels; therefore, they are comparative studies, or
benchmarking (83/100, see Fig. 8b). In this case, the ISO
standards (ISO 2006b) provide stricter recommendations on
all the phases of the LCA, in particular strict sensitivity checks
and identification and reporting of limitations. However, most
of the studies did not follow the standards and just reported
single score results without limitations. An extensive

a

M properly identified
and reported

M incomplete

I missing

justification for the assessment of the limitations’ reporting
for each study is provided in the ESM.

Conclusions and recommendations on eco-design are
drawn in 59 articles out of 100. These studies are the most
likely to be consistent, as they consider and compare different
processing technologies for the same bioenergy pathway;
therefore, they can draw robust conclusions even with partial
modelling of the full life cycle.

The same number of studies (59/100) draw conclusions
relative to the accounting of the environmental impacts of
bioenergy systems. Such conclusions are normally presented
with other types of conclusions, benchmarking, policy rele-
vance, or eco-design. Only in two cases do the conclusions
present only the accounting results without any comparison
with other systems or alternative production processes.

Policy-relevant conclusions (15/100) are conclusions
drawn on the potential impacts of policy choices affecting
installed capacities. Practically all the studies that presented
policy relevant conclusions recommend the expansion of
bioenergy production.

3.10 Consistency check

The results of our consistency check are reported in Table 2.
Extensive justification for the placement of each article in a
consistency category is reported in the ESM.

We are aware that there is a margin of subjectivity in the
assessment of consistency, as many studies are on the border
between two categories. However, following the methodology
described in Sect. 2.7, we have assessed that only 29 articles out
of 100 are actually consistent, which means that the assessment
framework used by the LCA practitioners was suitable to answer
the question set in the goal, though sometimes the lack of limi-
tations may still generate a certain degree of misinterpretation.

In category B, misleading, is the most populated with 45
articles. Most of the studies falling in this category have a
comprehensive and robust model, both in the inventory and
in the impact assessment phase; however, the use of the results
is misleading mostly because they draw conclusions and rec-
ommendations on aspects or scales not analysed, or because of

b
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Fig. 8 Statistical data on the methodological approach adopted by the articles analysed: a limitations; b conclusions and recommendations
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Table 2 Results of the consistency check

(A) CONSISTENT

(B) MISLEADING

(C) INCONSISTENT

(D) POOR

1

2

3 12:
4 14:
5 15:
6 30:
7 31:
8 36:
9 37:
10 40:
11 45:
12 46:
13 48:
14 55:
15 56:
16 57:
17 59:
18 65:
19 66:
20 68:
21 69:
22 72:
23 76:
24 81:
25 84:
26 92:
27 95:
28 98:
29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

1: Lardon et al. 2009
3: Yang et al. 2011

Hill et al. 2009

Borjesson and Tufvesson 2011
Luo et al. 2009

Pleanjai and Gheewala 2009
Clarens et al. 2011

Bessou et al. 2011

Pfister et al. 2011

Jury et al. 2010
Silalertruksa and Gheewala 2009
Panichelli et al. 2009
Morais et al. 2010

Harto et al. 2010

Kiwjaroun et al. 2009

Luo et al. 2010

Starr et al. 2012

Iriarte et al. 2010

MacLean and Spatari 2009
Talens Peir¢ et al. 2010
Acquaye et al. 2011

Papong and Malakul 2010
Tao et al. 2014

Tessum et al. 2014
Resurreccion et al. 2012
Tonini and Astrup 2012
Fingerman et al. 2010
Udom et al. 2013

100: Choo et al. 2011

6: You et al. 2012

7: Stephenson et al. 2010
9: Lammens et al. 2011

10: Collet et al. 2011

11: Cherubini and Ulgiati 2010
13: Batan et al. 2010

16: McKechnie et al. 2011
17: Brentner et al. 2011

19: Malga and Freire 2006
20: Shonnard et al. 2010
22: Spatari et al. 2010

23: Razon and Tan 2011
24: Cherubini and Jungmeier 2010
25: Hoefnagels et al. 2010
28: Foley et al. 2010

32: Smyth et al. 2009

33: Forsberg 2000

39: Hou et al. 2009

41: Contreras et al. 2009
42: Bernesson et al. 2004
43: Liu et al. 2013

44: Achten et al. 2010

47: Hu et al. 2008

50: Harding et al. 2008

51: Halleux et al. 2008

52: Bernesson et al. 2006
53: Korres et al. 2010

61: de Souza et al. 2010
63: Fu et al. 2003

64: Patterson et al. 2011
67: Schmidt 2010

70: Swana et al. 2011

73: Arvidsson et al. 2011
75: Bai et al. 2010

77: Hou et al. 2011

78: Agusdinata et al. 2011
79: Kimming et al. 2011
82: De Vries et al. 2012
83: Reinhard and Zah 2009
87: Hamelin et al. 2011

88: Dressler et al. 2012

89: Gonzalez-Garcia et al. 2010
90: Kim and Dale 2008

96: Stichnothe and Azapagic 2009
99: Tribarren et al. 2012

_—

2: Adler et al. 2007

4: Sheehan et al. 2004
5: Kim and Dale 2005
8: Campbell et al. 2011
18: Liska et al. 2009
27: Eriksson et al. 2007
29: Khoo et al. 2011
34: Renouf et al. 2008
35: Sills et al. 2013
38: Gasol et al. 2009
49: Poeschl et al. 2012

54: Hammond et al. 2011
58: Evangelisti et al. 2014
60: Fazio and Monti 2011

62: Gasol et al. 2007
74: Kalnes et al. 2009
85: Reno et al. 2011
86: Yu and Tao 2009

91: Hartmann and Kaltschmitt 1999

93: Pertl et al. 2010
94: Hsu 2012
97: Rosch et al. 2009

21: Yee et al. 2009

26: Aresta et al. 2005

71: Pereira and Ortega 2010
80: Tan et al. 2004

the lack of proper reporting of limitations on assumptions,

input data, or modelling approach.

In category C, inconsistent, we have placed 22 articles. For
these studies, a correct interpretation of the results is difficult
because the modelling approach, main assumptions, gaps, sys-
tem definition, and subjective choices do not enable the draw-

ing of meaningful conclusions.

In category D, there are 4 studies with serious flaws in the
approach and/or data used. These studies are profoundly

misleading.

4 Conclusions

This study shows that it is a rather common practice in LCA
studies of bioenergy to overlook some of the fundamental
steps in the interpretation phase. Although most of the studies
referred to the ISO standards (52/100), the identification of

issues, their framing with sensitivity analyses, and the identi-

fication and reporting of limitations, which are all fundamen-
tal components for high-quality standards, and recommended

by ISO14044, are still not seen as mandatory by the majority

@ Springer



30

Int J Life Cycle Assess (2020) 25:17-35

of practitioners. However, the most problematic part of the
interpretation phase of these studies is clearly the consistency
check. In most cases (71/100), the assessment framework built
is not even apt at answering the question set in the goal. In
practice, it was found that either the conclusions or recom-
mendations drawn are not robust because the inventory and
the impact assessment phases are not consistent with the goal
of the study, or the conclusions and recommendations go well
beyond what the limitations of the study would allow. In ad-
dition, limitations are properly identified and reported only in
11 studies, 65 studies do not report limitations at all, and 24
studies report an incomplete set of limitations. The lack of
limitations reporting makes most of the studies potentially
misleading, as the key issues and subjective choices are nei-
ther identified nor properly framed through sensitivity analy-
ses, and, most importantly, not communicated to the readers.

In our opinion, these flaws in the interpretation phase play a
significant role in fuelling the debate around the governance
of sustainability of bioenergy.

5 Recommendations

Given the result of this assessment, two sets of recommenda-
tions can be drawn, one directed to LCA practitioners carrying
out LCA studies of bioenergy, and another directed to regula-
tors and decision-makers who are the potential users of these
studies, to provide them with the tools needed to assess the
significance of LCA results.

5.1 Recommendations to LCA practitioners

1. A clear identification of the goal and scope of the anal-
ysis is essential to properly perform the interpretation
phase. State clearly which question is at stake and how
you plan to answer it.

2. Limitations shall be clearly identified and reported. Care
should be placed in identifying the limitations relative to
the modelling approach chosen and all the subjective
choices taken (allocation or system expansion, system
boundaries, sustainability aspects and environmental im-
pacts analysed, systems definition).

3. Ifonly 1 MJ (or other units) is modelled, the conclusions
can only be drawn on that amount of bioenergy, hence in
contexts of microscale decision, eco-design, or account-
ing, such as in environmental product declarations or
national (or other) inventories. To draw policy-relevant
conclusions, thus affecting the installed capacities, a stra-
tegic assessment shall be carried out, and the potential
consequences of the policy together with all the related
current and expected market-mediated effects shall be
modelled.
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4. Conclusions must be drawn only on the impact catego-
ries analysed. In a descending order of completeness,
sustainability assessment includes social, environmen-
tal, and economic aspects; environmental sustainability
assessment encompasses all the relevant areas of envi-
ronmental concern; climate change impact assessment
includes all the climate forcers; and GHG emissions as-
sessment includes all WMGHG.

5. In the atmosphere, there is no difference between bio-
genic and fossil carbon, it is the overall carbon cycle
between emissions and sequestration which matters.
Biogenic carbon neutrality assumption is often errone-
ous or misleading; hence, all carbon pools must be in-
cluded in the analysis (including soil organic carbon,
aboveground and belowground biomass, carbon stored
in products, and landfills) as they may be more signifi-
cant for climate change impact assessment than the di-
rect processing and transport emissions.

6. Different impact assessment methods have different
meanings; thus, the methods used for the impact assess-
ment shall be understood and explained.

7. Different metrics answer different questions (see Sect.
2.4 on GTP vs GWP, for climate change, kg N or kg
N ha ™! for eutrophication).

8. If system expansion is used, the type and amount of
product replaced is a critical subjective assumption
which should be thoroughly assessed via a sensitivity
analysis.

9. Uncertainties are always present in complex modelling
exercises; if uncertainty assessment is not performed,
this choice should be clearly mentioned and justified.

10. Including phenomena for which site-specific data are
scarce (e.g. SOC dynamics) or that are only predictable
and not empirically measurable (e.g. ILUC) increases
the uncertainties, but improves the accuracy. It is better
to be approximately right than precisely wrong.

11. As current decisions can only affect actions from now
on, in strategic assessments supporting policy decisions,
the temporal scope should be forward looking.

12. If allocation is used, the rationale supporting the chosen
allocation methods should be explained and assessed via
a sensitivity analysis.

13. Incomparative attributional bioenergy LCAs, alternative
sources of energy (not only fossil) may be used to pres-
ent the results, but the assumption of perfect substitution
should be avoided, unless this is properly justified and
interpreted. For example, for transportation services bio-
diesel may be compared to any other system providing
the same function (fossil diesel, but also other modes, or
electric vehicles) with a reasoned range of substitution
factors.

14. The alternative use of land (e.g. natural regeneration or
other uses; for further insights, check Soimakallio et al.
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(2015) and Koponen et al. (2018)), or fate of residues (e.g.
left to decay or other uses; Giuntoli et al. (2016)), must be
included in the analysis and properly interpreted.

15. The intended use and audience of the study should be
clearly identified and reported.

5.2 Recommendations to the readers

1 Avoid extrapolating the results from microscale to macro-
scale. If one unit is modelled, the results are only valid at
that scale. To grasp the impacts of policies affecting the
installed capacities, the policy must be modelled with all
the relative scale effects and market-mediated impacts.

2 Check carefully which aspects of sustainability are ad-
dressed keeping in mind that several possible trade-offs
may arise in areas of environmental concern not modelled
in the study, e.g. if only climate change is modelled, keep
in mind that bioenergy very likely impacts land use, air
quality, water, eutrophication, biodiversity, acidification,
or other sustainability pillars.

3 There is no free lunch. All the biomass used for bioenergy
is either cultivated or is a residue. If the goal of the analysis
is to evaluate the impacts of a change-oriented decision,
then the alternative use of land (natural regeneration or
management for other purposes) or alternative fate of the
biomass (in other sectors of the economy or left to decay or
landfilled) should be accounted for in the analysis.

4 Perfect substitution does not exist in the real world. When a
product is placed on the market, it is the market and the
consumers who decide what is replaced and in which
amount. If perfect substitution is used, it should be justified
and accompanied by a sensitivity analyses and a proper
interpretation.

References

Achten WMJ, Almeida J, Fobelets V, Bolle E, Mathijs E, Singh VP,
Tewari DN, Verchot LV, Muys B (2010) Life cycle assessment of
Jatropha biodiesel as transportation fuel in rural India. Appl Energy
87:3652-3660. https://doi.org/10.1016/j.apenergy.2010.07.003

Acquaye AA, Wiedmann T, Feng K, Crawford RH, Barrett J,
Kuylenstierna J, Duffy AP, Koh SCL, McQueen-Mason S (2011)
Identification of “carbon hot-spots” and quantification of GHG in-
tensities in the biodiesel supply chain using hybrid LCA and struc-
tural path analysis. Environ Sci Technol 45:2471-2478. https://doi.
org/10.1021/es103410q

Adler PR, Del Grosso SJ, Parton WJ (2007) Life-cycle assessment of net
greenhouse-gas flux for bioenergy cropping systems. Ecol Appl 17:
675-691. https://doi.org/10.1890/05-2018

Agostini A, Battini F, Giuntoli J, Tabaglio V, Padella M, Baxter D,
Marelli L, Amaducci S (2015) Environmentally sustainable biogas?

The key role of manure co-digestion with energy crops. Energies 8:
5234-5265. https://doi.org/10.3390/en8065234

Agostini A, Marelli L, Boulamanti A et al (2013) Carbon accounting of
forest bioenergy. European Commission Publications Office,
Conclusions and recommendations from a critical literature review

Agusdinata DB, Zhao F, Ileleji K, Delaurentis D (2011) Life cycle assess-
ment of potential biojet fuel production in the United States. Environ
Sci Technol 45:9133-9143. https://doi.org/10.1021/es202148¢g

Aresta M, Dibenedetto A, Barberio G (2005) Utilization of macro-algae for
enhanced CO<inf>2</inf>fixation and biofuels production: develop-
ment of a computing software for an LCA study. Fuel Process
Technol 86:1679-1693. https://doi.org/10.1016/j.fuproc.2005.01.016

Arvidsson R, Persson S, Froling M, Svanstrom M (2011) Life cycle
assessment of hydrotreated vegetable oil from rape, oil palm and
Jatropha. J Clean Prod 19:129-137. https://doi.org/10.1016/j.
jclepro.2010.02.008

Bai Y, Luo L, Van Der Voet E (2010) Life cycle assessment of
switchgrass-derived ethanol as transport fuel. Int J Life Cycle
Assess 15:468-477. https://doi.org/10.1007/s11367-010-0177-2

Batan L, Quinn J, Willson B, Bradley T (2010) Net energy and greenhouse
gas emission evaluation of biodiesel derived from microalgae. Environ
Sci Technol 44:7975-7980. https://doi.org/10.1021/es102052y

Battini F, Agostini A, Tabaglio V, Amaducci S (2016) Environmental impacts
of different dairy farming systems in the Po Valley. J Clean Prod 112:
91-102. https://doi.org/10.1016/j.jclepro.2015.09.062

Bernesson S, Nilsson D, Hansson P-A (2004) A limited LCA comparing
large- and small-scale production of rape methyl ester (RME) under
Swedish conditions. Biomass Bioenergy 26:545-559. https://doi.
org/10.1016/j.biombioe.2003.10.003

Bernesson S, Nilsson D, Hansson P-A (2006) A limited LCA comparing
large- and small-scale production of ethanol for heavy engines under
Swedish conditions. Biomass Bioenergy 30:46-57. https://doi.org/
10.1016/j.biombioe.2005.10.002

Bessou C, Ferchaud F, Gabrielle B, Mary B (2011) Biofuels, greenhouse
gases and climate change. A review. Agron Sustain Dev 31:1-79.
https://doi.org/10.1051/agro/2009039

Borjesson P, Tufvesson LM (2011) Agricultural crop-based biofuels -
resource efficiency and environmental performance including direct
land use changes. J Clean Prod 19:108—120. https://doi.org/10.1016/
j-jclepro.2010.01.001

Brandado M, Clift R, Cowie A, Greenhalgh S (2014) The use of life cycle
assessment in the support of robust (climate) policy making: com-
ment on “Using Attributional Life Cycle Assessment to Estimate
Climate-Change Mitigation ...”. J Ind Ecol 18:461-463. https://
doi.org/10.1111/jiec.12152

Branddo M, Levasseur A, Kirschbaum MUF, Weidema BP, Cowie AL,
Jorgensen SV, Hauschild MZ, Pennington DW, Chomkhamsri K
(2013) Key issues and options in accounting for carbon sequestra-
tion and temporary storage in life cycle assessment and carbon
footprinting. Int J Life Cycle Assess 18:230-240. https://doi.org/
10.1007/s11367-012-0451-6

Brentner LB, Eckelman MJ, Zimmerman JB (2011) Combinatorial life
cycle assessment to inform process design of industrial production
of algal biodiesel. Environ Sci Technol 45:7060-7067. https://doi.
org/10.1021/es2006995

Broch A, Hoekman SK, Unnasch S (2013) A review of variability in indirect
land use change assessment and modeling in biofuel policy. Environ Sci
Pol 29:147-157. https://doi.org/10.1016/j.envsci.2013.02.002

Camia A, Robert N, Jonsson R et al (2018) Biomass production, supply,
uses and flows in the European Union - Report EUR 28993 EN,
Publications Office of the European Union, Luxembourg, doi:
10.2760/539520,

Campbell PK, Beer T, Batten D (2011) Life cycle assessment of biodiesel
production from microalgae in ponds. Bioresour Technol 102:50—
56. https://doi.org/10.1016/j.biortech.2010.06.048

@ Springer


https://doi.org/10.1016/j.apenergy.2010.07.003
https://doi.org/10.1021/es103410q
https://doi.org/10.1021/es103410q
https://doi.org/10.1890/05-2018
https://doi.org/10.3390/en8065234
https://doi.org/10.1021/es202148g
https://doi.org/10.1016/j.fuproc.2005.01.016
https://doi.org/10.1016/j.jclepro.2010.02.008
https://doi.org/10.1016/j.jclepro.2010.02.008
https://doi.org/10.1007/s11367-010-0177-2
https://doi.org/10.1021/es102052y
https://doi.org/10.1016/j.jclepro.2015.09.062
https://doi.org/10.1016/j.biombioe.2003.10.003
https://doi.org/10.1016/j.biombioe.2003.10.003
https://doi.org/10.1016/j.biombioe.2005.10.002
https://doi.org/10.1016/j.biombioe.2005.10.002
https://doi.org/10.1051/agro/2009039
https://doi.org/10.1016/j.jclepro.2010.01.001
https://doi.org/10.1016/j.jclepro.2010.01.001
https://doi.org/10.1111/jiec.12152
https://doi.org/10.1111/jiec.12152
https://doi.org/10.1007/s11367-012-0451-6
https://doi.org/10.1007/s11367-012-0451-6
https://doi.org/10.1021/es2006995
https://doi.org/10.1021/es2006995
https://doi.org/10.1016/j.envsci.2013.02.002
https://doi.org/10.1016/j.biortech.2010.06.048

32

Int J Life Cycle Assess (2020) 25:17-35

Chatham House (2017) Woody biomass for power and heat: impacts on
the global climate. https://www.chathamhouse.org/publication/
woody-biomass-power-and-heat-impacts-global-climate. Accessed
8 Nov 2018

Chen X, Khanna M (2013) Food vs. fuel: the effect of biofuel policies.
Am J Agric Econ 95:289-295. https://doi.org/10.1093/ajae/aas039

Cherubini F, Bird ND, Cowie A, Jungmeier G, Schlamadinger B, Woess-
Gallasch S (2009) Energy- and greenhouse gas-based LCA of bio-
fuel and bioenergy systems: key issues, ranges and recommenda-
tions. Resour Conserv Recycl 53:434-447. https://doi.org/10.1016/
j-resconrec.2009.03.013

Cherubini F, Bright RM, Stremman AH (2013) Global climate impacts of
forest bioenergy: what, when and how to measure? Environ Res Lett
8. https://doi.org/10.1088/1748-9326/8/1/014049

Cherubini F, Bright RM, Stremman AH (2012) Site-specific global
warming potentials of biogenic CO , for bioenergy: contributions
from carbon fluxes and albedo dynamics. Environ Res Lett 7:
045902. https://doi.org/10.1088/1748-9326/7/4/045902

Cherubini F, Jungmeier G (2010) LCA of a biorefinery concept producing
bioethanol, bioenergy, and chemicals from switchgrass. Int J Life Cycle
Assess 15:53-66. https://doi.org/10.1007/s11367-009-0124-2

Cherubini F, Stromman AH (2011) Life cycle assessment of bioenergy
systems: state of the art and future challenges. Bioresour Technol
102:437-451. https://doi.org/10.1016/j.biortech.2010.08.010

Cherubini F, Ulgiati S (2010) Crop residues as raw materials for
biorefinery systems - a LCA case study. Appl Energy 87:47-57.
https://doi.org/10.1016/j.apenergy.2009.08.024

Choo YM, Muhamad H, Hashim Z, Subramaniam V, Puah CW, Tan YA
(2011) Determination of GHG contributions by subsystems in the
oil palm supply chain using the LCA approach. Int J Life Cycle
Assess 16:669-681. https://doi.org/10.1007/s11367-011-0303-9

Clarens AF, Nassau H, Resurreccion EP, White MA, Colosi LM (2011)
Environmental impacts of algae-derived biodiesel and bioelectricity
for transportation. Environ Sci Technol 45:7554-7560. https://doi.
org/10.1021/es200760n

Collet P, Hélias Arnaud A, Lardon L et al (2011) Life-cycle assessment of
microalgae culture coupled to biogas production. Bioresour Technol
102:207-214. https://doi.org/10.1016/j.biortech.2010.06.154

Contreras AM, Rosa E, Pérez M, van Langenhove H, Dewulf J (2009)
Comparative life cycle assessment of four alternatives for using by-
products of cane sugar production. J Clean Prod 17:772—779. https://
doi.org/10.1016/j.jclepro.2008.12.001

de Souza SP, Pacca S, de Avila MT, Borges JLB (2010) Greenhouse gas
emissions and energy balance of palm oil biofuel. Renew Energy 35:
2552-2561. https://doi.org/10.1016/j.renene.2010.03.028

De Vries JW, Vinken TMWJ, Hamelin L, De Boer IJM (2012)
Comparing environmental consequences of anaerobic mono- and
co-digestion of pig manure to produce bio-energy - a life cycle
perspective. Bioresour Technol 125:239-248. https://doi.org/10.
1016/j.biortech.2012.08.124

Dressler D, Loewen A, Nelles M (2012) Life cycle assessment of the
supply and use of bioenergy: impact of regional factors on biogas
production. Int J Life Cycle Assess 17:1104—1115. https://doi.org/
10.1007/s11367-012-0424-9

Eriksson O, Finnveden G, Ekvall T, Bjorklund A (2007) Life cycle as-
sessment of fuels for district heating: a comparison of waste incin-
eration, biomass- and natural gas combustion. Energy Policy 35:
1346-1362. https://doi.org/10.1016/j.enpol.2006.04.005

European Commission (2011) International Reference Life Cycle Data
System (ILCD) Handbook: Recommendations for Life Cycle
Impact Assessment in the European context. Report EUR 24571
EN. Luxemburg: Publication Office of the European Union. Doi:
10.278/33030

European Commission (2016) Impact Assessment Accompanying the
document Proposal for a Directive of the European Parliament and
of the Council on the promotion of the use of energy from renewable

@ Springer

sources (recast). SWD/2016/0418 final - 2016/0382 (COD) https://
eur-lex.europa.cu/legal-content/IT/ALL/
uri=CELEX%3A52016SC0418. Accessed 15 Feb 2019

European Union (2018) DIRECTIVE (EU) 2018/2001 on the promotion
of the use of energy from renewable sources (recast). Official
Journal of the European Union. https://eur-lex.europa.eu/legal-
content/EN/TXT/HTML/?uri=CELEX:32018L2001 &from=EN .
Accessed 15 Feb 2019

Evangelisti S, Lettieri P, Borello D, Clift R (2014) Life cycle assessment of
energy from waste via anaerobic digestion: a UK case study. Waste
Manag 34:226-237. https://doi.org/10.1016/j.wasman.2013.09.013

Fazio S, Monti A (2011) Life cycle assessment of different bioenergy produc-
tion systems including perennial and annual crops. Biomass Bioenergy
35:4868-4878. https://doi.org/10.1016/j.biombioe.2011.10.014

Fingerman KR, Torn MS, O’Hare MH, Kammen DM (2010) Accounting
for the water impacts of ethanol production. Environ Res Lett 5.
https://doi.org/10.1088/1748-9326/5/1/014020

Foley JM, Rozendal RA, Hertle CK et al (2010) Life cycle assessment of
high-rate anaerobic treatment, microbial fuel cells, and microbial
electrolysis cells. Environ Sci Technol 44:3629-3637. https://doi.
org/10.1021/es100125h

Forsberg G (2000) Biomass energy transport: analysis of bioenergy trans-
port chains using life cycle inventory method. Biomass Bioenergy
19:17-30. https://doi.org/10.1016/S0961-9534(00)00020-9

Fu GZ, Chan AW, Minns DE (2003) Life cycle assessment of bio-ethanol
derived from cellulose. Int J Life Cycle Assess 8:137-141. https://
doi.org/10.1007/BF02978458

Gasol CM, Gabarrell X, Anton A, Rigola M, Carrasco J, Ciria P,
Rieradevall J (2009) LCA of poplar bioenergy system compared
with Brassica carinata energy crop and natural gas in regional sce-
nario. Biomass Bioenergy 33:119-129. https://doi.org/10.1016/].
biombioe.2008.04.020

Gasol CM, Gabarrell X, Anton A, Rigola M, Carrasco J, Ciria P, Solano ML,
Rieradevall J (2007) Life cycle assessment of a Brassica carinata
bioenergy cropping system in southern Europe. Biomass Bioenergy
31:543-555. https://doi.org/10.1016/j.biombioe.2007.01.026

Giuntoli J, Caserini S, Marelli L, Baxter D, Agostini A (2015) Domestic
heating from forest logging residues: environmental risks and benefits.
J Clean Prod 99:206-216. https://doi.org/10.1016/j.jclepro.2015.03.025

Giuntoli J, Agostini A, Caserini S, Lugato E, Baxter D, Marelli L (2016)
Climate change impacts of power generation from residual biomass.
Biomass and Bioenergy 89:146-158. https://doi.org/10.1016/j.
biombioe.2016.02.024

Gnansounou E, Dauriat A, Villegas J, Panichelli L (2009) Life cycle
assessment of biofuels: energy and greenhouse gas balances.
Bioresour Technol 100:4919-4930. https://doi.org/10.1016/j.
biortech.2009.05.067

Gonzalez-Garcia S, Gasol CM, Gabarrell X, Rieradevall J, Moreira MT,
Feijoo G (2010) Environmental profile of ethanol from poplar bio-
mass as transport fuel in Southern Europe. Renew Energy 35:1014—
1023. https://doi.org/10.1016/j.renene.2009.10.029

Halleux H, Lassaux S, Renzoni R, Germain A (2008) Comparative life
cycle assessment of two biofuels: ethanol from sugar beet and rape-
seed methyl ester. Int J Life Cycle Assess 13:184—190. https:/doi.
org/10.1065/1ca2008.03.382

Hamelin L, Wesnaes M, Wenzel H, Petersen BM (2011) Environmental con-
sequences of future biogas technologies based on separated slurry.
Environ Sci Technol 45:5869-5877. https://doi.org/10.1021/es200273;

Hammond J, Shackley S, Sohi S, Brownsort P (2011) Prospective life cycle
carbon abatement for pyrolysis biochar systems in the UK. Energy
Policy 39:2646-2655. https:/doi.org/10.1016/j.enpol.2011.02.033

Harding KG, Dennis JS, von Blottnitz H, Harrison STL (2008) A life-
cycle comparison between inorganic and biological catalysis for the
production of biodiesel. J Clean Prod 16:1368—1378. https://doi.org/
10.1016/j.jclepro.2007.07.003


https://www.chathamhouse.org/publication/woody-biomass-power-and-heat-impacts-global-climate
https://www.chathamhouse.org/publication/woody-biomass-power-and-heat-impacts-global-climate
https://doi.org/10.1093/ajae/aas039
https://doi.org/10.1016/j.resconrec.2009.03.013
https://doi.org/10.1016/j.resconrec.2009.03.013
https://doi.org/10.1088/1748-9326/8/1/014049
https://doi.org/10.1088/1748-9326/7/4/045902
https://doi.org/10.1007/s11367-009-0124-2
https://doi.org/10.1016/j.biortech.2010.08.010
https://doi.org/10.1016/j.apenergy.2009.08.024
https://doi.org/10.1007/s11367-011-0303-9
https://doi.org/10.1021/es200760n
https://doi.org/10.1021/es200760n
https://doi.org/10.1016/j.biortech.2010.06.154
https://doi.org/10.1016/j.jclepro.2008.12.001
https://doi.org/10.1016/j.jclepro.2008.12.001
https://doi.org/10.1016/j.renene.2010.03.028
https://doi.org/10.1016/j.biortech.2012.08.124
https://doi.org/10.1016/j.biortech.2012.08.124
https://doi.org/10.1007/s11367-012-0424-9
https://doi.org/10.1007/s11367-012-0424-9
https://doi.org/10.1016/j.enpol.2006.04.005
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32018L2001&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32018L2001&from=EN
https://doi.org/10.1016/j.wasman.2013.09.013
https://doi.org/10.1016/j.biombioe.2011.10.014
https://doi.org/10.1088/1748-9326/5/1/014020
https://doi.org/10.1021/es100125h
https://doi.org/10.1021/es100125h
https://doi.org/10.1016/S0961-9534(00)00020-9
https://doi.org/10.1007/BF02978458
https://doi.org/10.1007/BF02978458
https://doi.org/10.1016/j.biombioe.2008.04.020
https://doi.org/10.1016/j.biombioe.2008.04.020
https://doi.org/10.1016/j.biombioe.2007.01.026
https://doi.org/10.1016/j.jclepro.2015.03.025
https://doi.org/10.1016/j.biombioe.2016.02.024
https://doi.org/10.1016/j.biombioe.2016.02.024
https://doi.org/10.1016/j.biortech.2009.05.067
https://doi.org/10.1016/j.biortech.2009.05.067
https://doi.org/10.1016/j.renene.2009.10.029
https://doi.org/10.1065/lca2008.03.382
https://doi.org/10.1065/lca2008.03.382
https://doi.org/10.1021/es200273j
https://doi.org/10.1016/j.enpol.2011.02.033
https://doi.org/10.1016/j.jclepro.2007.07.003
https://doi.org/10.1016/j.jclepro.2007.07.003

Int J Life Cycle Assess (2020) 25:17-35

33

Hartmann D, Kaltschmitt M (1999) Electricity generation from solid
biomass via co-combustion with coal. Energy and emission balances
from a German case study. Biomass Bioenergy 16:397-406. https://
doi.org/10.1016/S0961-9534(99)00017-3

Harto C, Meyers R, Williams E (2010) Life cycle water use of low-carbon
transport fuels. Energy Policy 38:4933-4944. https://doi.org/10.
1016/j.enpol.2010.03.074

Hill J, Polasky S, Nelson E, Tilman D, Huo H, Ludwig L, Neumann J,
Zheng H, Bonta D (2009) Climate change and health costs of air
emissions from biofuels and gasoline. Proc Natl Acad Sci U S A
106:2077-2082. https://doi.org/10.1073/pnas.08 12835106

Hochman G, Rajagopal D, Zilberman D (2010) The effect of biofuels on
crude oil markets. AgBioForum 13:112-118

Hoefnagels R, Smeets E, Faaij A (2010) Greenhouse gas footprints of
different biofuel production systems. Renew Sust Energ Rev 14:
1661-1694. https://doi.org/10.1016/j.rser.2010.02.014

Hou H, Wang M, Bloyd C, Putsche V (2009) Life-cycle assessment of
energy use and greenhouse gas emissions of soybean-derived bio-
diesel and renewable fuels. Environ Sci Technol 43:750-756.
https://doi.org/10.1021/es8011436

Hou J, Zhang P, Yuan X, Zheng Y (2011) Life cycle assessment of
biodiesel from soybean, jatropha and microalgae in China condi-
tions. Renew Sust Energ Rev 15:5081-5091. https://doi.org/10.
1016/j.rser.2011.07.048

Hsu DD (2012) Life cycle assessment of gasoline and diesel produced via
fast pyrolysis and hydroprocessing. Biomass Bioenergy 45:41-47.
https://doi.org/10.1016/j.biombioe.2012.05.019

Hu Z, Tan P, Yan X, Lou D (2008) Life cycle energy, environment and
economic assessment of soybean-based biodiesel as an alternative
automotive fuel in China. Energy 33:1654—1658. https://doi.org/10.
1016/j.energy.2008.06.004

International Energy Agency - Bioenergy (2017) IEA bioenergy response
to Chatham House report &quot;Woody biomass for power and
heat: impacts on the global climate | Bioenergy. https:/www.
ieabioenergy.com/publications/iea-bioenergy-response/. Accessed
8 Nov 2018

Iriarte A, Rieradevall J, Gabarrell X (2010) Life cycle assessment of sunflow-
er and rapeseed as energy crops under Chilean conditions. J Clean Prod
18:336-345. https://doi.org/10.1016/j.jclepro.2009.11.004

Iribarren D, Peters JF, Dufour J (2012) Life cycle assessment of transpor-
tation fuels from biomass pyrolysis. Fuel 97:812—-821. https://doi.
org/10.1016/j.fuel.2012.02.053

ISO (2006a) Environmental management—Ilife cycle assessment—
principles and framework (ISO 14040:2006)

ISO (2006b) Environmental management—Ilife cycle assessment—
requirements and guidelines (ISO 14044:2006)

JRC (2010) International reference Life Cycle Data system (ILCD) hand-
book - general guide for life cycle assessment - detailed guidance

Jury C, Benetto E, Koster D, Schmitt B, Welfring J (2010) Life cycle
assessment of biogas production by monofermentation of energy
crops and injection into the natural gas grid. Biomass Bioenergy
34:54-66. https://doi.org/10.1016/j.biombioe.2009.09.011

Kalnes TN, Koers KP, Marker T, Shonnard DR (2009) A technoeconomic
and environmental life cycle comparison of green diesel to biodiesel
and syndiesel. Environ Prog Sustain Energy 28:111-120. https:/doi.
org/10.1002/ep.10319

Khoo HH, Sharratt PN, Das P, Balasubramanian RK, Naraharisetti PK, Shaik
S (2011) Life cycle energy and CO2 analysis of microalgae-to-biodiesel:
preliminary results and comparisons. Bioresour Technol 102:5800—
5807. https://doi.org/10.1016/j.biortech.2011.02.055

Kim S, Dale BE (2005) Life cycle assessment of various cropping sys-
tems utilized for producing biofuels: bioethanol and biodiesel.
Biomass Bioenergy 29:426—439. https://doi.org/10.1016/j.
biombioe.2005.06.004

Kim S, Dale BE (2008) Life cycle assessment of fuel ethanol derived
from corn grain via dry milling. Bioresour Technol 99:5250-5260.
https://doi.org/10.1016/j.biortech.2007.09.034

Kimming M, Sundberg C, Nordberg A, Baky A, Bernesson S, Norén O,
Hansson PA (2011) Biomass from agriculture in small-scale com-
bined heat and power plants - a comparative life cycle assessment.
Biomass Bioenergy 35:1572—1581. https://doi.org/10.1016/j.
biombioe.2010.12.027

Kirschbaum MUF (2014) Climate-change impact potentials as an alter-
native to global warming potentials. Environ Res Lett 9. https://doi.
org/10.1088/1748-9326/9/3/034014

Kiwjaroun C, Tubtimdee C, Piumsomboon P (2009) LCA studies com-
paring biodiesel synthesized by conventional and supercritical meth-
anol methods. J Clean Prod 17:143—-153. https://doi.org/10.1016/].
jclepro.2008.03.011

Koponen K, Soimakallio S, Kline KL et al (2018) Quantifying the climate
effects of bioenergy — choice of reference system. Renew Sust Energ
Rev 81(Part 2):2271-2280

Korres NE, Singh A, Nizami A-S, Murphy JD (2010) Is grass biomethane
a sustainable transport biofuel? Biofuels Bioprod Biorefin 4:310—
325. https://doi.org/10.1002/bbb.228

Lammens TM, Potting J, Sanders JPM, De Boer IJM (2011)
Environmental comparison of biobased chemicals from glutamic
acid with their petrochemical equivalents. Environ Sci Technol 45:
8521-8528. https://doi.org/10.1021/es201869¢

Lardon L, Hélias A, Sialve B et al (2009) Life-cycle assessment of bio-
diesel production from microalgae. Environ Sci Technol 43:6475—
6481. https://doi.org/10.1021/es900705j

Liska AJ, Yang HS, Bremer VR, Klopfenstein TJ, Walters DT, Erickson
GE, Cassman KG (2009) Improvements in life cycle energy effi-
ciency and greenhouse gas emissions of corn-ethanol. J Ind Ecol 13:
58-74. https://doi.org/10.1111/j.1530-9290.2008.00105.x

Liu X, Saydah B, Eranki P, Colosi LM, Greg Mitchell B, Rhodes J,
Clarens AF (2013) Pilot-scale data provide enhanced estimates of
the life cycle energy and emissions profile of algae biofuels pro-
duced via hydrothermal liquefaction. Bioresour Technol 148:163—
171. https://doi.org/10.1016/j.biortech.2013.08.112

Luo D, Hu Z, Choi DG, Thomas VM, Realff MJ, Chance RR (2010) Life
cycle energy and greenhouse gas emissions for an ethanol produc-
tion process based on blue-green algae. Environ Sci Technol 44:
8670-8677. https://doi.org/10.1021/es1007577

Luo L, van der Voet E, Huppes G (2009) Life cycle assessment and life
cycle costing of bioethanol from sugarcane in Brazil. Renew Sust
Energ Rev 13:1613-1619. https://doi.org/10.1016/j.rser.2008.09.
024

MacLean HL, Spatari S (2009b) The contribution of enzymes and process
chemicals to the life cycle of ethanol. Environ Res Lett 4:014001.
https://doi.org/10.1088/1748-9326/4/1/014001

Malca J, Freire F (2006) Renewability and life-cycle energy efficiency of
bioethanol and bio-ethyl tertiary butyl ether (bioETBE): assessing
the implications of allocation. Energy 31:3362-3380. https://doi.
org/10.1016/j.energy.2006.03.013

Marelli L, Edwards R, Agostini A et al (2016) Solid and gaseous
bioenergy pathways input values and GHG emissions : calculated
according to the methodology set in COM(2016) 767. Report EUR
27215 EN, Publications Office of the European Union,
Luxembourg, doi: 10.2790/27486

McKechnie J, Colombo S, Chen J, Mabee W, MacLean HL (2011) Forest
bioenergy or forest carbon? Assessing trade-offs in greenhouse gas
mitigation with wood-based fuels. Environ Sci Technol 45:789—
795. https://doi.org/10.1021/es1024004

Morais S, Mata TM, Martins AA, Pinto GA, Costa CAV (2010)
Simulation and life cycle assessment of process design alternatives
for biodiesel production from waste vegetable oils. J Clean Prod 18:
1251-1259. https://doi.org/10.1016/j.jclepro.2010.04.014

@ Springer


https://doi.org/10.1016/S0961-9534(99)00017-3
https://doi.org/10.1016/S0961-9534(99)00017-3
https://doi.org/10.1016/j.enpol.2010.03.074
https://doi.org/10.1016/j.enpol.2010.03.074
https://doi.org/10.1073/pnas.0812835106
https://doi.org/10.1016/j.rser.2010.02.014
https://doi.org/10.1021/es8011436
https://doi.org/10.1016/j.rser.2011.07.048
https://doi.org/10.1016/j.rser.2011.07.048
https://doi.org/10.1016/j.biombioe.2012.05.019
https://doi.org/10.1016/j.energy.2008.06.004
https://doi.org/10.1016/j.energy.2008.06.004
https://www.ieabioenergy.com/publications/iea-bioenergy-response/
https://www.ieabioenergy.com/publications/iea-bioenergy-response/
https://doi.org/10.1016/j.jclepro.2009.11.004
https://doi.org/10.1016/j.fuel.2012.02.053
https://doi.org/10.1016/j.fuel.2012.02.053
https://doi.org/10.1016/j.biombioe.2009.09.011
https://doi.org/10.1002/ep.10319
https://doi.org/10.1002/ep.10319
https://doi.org/10.1016/j.biortech.2011.02.055
https://doi.org/10.1016/j.biombioe.2005.06.004
https://doi.org/10.1016/j.biombioe.2005.06.004
https://doi.org/10.1016/j.biortech.2007.09.034
https://doi.org/10.1016/j.biombioe.2010.12.027
https://doi.org/10.1016/j.biombioe.2010.12.027
https://doi.org/10.1088/1748-9326/9/3/034014
https://doi.org/10.1088/1748-9326/9/3/034014
https://doi.org/10.1016/j.jclepro.2008.03.011
https://doi.org/10.1016/j.jclepro.2008.03.011
https://doi.org/10.1002/bbb.228
https://doi.org/10.1021/es201869e
https://doi.org/10.1021/es900705j
https://doi.org/10.1111/j.1530-9290.2008.00105.x
https://doi.org/10.1016/j.biortech.2013.08.112
https://doi.org/10.1021/es1007577
https://doi.org/10.1016/j.rser.2008.09.024
https://doi.org/10.1016/j.rser.2008.09.024
https://doi.org/10.1088/1748-9326/4/1/014001
https://doi.org/10.1016/j.energy.2006.03.013
https://doi.org/10.1016/j.energy.2006.03.013
https://doi.org/10.1021/es1024004
https://doi.org/10.1016/j.jclepro.2010.04.014

34

Int J Life Cycle Assess (2020) 25:17-35

Panichelli L, Dauriat A, Gnansounou E (2009) Life cycle assessment of
soybean-based biodiesel in Argentina for export. Int J Life Cycle
Assess 14:144-159. https://doi.org/10.1007/s11367-008-0050-8

Papong S, Malakul P (2010) Life-cycle energy and environmental analysis of
bioethanol production from cassava in Thailand. Bioresour Technol
101:S112-S118. https://doi.org/10.1016/j.biortech.2009.09.006

Patterson T, Esteves S, Dinsdale R, Guwy A (2011) Life cycle assessment of
biogas infrastructure options on a regional scale. Bioresour Technol 102:
7313-7323. https://doi.org/10.1016/j.biortech.2011.04.063

Pereira CLF, Ortega E (2010) Sustainability assessment of large-scale
ethanol production from sugarcane. J Clean Prod 18:77-82.
https://doi.org/10.1016/j.jclepro.2009.09.007

Pertl A, Mostbauer P, Obersteiner G (2010) Climate balance of biogas
upgrading systems. Waste Manag 30:92-99. https://doi.org/10.
1016/j.wasman.2009.08.011

Pfister S, Bayer P, Koehler A, Hellweg S (2011) Environmental impacts
of water use in global crop production: hotspots and trade-offs with
land use. Environ Sci Technol 45:5761-5768. https://doi.org/10.
1021/es1041755

IPCC, 2014: Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change [Edenhofer, O.,
R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth,
A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J.
Savolainen, S. Schlémer, C. von Stechow, T. Zwickel and J.C.
Minx (eds.)]. Cambridge University Press, Cambridge, United
Kingdom and New York, NY, USA.

Pleanjai S, Gheewala SH (2009) Full chain energy analysis of biodiesel
production from palm oil in Thailand. Appl Energy 86:S209-S214.
https://doi.org/10.1016/j.apenergy.2009.05.013

Plevin RJ, Delucchi MA, Creutzig F (2014) Using attributional life cycle
assessment to estimate climate-change mitigation benefits misleads pol-
icy makers. J Ind Ecol 18:73-83. https://doi.org/10.1111/jiec.12074

Poeschl M, Ward S, Owende P (2012) Environmental impacts of biogas
deployment - part I: life cycle inventory for evaluation of production
process emissions to air. J Clean Prod 24:168-183. https://doi.org/
10.1016/j.jclepro.2011.10.039

Rajagopal D, Hochman G, Zilberman D (2011) Indirect fuel use change
(IFUC) and the lifecycle environmental impact of biofuel policies.
Energy Policy 39:228-233. https://doi.org/10.1016/j.enpol.2010.09.035

Razon LF, Tan RR (2011) Net energy analysis of the production of bio-
diesel and biogas from the microalgae: Haematococcus pluvialis and
Nannochloropsis. Appl Energy 88:3507-3514. https://doi.org/10.
1016/j.apenergy.2010.12.052

Reinhard J, Zah R (2009) Global environmental consequences of in-
creased biodiesel consumption in Switzerland: consequential life
cycle assessment. J Clean Prod 17:17-S56. https://doi.org/10.
1016/j.jclepro.2009.05.003

Rend MLG, Lora EES, Palacio JCE, Venturini OJ, Buchgeister J,
Almazan O (2011) A LCA (life cycle assessment) of the methanol
production from sugarcane bagasse. Energy 36:3716-3726. https:/
doi.org/10.1016/j.energy.2010.12.010

Renouf MA, Wegener MK, Nielsen LK (2008) An environmental life
cycle assessment comparing Australian sugarcane with US corn
and UK sugar beet as producers of sugars for fermentation.
Biomass Bioenergy 32:1144-1155. https://doi.org/10.1016/j.
biombioe.2008.02.012

Resurreccion EP, Colosi LM, White MA, Clarens AF (2012) Comparison of
algae cultivation methods for bioenergy production using a combined
life cycle assessment and life cycle costing approach. Bioresour Technol
126:298-306. https:/doi.org/10.1016/j.biortech.2012.09.038

Rocca S, Agostini A, Giuntoli J, Marelli L (2015) Biofuels from algae:
technology options, energy balance and GHG emissions: insights
from a literature review. Report EUR 27582 EN, Publications
Office of the European Union, Luxembourg, 2015, doi:10.2760/
539520,

@ Springer

Résch C, Skarka J, Raab K, Stelzer V (2009) Energy production from
grassland - assessing the sustainability of different process chains
under German conditions. Biomass Bioenergy 33:689—700. https://
doi.org/10.1016/j.biombioe.2008.10.008

Sala S, Ciuffo B, Nijkamp P (2015) A systemic framework for sustain-
ability assessment. Ecol Econ 119:314-325. https://doi.org/10.1016/
j-ecolecon.2015.09.015

Sala S, Reale F, Cristobal J, Pant R (2016) Life cycle assessment for the
impact assessment of policies. Report EUR 28380 EN, Publications
Office of the European Union, Luxembourg, doi:10.2788/318544,

Schmidt JH (2010) Comparative life cycle assessment of rapeseed oil and
palm oil. Int J Life Cycle Assess 15:183—197. https://doi.org/10.
1007/s11367-009-0142-0

Searchinger T, Heimlich R, Houghton RA, Dong F, Elobeid A, Fabiosa J,
Tokgoz S, Hayes D, Yu TH (2008) Use of U.S. croplands for
biofuels increases greenhouse gases through emissions from land-
use change. Science 319:1238-1240. https://doi.org/10.1126/
science.1151861

Sheehan J, Aden A, Paustian K, Killian K, Brenner J, Walsh M, Nelson R
(2004) Energy and environmental aspects of using corn stover for
fuel ethanol. J Ind Ecol 7:117-146. https://doi.org/10.1162/
108819803323059433

Shonnard DR, Williams L, Kalnes TN (2010) Camelina-derived jet fuel
and diesel: sustainable advanced biofuels. Environ Prog Sustain
Energy 29:382-392. https://doi.org/10.1002/ep.10461

Silalertruksa T, Gheewala SH (2009) Environmental sustainability assess-
ment of bio-ethanol production in Thailand. Energy 34:1933—1946.
https://doi.org/10.1016/j.energy.2009.08.002

Sills DL, Paramita V, Franke MJ, Johnson MC, Akabas TM, Greene CH,
Tester JW (2013) Quantitative uncertainty analysis of life cycle as-
sessment for algal biofuel production. Environ Sci Technol 47:687—
694. https://doi.org/10.1021/es3029236

Smyth BM, Murphy JD, O’Brien CM (2009) What is the energy balance
of grass biomethane in Ireland and other temperate northern
European climates? Renew Sust Energ Rev 13:2349-2360. https://
doi.org/10.1016/j.rser.2009.04.003

Soimakallio S, Cowie A, Branddo M, Finnveden G, Ekvall T, Erlandsson
M, Koponen K, Karlsson PE (2015) Attributional life cycle assess-
ment: is a land-use baseline necessary? Int J Life Cycle Assess 20:
1364-1375

Spatari S, Bagley DM, MacLean HL (2010) Life cycle evaluation of
emerging lignocellulosic ethanol conversion technologies.
Bioresour Technol 101:654-667. https://doi.org/10.1016/j.biortech.
2009.08.067

Starr K, Gabarrell X, Villalba G, Talens L, Lombardi L (2012) Life cycle
assessment of biogas upgrading technologies. Waste Manag 32:
991-999. https://doi.org/10.1016/j.wasman.2011.12.016

Stephenson AL, Kazamia E, Dennis JS, Howe CJ, Scott SA,
Smith AG (2010) Life-cycle assessment of potential algal
biodiesel production in the United Kingdom: a comparison
of raceways and air-lift tubular bioreactors. Energy Fuel 24:
4062-4077. https://doi.org/10.1021/ef1003123

Stichnothe H, Azapagic A (2009) Bioethanol from waste: life cycle estima-
tion of the greenhouse gas saving potential. Resour Conserv Recycl 53:
624-630. https:/doi.org/10.1016/j.resconrec.2009.04.012

IPCC, 2013: Climate Change 2013: The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report
of the Intergovern-mental Panel on Climate Change [Stocker, T.F.,
D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A.
Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York,
NY, USA, 1535 pp.

Swana J, Yang Y, Behnam M, Thompson R (2011) An analysis of net
energy production and feedstock availability for biobutanol and
bioethanol. Bioresour Technol 102:2112-2117. https://doi.org/10.
1016/j.biortech.2010.08.051


https://doi.org/10.1007/s11367-008-0050-8
https://doi.org/10.1016/j.biortech.2009.09.006
https://doi.org/10.1016/j.biortech.2011.04.063
https://doi.org/10.1016/j.jclepro.2009.09.007
https://doi.org/10.1016/j.wasman.2009.08.011
https://doi.org/10.1016/j.wasman.2009.08.011
https://doi.org/10.1021/es1041755
https://doi.org/10.1021/es1041755
https://doi.org/10.1016/j.apenergy.2009.05.013
https://doi.org/10.1111/jiec.12074
https://doi.org/10.1016/j.jclepro.2011.10.039
https://doi.org/10.1016/j.jclepro.2011.10.039
https://doi.org/10.1016/j.enpol.2010.09.035
https://doi.org/10.1016/j.apenergy.2010.12.052
https://doi.org/10.1016/j.apenergy.2010.12.052
https://doi.org/10.1016/j.jclepro.2009.05.003
https://doi.org/10.1016/j.jclepro.2009.05.003
https://doi.org/10.1016/j.energy.2010.12.010
https://doi.org/10.1016/j.energy.2010.12.010
https://doi.org/10.1016/j.biombioe.2008.02.012
https://doi.org/10.1016/j.biombioe.2008.02.012
https://doi.org/10.1016/j.biortech.2012.09.038
https://doi.org/10.1016/j.biombioe.2008.10.008
https://doi.org/10.1016/j.biombioe.2008.10.008
https://doi.org/10.1016/j.ecolecon.2015.09.015
https://doi.org/10.1016/j.ecolecon.2015.09.015
https://doi.org/10.1007/s11367-009-0142-0
https://doi.org/10.1007/s11367-009-0142-0
https://doi.org/10.1126/science.1151861
https://doi.org/10.1126/science.1151861
https://doi.org/10.1162/108819803323059433
https://doi.org/10.1162/108819803323059433
https://doi.org/10.1002/ep.10461
https://doi.org/10.1016/j.energy.2009.08.002
https://doi.org/10.1021/es3029236
https://doi.org/10.1016/j.rser.2009.04.003
https://doi.org/10.1016/j.rser.2009.04.003
https://doi.org/10.1016/j.biortech.2009.08.067
https://doi.org/10.1016/j.biortech.2009.08.067
https://doi.org/10.1016/j.wasman.2011.12.016
https://doi.org/10.1021/ef1003123
https://doi.org/10.1016/j.resconrec.2009.04.012
https://doi.org/10.1016/j.biortech.2010.08.051
https://doi.org/10.1016/j.biortech.2010.08.051

Int J Life Cycle Assess (2020) 25:17-35

35

Talens Peiro L, Lombardi L, Villalba Méndez G, Gabarrell i Durany X (2010)
Life cycle assessment (LCA) and exergetic life cycle assessment
(ELCA) of the production of biodiesel from used cooking oil (UCO).
Energy 35:889-893. https://doi.org/10.1016/j.energy.2009.07.013

Tan RR, Culaba AB, Purvis MRI (2004) Carbon balance implications of
coconut biodiesel utilization in the Philippine automotive transport
sector. Biomass Bioenergy 26:579-585. https://doi.org/10.1016/j.
biombioe.2003.10.002

Tao L, Tan ECD, Mccormick R et al (2014) Techno-economic analysis
and life-cycle assessment of cellulosic isobutanol and comparison
with cellulosic ethanol and n-butanol. Biofuels Bioprod Biorefin 8:
30-48. https://doi.org/10.1002/bbb.1431

Tessum CW, Hill JD, Marshall JD (2014) Life cycle air quality impacts of
conventional and alternative light-duty transportation in the United
States. Proc Natl Acad Sci U S A 111:18490-18495. https://doi.org/
10.1073/pnas.1406853111

Thompson W, Whistance J, Meyer S (2011) Effects of US biofuel policies
on US and world petroleum product markets with consequences for
greenhouse gas emissions. Energy Policy 39:5509-5518. https://
doi.org/10.1016/j.enpol.2011.05.011

Tonini D, Astrup T (2012) LCA of biomass-based energy systems: a case
study for Denmark. Appl Energy 99:234-246. https://doi.org/10.
1016/j.apenergy.2012.03.006

Udom I, Zaribaf BH, Halthide T, Gillie B, Dalrymple O, Zhang Q, Ergas SJ
(2013) Harvesting microalgae grown on wastewater. Bioresour Technol
139:101-106. https:/doi.org/10.1016/j.biortech.2013.04.002

Frischknecht R, Jolliet O (eds) (2016) Global guidance for life cycle
impact assessment indicators—volume 1. Publication of the
UNEP/SETAC Life Cycle Initiative, Paris, DTI/2081/PA, ISBN:
978-92-807-3630-4,

Sonnemann G, Vigon B (eds) (2011) Global guidance principles for life
cycle assessment databases: a basis for greener processes and prod-
ucts. Publication of the UNEP/ SETAC Life Cycle Initiative, UNEP,
Paris. ISBN 978-92-807-3174-3,

Valin H, Havlik P, Mosnier A, Herrero M, Schmid E, Obersteiner M (2013)
Agricultural productivity and greenhouse gas emissions: trade-offs or
synergies between mitigation and food security? Environ Res Lett 8:
035019. https://doi.org/10.1088/1748-9326/8/3/035019

Vivanco DF, Sala S, McDowall W (2018) Roadmap to rebound: how to
address rebound effects from resource efficiency policy. Sustain

Weidema BP, Schmidt JH (2010) Avoiding allocation in life cycle assess-
ment revisited. J Ind Ecol 14:192—195. https://doi.org/10.1111/j.
1530-9290.2010.00236.x

Yang J, Xu M, Zhang X, Hu Q, Sommerfeld M, Chen Y (2011) Life-cycle
analysis on biodiesel production from microalgae: water footprint
and nutrients balance. Bioresour Technol 102:159-165. https:/doi.
org/10.1016/j.biortech.2010.07.017

Yee KF, Tan KT, Abdullah AZ, Lee KT (2009) Life cycle assessment of palm
biodiesel: revealing facts and benefits for sustainability. Appl Energy 86:
S189-S196. https://doi.org/10.1016/j.apenergy.2009.04.014

York R (2012) Do alternative energy sources displace fossil fuels? Nat
Clim Chang 2:441-443

You F, Tao L, Graziano DJ, Snyder SW (2012) Optimal design of sus-
tainable cellulosic biofuel supply chains: multiobjective optimiza-
tion coupled with life cycle assessment and input-output analysis.
AICHE J 58:1157-1180. https://doi.org/10.1002/aic.12637

Yu S, Tao J (2009) Economic, energy and environmental evaluations of
biomass-based fuel ethanol projects based on life cycle assessment
and simulation. Appl Energy 86(Suppl 1):S178-S188. https://doi.
org/10.1016/j.apenergy.2009.04.016

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

@ Springer


https://doi.org/10.1016/j.energy.2009.07.013
https://doi.org/10.1016/j.biombioe.2003.10.002
https://doi.org/10.1016/j.biombioe.2003.10.002
https://doi.org/10.1002/bbb.1431
https://doi.org/10.1073/pnas.1406853111
https://doi.org/10.1073/pnas.1406853111
https://doi.org/10.1016/j.enpol.2011.05.011
https://doi.org/10.1016/j.enpol.2011.05.011
https://doi.org/10.1016/j.apenergy.2012.03.006
https://doi.org/10.1016/j.apenergy.2012.03.006
https://doi.org/10.1016/j.biortech.2013.04.002
https://doi.org/10.1088/1748-9326/8/3/035019
https://doi.org/10.1111/j.1530-9290.2010.00236.x
https://doi.org/10.1111/j.1530-9290.2010.00236.x
https://doi.org/10.1016/j.biortech.2010.07.017
https://doi.org/10.1016/j.biortech.2010.07.017
https://doi.org/10.1016/j.apenergy.2009.04.014
https://doi.org/10.1002/aic.12637
https://doi.org/10.1016/j.apenergy.2009.04.016
https://doi.org/10.1016/j.apenergy.2009.04.016

	Flaws in the interpretation phase of bioenergy LCA fuel the debate and mislead policymakers
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Modelled bioenergy systems
	Geographical scope and timing
	Socio-economic impacts
	Life cycle impact assessment
	Modelling approach
	Multifunctionality
	Main assumptions
	Uncertainty and sensitivity
	Limitations, conclusions, and recommendations
	Consistency check

	Results and discussion
	Modelled bioenergy systems
	Geographical scope and timing
	Socio-economics
	Life cycle impact assessment
	Inventory modelling approach
	Multifunctionality
	Main assumptions
	Uncertainty and sensitivity
	Limitations, conclusions, and recommendations
	Consistency check

	Conclusions
	Recommendations
	Recommendations to LCA practitioners
	Recommendations to the readers

	References


