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ARTICLE INFO ABSTRACT

Keywords: A key methodological challenge in using Life Cycle Assessment (LCA) for agricultural decision support is the
Life Cycle Assessment definition of the system’s function and functional unit (FU). In complex, multifunctional agricultural systems,
LC5 this choice is often ambiguous and can significantly alter study outcomes, complicating the comparability and
?E;ﬁ?i?;eunit interpretation of results and posing a challenge for decision-making. To situate this problem, we first present
Decision a focused review of 34 recent LCA studies, which confirms the diversity of current practices and underscores
Stakeholder the need for a more structured selection approach. In response to this identified gap, this paper develops

a conceptual framework for selecting appropriate FUs. The framework includes a taxonomy that classifies
agricultural functions according to key stakeholder perspectives: the consumer (product function), the producer
(income function), and society (land management function). Building on this classification and the challenges
highlighted by the literature review, we introduce five evaluative criteria: completeness, proportionality,
specificity, stability, and accessibility. These criteria are designed to guide researchers and practitioners in
selecting and justifying FUs that align with specific decision contexts. By shifting the focus from a single
“correct” FU to a context-appropriate one, our framework provides a robust and transparent methodology to
enhance the relevance and utility of LCA in supporting sustainable agriculture.

1. Introduction value-laden parameter that bridges the technical assessment with the

real-world decision context (Pérez et al., 2024). Yet, its selection is

Life Cycle Assessment (LCA) is a standardized and widely recog-
nized method for quantifying the environmental impacts of products
and systems (Thoma et al., 2022; Dijkman et al.,, 2018; Fan et al.,
2022). For environmental assessment in agriculture, it is officially rec-
ommended by institutions like the EU Commission (Commission, 2021)
and frequently used to compare production systems to support decision-
making (Sala et al., 2023). Such comparative LCAs aim to provide a
fair assessment by applying the same methodology to all considered
options, whether they are existing systems or prospective future scenar-
ios. While many methodological choices (such as system boundaries or
allocation methods) affect an LCA’s outcome (Laurent et al., 2020), the
definition of the system’s function and its quantification as a functional
unit (FU) is arguably the most pivotal and challenging choice (Salou
et al., 2017). A seemingly objective comparison can yield substantially
different recommendations by changing the FU (Ross et al., 2017).
For example, in comparisons of organic and conventional farming,
organic systems often show lower environmental impacts per hectare
(a land management FU) but higher impacts per kilogram of product (a
product FU) due to differences in yield. This makes the FU a powerful,
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often a source of confusion and debate, posing a challenge for the credi-
bility and adoption of LCA in agricultural decision support (Notarnicola
et al., 2017).

1.1. Function and functional unit

The function (or “performance characteristic” (International Orga-
nization for Standardization, 2006)) defines what the system is for.
It can be understood as the reason why one runs (and thus excepts
environmental impacts from) the system in the first place. The func-
tional unit (FU) is a way to quantify this function and is primarily
used as a quantitative reference for the environmental impacts. All
environmental impacts are reported relative to the FU. According to the
ILCD Handbook, a key guidance document, the FU should be defined
in terms of “what”, “how much”, “how well”, and “for how long” a
function is delivered, ensuring that comparisons are made on a fair
and equivalent basis (Joint Research Centre - Institute for Environment
and Sustainabilit and European Commision, 2010). It is important to
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distinguish the FU from the reference flow, which is the amount of
product output required to fulfill the function (e.g., 1.05 kg of apples
at farm gate to fulfill the function of “1 kg of apples delivered to
consumer,” accounting for 5% loss). While technically distinct, in many
attributional LCAs at the farm gate, the FU (e.g., “1 kg of harvested
wheat”) and the reference flow are functionally identical.

Especially in the domain of agriculture, the function definition is
challenging. Agricultural systems are inherently multifunctional. Ac-
cording to Nemecek et al. (2005), there are four functions (or groups
of functions): On the one hand, the original purpose of agriculture is to
produce various agricultural goods such as food, feed, fuel, fiber, etc.
(productive function), often quantified by FUs like “1 kg of grain” or
“1 MJ of bioenergy”. On the other hand, agriculture is supposed to
fulfill a range of societal functions beyond mere production, includ-
ing preservation of soil fertility and maintenance of valued cultural
landscapes. Nemecek et al. (2005) combine these aspects in a “land
management function”, which can be quantified as “1 hectare of land
managed for 1 year”. Not least, agriculture functions as a source
of income for farmers and agricultural workers (financial function),
which could be represented by “1€ of net profit”. The fourth function
(ecological function) is not a candidate for the FU, as it represents
the results of the LCA itself (e.g., impacts on biodiversity or carbon
sequestration), not the system’s purpose (Nemecek et al., 2005). If the
production of a good or service is identified as the (primary) function
of a production system, presence of multiple co-products can be dealt
with using allocation. This way, the overall environmental burden is
distributed over the co-products following an allocation method.

1.2. Comparative LCA and decision support

LCA studies are conducted for a variety of purposes, most no-
tably the communication of environmental impacts to stakeholders
(e.g. in Environmental Product Declarations (Del Borghi, 2013)), and
the comparison of production systems for the sake of supporting deci-
sions (Schaubroeck, 2023). For the latter, comparative LCAs are com-
monly used, in which the lifecycle impacts of two or more systems (or
just their differences) are assessed, often to recommend one over the
other. Independently made LCAs often lack comparability (RofSmann
et al., 2021) due to subtle differences in methodological choices, such
as scope, functional unit, allocation, background data (Kalverkamp
and Karbe, 2019), or impact assessment method. Thus, comparative
LCAs explicitly aim for fair comparisons by applying the exact same
methods to all considered systems. In the context of agricultural man-
agement and policy decisions, LCA can be used prospectively to model
environmental impacts in future scenarios (Lulovicova and Bouissou,
2024).

Amid the growing complexity of modern agriculture, the effective
translation of scientific insights into actionable decisions is crucial for
ensuring sustainable and efficient food production. A diverse array of
decision support mechanisms has emerged to bridge the gap between
scientific knowledge and agricultural practice. These range from ex-
tension services providing tailored advice to individual farmers to the
deployment of sophisticated prediction models for weather (Luu et al.,
2024), crop yields (Liman Harou et al., 2021; Jabed and Murad, 2024),
and pest risk (Kopton et al., 2025). Furthermore, scientific evidence un-
derpins critical policy decisions that shape agriculture (Bonnen, 1987),
as well as the development and adoption of new technologies that
can influence productivity and environmental performance (Hoenen
et al., 2018). Especially in the developing context, expert-informed
quantitative models to support individual decisions have been increas-
ingly adopted (Luedeling and Shepherd, 2016). In all these contexts,
including environmental considerations into the decision-making pro-
cess has always been challenging. In the early days of organic farming,
spiritual and esoteric aspects were regarded higher than quantifiable
environmental impacts (Paull, 2019). But even today, other indicators
(such as “naturalness” (Verhoog et al., 2007)) are often used as proxies
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for environmental impact in decision making processes (Purnhagen
et al.,, 2021). LCA can contribute significantly to a more detailed and
objective consideration of environmental concerns in decision-making
processes (Borghino et al.,, 2021). However, to effectively use LCA
results for decision support, it is crucial that the methodological choices
fit to the decision in question, as defined in the study’s goal and scope.
In particular, the perspective represented by the function definition
needs to align with the perspective of the decision-maker and relevant
stakeholders.

Although several studies justify the use of certain FUs in specific
agricultural contexts, the literature remains fragmented, and a system-
atic overview of the current state of the art is still lacking. This paper
directly addresses this gap by developing a framework to guide the FU
selection process. Our objectives are to: (1) conduct a targeted review of
current FU practices in complex, multifunctional agricultural LCAs; (2)
propose a stakeholder-centered taxonomy to classify agricultural func-
tions; and (3) develop a set of evaluative criteria to help researchers
and practitioners select and justify the most appropriate FU for their
specific decision context.

2. The state of practice: A targeted review of functional unit
application

2.1. Review methodology

To ground our conceptual framework in current scientific practice
and to demonstrate the need for a more structured approach, we
performed a targeted literature analysis. This analysis was not intended
as an exhaustive systematic review, but rather as a focused effort to
map out how FUs are currently being used in LCAs of complex and
multifunctional agricultural systems. The methodology was guided by
the PRISMA framework (Page et al., 2021) to ensure transparency.
In September 2023, we conducted a structured search in the Web
of Science database. In order to map out FU challenges and innova-
tions, we specifically focused on multifunctional agricultural systems
incorporating various land-use practices such as crop rotation, inter-
cropping, mixed cropping, agroforestry, and agrivoltaics. We focused
on these systems because they present the most complex and ambiguous
challenges for FU definition, often involving multiple products, ser-
vices, and stakeholder interests, thus providing the richest ground for
analyzing current practices. While we acknowledge that a vast body
of literature exists on LCA in conventional monoculture systems, in
those system the alignment of decision context and FU is often more
straightforward, typically centering around a single product function.
By concentrating on multifunctional systems, we aimed to capture
the full spectrum of methodological approaches and challenges asso-
ciated with FU selection in agricultural LCA. The specific search string
designed to capture relevant studies on LCA in such multifunctional
agricultural systems used was:

(“life cycle assessment” OR “lifecycle assessment” OR “LCA”) AND
((“multifunctional” AND “agricultur*”’) OR “crop rotation” OR “intercrop-
ping” OR “mixed cropping” OR “agroforest*” OR “agrivoltaic*”’)

This search yielded 291 results. For the acronym “LCA” we ensured
that it referred to “life cycle assessment” by checking the context
in the title and abstract. We restricted the search to peer-reviewed
journal articles, conference proceedings, and book chapters published
in English. We included studies that applied LCA methodologies to mul-
tifunctional agricultural systems, assessed the environmental impacts
of at least one of the specified agricultural practices, and provided
transparent methodological details and results. Conversely, we ex-
cluded studies that focused solely on conventional monoculture systems
without multifunctional components, lacked sufficient methodologi-
cal transparency for reproducibility, or were review papers without
original LCA findings. Furthermore, we excluded social LCA and con-
sequential LCA studies, since both methodologies do not use FUs in
the sense of classic attributional LCA (for social LCA see e.g. Manik
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Fig. 1. A detailed visualization of functional units used in the reviewed studies. The histogram on the right indicates the number of studies using each functional
unit. The number of studies in each unique combination of functional units is given at the bottom. E.g., there are 8 (1+1+1+2+3) studies including both “area”
and “mass (complete)” and 3 studies using only “area” and “mass (complete)”. This diagram was created using the Supervenn Python package (Indukaev, 2024).

et al. (2013), for consequential LCA see Beausang et al. (2020), Styles
et al. (2015) and Van Stappen et al. (2016)). We screened the initial
search results based on title and abstract relevance. Full-text reviews
were conducted for studies that met the inclusion criteria, and we
refined the selection based on methodological quality and alignment
with the research objectives. Additionally, we employed a snowballing
approach by reviewing references of selected papers to identify further
relevant studies. We analyzed a final dataset of 34 relevant studies
in detail to extract key findings related to methodological choices
in multifunctional agricultural systems, focusing on FU choice and
allocation method. For all 34 studies, the chosen FUs were analyzed
quantitatively as well as qualitatively.

2.2. Quantitative review findings

A quantitative analysis of the FUs revealed that with 27 of the 34
reviewed studies, the majority used at least one product-related FU,
i.e. mass, energy content or monetary value (revenue) of product. 23
of these used the complete product mass while 2 used the mass of a
specific component (e.g., nitrogen) and 5 used the calorific value (s. Fig.
1). Half of all studies only considered the product function. 15 studies
included area, 10 of which in addition to other functions. A monetary
FU was included in four studies with 2 of them using revenue and 2
using profit. 13 studies used more than one FU.

2.3. Product function

The product function was expressed mostly in terms of complete
product mass (including several studies that used dry mass). However,
when comparing production systems with slightly different products,
mass is often not the most accurate representation. Multiple studies
therefore utilized other physical properties of the products. Bernas et al.
(2021) used the total nitrogen content in the product as an FU (without
providing an explicit reason, presumably as a proxy for protein con-
tent). Chen et al. (2021) computed a nutritional yield indicator based
on the mass of certain nutrients and their respective recommended di-
etary reference intake. Energy crops were usually compared by calorific
value of the final product, e.g., biodiesel (Tabatabaie et al., 2018) or
methane (Peter et al., 2017). Energy-based FUs were also used to make
different crops in crop rotations comparable (Hokazono and Hayashi,

2015; Camara-Salim et al., 2021). When quality is a relevant criterion,
economic value can be used to unify the products while capturing their
differences. Cerutti et al. (2013) compared different apple cultivars,
so the product function of the two systems is slightly different by
nature. They do include fruit mass as one FU, but acknowledge that
it disregards quality differences (within as well as between cultivars).
Therefore, they complement mass with an economic value-based FU.
The authors argue that economic value “integrates product quantity
and quality in a single measure”, while also pointing out the method-
ological disadvantage of dependence on economic context. From the
economic perspective of the producer, however, the monetary value of
the product still is not exactly the relevant function, since it disregards
the costs. In their study on organic paddy rotation systems, Hokazono
and Hayashi (2015) observe that using a monetary FU rather than a
mass-based unit leads to a change in decision recommendation. This
is likely due to price differences between organic and conventional
cultivation. The authors implemented their monetary FU as “averaged
annual income”, which is approximately equivalent to the aforemen-
tioned monetary value of the produce. Fertilization with micronutrients
or coverage of orchards with hailnets are other examples of interven-
tions with the main purpose to improve the quality of the product
rather than the quantity. For example, hailnets may prevent cosmetic
damage, upgrading an apple from “juice grade” to “Grade A.” Using
an FU based on mass (or area as done by Boschiero et al. (2018))
would only capture the environmental cost of the intervention itself
(e.g. establishment of hailnets) while neglecting their benefits (e.g. re-
ducing hail damage and thus improving fruit quality and economic
value). For decision support this would not be helpful. Kégi et al.
(2008) include hailnets in their study on organic and integrated apple
production using area and mass-based FUs. While this makes sense
for a descriptive assessment, it would not give insight into whether
or not hailnets are beneficial for environmental-friendly production.
Overall, these findings align with statements from existing reviews,
that high complexity is introduced when decisions affect the stage of
perennial systems like fruit tree orchards (Bessou et al., 2013) or the
composition of crop rotations (Costa et al., 2020). In other cases, the
issue of multiple products is handled very differently. Chen et al. (2021)
looked at a winter wheat - summer maize rotation system and provided
the results separately for both cultures to avoid the complicated unifi-
cation of these different product functions altogether. Pascaris et al.
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(2021) assume that both systems considered in their study produce
exactly the same combination of products, thus providing a rare ex-
ample of a multi-component FU (“412,596 MWh and 7200 rabbits”).
As they compare integrated production with separate production of
their two products, they can satisfy this assumption by scaling the
separate production components accordingly. Wiloso et al. (2015) used
a multifunctional mass-based FU, namely “crude palm oil + palm
kernel oil + palm kernel cake”. In some cases, the issue of multiple
production functions was solved using allocation. Arzoumanidis et al.
(2019) used economic allocation to account for both honey production
and pollination service. Gonzalez-Garcia et al. (2023) and Morandini
et al. (2020) used economic allocation to separate grain from straw and
other crops in the crop rotation.

2.4. Other functions

In ten studies, the land management function was included via area-
based FUs in addition to the production function. Ding et al. (2023) use
area - time as an FU for the LCA part of their study, but embed it in a
multiobjective optimization. The objective function of this optimization
problem was composed of two environmental impact categories from
the lifecycle impact assessment plus four product objectives. This way,
the production function was not included as a quantitative reference
(calculating the eco-efficiency), but as a separate goal. This approach
acknowledges the area constraints of the Belgian region considered in
the study, while for scalable production systems, LCA has also been
integrated into multi-objective optimization with product-based FUs
(Kopton et al., 2023).

3. A stakeholder-based taxonomy of functions

Our quantitative and qualitative review findings (Sections 2.2-2.4)
demonstrate the significant diversity in how FUs are applied in multi-
functional agricultural LCAs. Studies variously employ mass, energy,
monetary value, or area, often combining them or using allocation
to solve for multiple products. This methodological variety is not
arbitrary; it highlights a fundamental challenge rooted in the fact that
agricultural systems are inherently multifunctional, serving different
purposes for different groups of people. While other industrial sectors
like clothing are also multifunctional (providing protection, fashion,
group identity, etc.), agriculture is uniquely complex due to its intrinsic
link to land use. This creates a direct tension between the produc-
tive, financial, and societal function, the last of which is often legally
mandated (e.g., via farm subsidies).

To structure this complexity, we propose a taxonomy that classifies
these functions according to the primary stakeholder perspective they
represent (see Fig. 2). This taxonomy was developed through a synthe-
sis of the practical examples identified in our targeted literature review
(Section 2) and broader theoretical considerations from LCA practice.
Our review of 34 studies provided the empirical basis, revealing the
range of FUs currently employed (e.g., mass, area, economic value).
We then structured this empirical evidence by mapping these FUs to the
different purposes and stakeholder interests they serve, drawing from
established concepts in agricultural and LCA science. This approach
allows us to classify the diverse functions based on the stakeholder
groups whose primary interests they reflect.

We identify three core stakeholder archetypes whose perspectives
give rise to three distinct categories of functions: the consumer, the
producer, and society at large (see Fig. 2). While these roles can overlap
in reality, distinguishing their primary interests helps to clarify the
purpose of an LCA and justify the choice of an FU.

From the perspective of the consumer, the principal function of
agriculture is the production of goods such as food, feed, fiber, or
fuel. This product function is the most traditionally recognized purpose
of farming. The most straightforward FU from this perspective is the
mass or volume of the final product (e.g., 1 kg of apples or 1 liter of
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milk). However, simple mass often fails to capture crucial differences
in product quality or composition. Consequently, more specific FUs are
sometimes used, such as the total energy content of biofuels, the mass
of specific nutrients like protein, or composite nutritional indicators.
For products where quality is paramount, such as different grades
of fruit, an economic value (e.g., 1€ of revenue) can be used as a
proxy to integrate both quantity and quality into a single metric, as
demonstrated in studies by Cerutti et al. (2013) and Hokazono and
Hayashi (2015).

For the producer acting as an economic agent, the primary function
of the agricultural enterprise is to generate income. While related to the
product function, the income function is distinct because it is concerned
with economic viability, not just physical output. From this viewpoint,
the most relevant function is the financial profitability of the operation.
This is best represented by FUs based on net economic returns, such as
gross profit or gross margin, which accounts for production costs. These
functional units are demonstrated in studies like Nemecek et al. (2015)
and Lago-Olveira et al. (2023). Using the total revenue or monetary
value of the product (as in the consumer perspective) is not strictly
a reflection of the producer perspective since it does not account for
the costs incurred by the producer to create it. While sharing certain
challenges and benefits, “financial” or “monetary” FUs can thus be used
to quantify two different functions, namely the value of the products
(product function) and the economic profitability of the farm (income
function).

Beyond providing products and income, society expects agriculture
to fulfill a range of other services related to its use of land. The
land management function captures the societal interest in maintain-
ing valued cultural landscapes, preserving soil fertility, and providing
ecosystem services. This perspective is particularly relevant in policy-
making and regional planning, such as in the EU’s Common Agricultural
Policy, which explicitly pays farmers for the provision of such public
goods. The function of managing land is most commonly quantified
using an area-based FU combined with a time dimension (e.g., “per
hectare and year”). This approach allows for the assessment of environ-
mental impacts relative to the land area occupied, making it suitable
for evaluating land-use efficiency and the provision of area-dependent
public goods.

3.1. Land sparing/land sharing

In addition to the representation of different stakeholder groups,
the choice of an FU reflects a fundamental tension in agricultural
policy that maps directly onto the long-standing land sparing versus
land sharing debate (Fischer et al., 2014). The land sparing model
aligns with the consumer and producer perspectives, which prioritize
the product function and income function, respectively. This view-
point argues for maximizing output through agricultural intensification
on the smallest possible land footprint, thereby “sparing” other land
for nature conservation. Consequently, comparative LCA studies using
product-based FUs (e.g., impact per kilogram of grain or per dollar
of profit) inherently favor intensive systems that are highly efficient
in converting inputs into a specific output. For example, Smith et al.
(2019) show for England and Wales that producing the same amount
of products in a more extensive way would drastically increase land
use and carbon footprint. Conversely, the land sharing model res-
onates with the societal perspective, emphasizing the land management
function. This approach advocates for more extensive farming systems
that integrate food production with the provision of other ecosystem
services, like biodiversity conservation, within the same agricultural
landscape. When an LCA employs an area-based FU (e.g., impact per
hectare per year), it naturally values systems with lower environmental
pressure on the land they occupy, thus favoring extensification.

Some authors (such as van der Werf et al. (2020)) and advocacy
groups (IFOAM, 2021) even directly advocate for deliberately choos-
ing LCA methods that produce favorable results for organic farming
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to promote their adoption. This highlights how FU selection can be
embedded in broader political goals, moving it from a purely technical
choice to a strategic one. All in all, the selection of an FU can prefigure
an LCA’s outcome within this debate, underscoring that the choice is a
value-laden decision rather than a purely objective one.

4. Criteria for evaluating functional units

To address the challenges identified in theory (Sections 1 and 3)
and practice (Section 2), a structured approach is needed. Based on
our analysis, we developed five criteria to guide the selection of an FU.
These criteria are synthesized from recurring methodological themes in
the LCA literature and the practical challenges observed in our review.
Some of these criteria were explicitly addressed in the methods sections
of individual reviewed LCA studies, while we inferred others that were
implicitly used to make certain FU choices. To our knowledge, crite-
ria like these have not been systematically compiled into a coherent
framework specifically for agricultural LCA.

The goal is not to find a single, universally “correct” FU, but to
select one that is most appropriate for a specific decision context, as
defined in the study’s goal and scope. We propose five criteria for
evaluating and justifying the choice of an FU: completeness, proportion-
ality, specificity, stability, and accessibility (see Table 1). These criteria
are designed to make the selection process more transparent and to
align the technical aspects of the LCA with the real-world needs of
decision-makers.

As a first criterion we propose Completeness. We consider an FU or
set of FUs complete if the perspectives of all key stakeholders relevant
to the study’s goal are included. An incomplete FU risks ignoring a
critical aspect of the system’s performance. For example, an assessment
for regional policy-making that uses only a mass-based FU (the con-
sumer perspective) would be incomplete because it ignores the societal
perspective on land management. On the other hand, when making
a management decision for an agricultural production system, using
only an area-based FU would disregard the perspective of the consumer
and the producer. If an LCA’s goal is explicitly limited to a single
stakeholder (e.g., a consumer-facing product declaration), a single FU
representing that perspective may be “complete” relative to that goal.
The criterion becomes crucial when a mismatch exists between the
stated goal and the broader decision-making context. As an example
of an FU that was explicitly designed for completeness, Wiloso et al.
(2015) used a multifunction FU (“crude palm oil + palm kernel oil +
palm kernel cake”) for the assessment of an oil palm system.

Proportionality as a second criterion describes whether the FU rep-
resents all included functions according to their relative importance

with respect to the decision. As such, Proportionality can be seen as
an extension to Completeness, but focuses on the relative weighting of
the included functions rather than their mere presence. An FU lacking
proportionality may treat different functions as equally important, even
when they are not. For example, for the consumer’s perspective on
wheat farming, using a mass-based FU of “1 kg total biomass” to
cover both grains and straw would be disproportionate, since consumers
value the edible grains far higher than the residual straw. Economic
FUs can improve proportionality by capturing quality differences, as
demonstrated by Cerutti et al. (2013) in their use of economic value to
account for different apple grades. A non-economic example would be
using a composite nutritional index (Chen et al., 2021), which is more
proportional to the “food function” than simple mass.

As a third criterion, we suggest Specificity. We consider an FU
lacking specificity if there are unrelated other decision options that
outperform the considered ones when using this FU. With unspecific
FUs, the results are very sensitive to the selection of decision options.
In contrast, specific FUs allow for more open decision questions. As an
example, using only unspecific profits as an FU for assessing different
agroforestry options would invite the comparison to completely differ-
ent ways of generating profits (e.g., manufacturing) which could have
lower environmental impacts per dollar than any kind of agroforestry
or even any kind or farming. The more specific FU “1 kg cocoa” would
allow for the more open decision framing “what is the most sustainable
way to produce cocoa?”. Another example for an unspecific FU would
be “per hectare and year” for a decision about different crop varieties,
since this FU would invite comparisons to non-agricultural land uses
(e.g., reforestation) that could have lower impacts per hectare than
any crop production. For this reason, Zaher et al. (2013) explicitly
limit the decision options to various levels of tillage for the same pro-
duction systems. A lack of specificity in the environmental assessment
of banking portfolios could lead to banks excluding the impact-heavy
agricultural sector altogether, instead of funding a transition towards
more environmentally sustainable farming practices.

A fourth criterion Stability describes how sensitive the LCA results
are to disturbances from outside the considered production system. For
example, area-based FUs can be considered stable as they are insensitive
to the growing or market conditions in a certain year. Mass-based FUs
can lead to the effect of the environmental footprint depending on
the yield and therefore weather conditions of a given season. This can
make LCA results (and thus decision recommendations) more dynamic.
Using monetary FUs makes the results contingent on the economic
context, which depends even more sensitively on time and geographical
location. If, e.g., the price of wheat is high in a given season, the impact
per dollar is low. While this volatility can be managed (e.g., using
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Table 1

Overview of the five criteria for evaluating functional units.
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Criterion Question it answers Favorable example Unfavorable example
Completeness Are all stakeholder Using both “per kg” Using only “per ha” to
perspectives relevant to and “per ha” for a assess a new Ccrop
the goal included? policy decision variety for farmers
(omits product
function)
Proportionality Does the FU reflect the Using nutritional index Using “kg of total

Specificity

relative value of the
included outputs?

Is the function precise
enough to avoid
irrelevant comparisons?

Stability Are results robust
against external (e.g.,
market, weather)
fluctuations?

Accessibility Is the result easy for

for different food crops.

“1 kg of cocoa”

“per hectare”
(insensitive to
yield/price)

“per kg of apples”

biomass” for wheat
(values 1 kg grain =

1 kg straw)

“1€ of profit” (invites
comparison to
non-agricultural sectors)
“per € of revenue”
(highly sensitive to
market prices)

“per unit of aggregated

the target audience to
understand?

nutritional yield”
(complex for
consumers)

multi-year averages), it represents a methodological burden and can
be unhelpful if the goal is to assess a system’s structural impacts,
not its performance in a specific year. Hokazono and Hayashi (2015)
acknowledged the instability of their FU by observing that using a
monetary FU instead of a mass-based FU changed the recommendation
for organic paddy systems due to price premiums, making the results
dependent on a specific economic context.

As a fifth criterion, we propose Accessibility to express how easily
the LCA results can be communicated to and considered by stake-
holders and decision-makers. If, e.g., the targeted decision-makers are
consumers in a supermarket, complex FUs like “total nitrogen con-
tent” (Bernas et al., 2021) or even “412,596 MWh and 7200 rab-
bits” (Pascaris et al., 2021) could confuse the decision-makers and thus
hinder the consideration of environmental impacts into the decision-
making process. Dianawati et al. (2023) use “kg of dark chocolate
bar” as an FU, which would be highly accessible even for consumers
unfamiliar with LCA methodology.

The application of these criteria is a process of navigating trade-
offs. Improving an FU on one criterion may weaken it on another
(e.g., a “nutritional index” is more proportional but less accessible
than “per kg”). Therefore, the optimal FU (or set of FUs) is the one
that strikes the most appropriate balance for a given decision context.
LCA practitioners should use these criteria to transparently justify
their choices, explicitly stating which aspects they chose to prioritize
and why, thereby strengthening the credibility and relevance of their
findings.

Handling these trade-offs becomes particularly challenging when
stakeholders disagree on the relative importance of the criteria. For
example, a producer (prioritizing the income function) may favor a
profit FU, while a policy-maker (societal view) may favor a per hectare
FU. Our framework does not resolve this conflict, but rather illuminates
it. By using the criteria, an LCA practitioner can (a) acknowledge
the conflict, (b) present results using multiple FUs (one for each key
stakeholder), and (c) transparently justify why one FU was chosen as
primary, based on the study’s specific goal. To further improve the
comparability of LCA results, we suggest that standardization bodies
explore the potential of the proposed criteria for harmonizing FU
definitions in future regulations and guidelines.

These five proposed criteria offer a structured framework for evalu-
ating the appropriateness of FUs in LCA-based decision support within
complex agricultural systems. Each criterion addresses a distinct yet
interconnected aspect of how FUs shape the relevance, robustness,
and communicability of LCA results for diverse stakeholders. By ap-
plying these criteria systematically, researchers and practitioners can

better align LCA methodology with the specific informational needs of
decision-makers, thus enhancing the credibility and utility of sustain-
ability assessments in agriculture.

5. Conclusion

This paper has argued that the persistent challenge of functional
unit selection in agricultural LCA stems from the inherent multifunc-
tionality of agricultural systems and the diverse perspectives of stake-
holders. Instead of seeking a single, universal solution, we have pro-
posed a conceptual framework to guide a more transparent and context-
specific selection process. Our primary contribution is a stakeholder-
based classification of functions (production, income, and land man-
agement) and a set of five criteria: completeness, proportionality, speci-
ficity, stability, and accessibility. This framework moves the discussion
beyond a simple technical choice to a structured, justifiable decision
that explicitly considers the goals of the assessment and the needs of
the decision-maker. The focused literature review serves to illustrate
the problem’s relevance, showing that while many studies grapple
with these choices, a systematic approach is lacking. Our framework
addresses this gap. By applying the proposed criteria, researchers and
practitioners can better navigate the trade-offs inherent in any FU
choice.

This analysis has focused on attributional LCA, where the FU is a
central methodological choice for normalization. A promising avenue
for future research is to explore how this framework can be adapted to
other industries (such as manufacturing or energy) to understand how
stakeholder perspectives relate to function definition in those sectors.
While the specific stakeholder archetypes (consumer, producer, society)
are tailored to agriculture’s land-based nature, the underlying principle
of linking function to stakeholder perspective is likely transferable.
However, other sectors would require a bespoke taxonomy of functions
and may face different challenges, such as defining the function of
intangible services. Further work could also explore the framework’s
applicability to consequential or social LCA.

Ultimately, the goal of comparative LCA in agriculture is to provide
credible, relevant, and accessible environmental impact information
to better support decisions. The credibility of LCA results depends
heavily on the justification of its core methodological choices. Our
conceptual framework provides the language and structure to build
this justification for FUs, enhancing the role of LCA as a trusted tool
for farmers, policymakers, and other stakeholders. For agricultural sci-
ence to effectively guide the transition towards sustainability, it needs
methodologies that are not only scientifically sound but also robustly
tailored to the complex realities of decision-making. We believe this
work is a significant step in that direction.



J. Kopton et al.
Funding

This work was partially funded by the Deutsche Forschungsgemein-
schaft, Germany (DFG, German Research Foundation) under Germany’s
Excellence Strategy: EXC 2070-390732324-PhenoRob. Open Access
funding enabled and organized by Projekt DEAL.

CRediT authorship contribution statement

Johannes Kopton: Writing — review & editing, Writing — origi-
nal draft, Visualization, Software, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization. Amelie Michalke: Writing
- review & editing, Resources, Methodology, Data curation, Conceptu-
alization. Katja Schiffers: Writing — review & editing, Data curation,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.cesys.2025.100389.

Data availability

No data was used for the research described in the article.

References

Arzoumanidis, I., Raggi, A., Petti, L., 2019. Life cycle assessment of honey: considering
the pollination service. Adm. Sci. 9 (1), 27.

Beausang, C., McDonnell, K., Murphy, F., 2020. Anaerobic digestion of poultry litter —
a consequential life cycle assessment. Sci. Total Environ. 735, 139494.

Bernas, J., Bernasovd, T., Kaul, H.-P., Wagentristl, H., Moitzi, G., Neugschwandt-
ner, RW., 2021. Sustainability estimation of oat:pea intercrops from the
agricultural life cycle assessment perspective. Agronomy 11 (12), 2433.

Bessou, C., Basset-Mens, C., Tran, T., Benoist, A., 2013. LCA applied to perennial
cropping systems: A review focused on the farm stage. Int. J. Life Cycle Assess. 18
(2), 340-361.

Bonnen, J.T., 1987. A century of science in agriculture: lessons for science policy. In:
Policy For Agricultural Research. CRC Press.

Borghino, N., Corson, M., Nitschelm, L., Wilfart, A., Fleuet, J., Moraine, M., Bre-
land, T.A., Lescoat, P., Godinot, O., 2021. Contribution of LCA to decision making:
A scenario analysis in territorial agricultural production systems. J. Environ. Manag.
287, 112288.

Boschiero, M., Casera, C., Keld14:0erer, M., 2018. Carbon footprint of innovative plastic
covers used as insect and pest control system in organic apple orchards. In: Eco-
fruit; Proceedings of the 18th International Conference on Organic Fruit-Growing
: from February 19th to February 21th, 2018. University of Hohenheim, Germany,
pp. 71-77.

Camara-Salim, I., Almeida-Garcia, F., Feijoo, G., Moreira, M.T., Gonzélez-Garcia, S.,
2021. Environmental consequences of wheat-based crop rotation in potato farming
systems in galicia, Spain. J. Environ. Manag. 287, 112351.

Cerutti, A.K., Bruun, S., Donno, D., Beccaro, G.L., Bounous, G., 2013. Environmental
sustainability of traditional foods: The case of ancient apple cultivars in northern
Italy assessed by multifunctional LCA. J. Clean. Prod. 52, 245-252.

Chen, X., Zhang, W., Wang, X., Liu, Y., Yu, B., Chen, X., Zou, C., 2021. Life cycle
assessment of a long-term multifunctional winter wheat-summer maize rotation
system on the north China plain under sustainable P management. Sci. Total
Environ. 783, 147039.

Commission, E., 2021. Commission recommendation (eu) 2021/2279 of 15 december
2021 on the use of the environmental footprint methods to measure and com-
municate the life cycle environmental performance of products and organisations
commission recommendation 32021h2279. EU Commission.

Costa, M.P., Chadwick, D., Saget, S., Rees, R.M., Williams, M., Styles, D., 2020.
Representing crop rotations in life cycle assessment: A review of legume LCA
studies. Int. J. Life Cycle Assess. 25 (10), 1942-1956.

Del Borghi, A., 2013. LCA and communication: environmental product declaration. Int.
J. Life Cycle Assess. 18 (2), 293-295.

Cleaner Environmental Systems 20 (2026) 100389

Dianawati, D., Indrasti, N.S., Ismayana, A., Yuliasih, I., Djatna, T., 2023. Carbon
footprint analysis of cocoa product Indonesia using life cycle assessment methods.
J. Ecol. Eng. 24 (7), 187-197.

Dijkman, T.J., Basset-Mens, C., Antdn, A., Ntfiez, M., 2018. LCA of food and agriculture.
In: Hauschild, M.Z., Rosenbaum, R.K., Olsen, S.I. (Eds.), Life Cycle Assessment:
Theory and Practice. Springer International Publishing, Cham, pp. 723-754.

Ding, T., Steubing, B., Achten, W.M.J., 2023. Coupling optimization with territorial
LCA to support agricultural land-use planning. J. Environ. Manag. 328, 116946.

Fan, J., Liu, C., Xie, J., Han, L., Zhang, C., Guo, D., Niu, J., Jin, H., McConkey, B.G.,
2022. Life cycle assessment on agricultural production: a mini review on method-
ology, application, and challenges. Int. J. Environ. Res. Public Health 19 (16),
9817.

Fischer, J., D.J., Abson, V., Butsic, M.J., Chappell, J., Ekroos, J., Hanspach, T., Kuem-
merle, H.G., Smith, von Wehrden, H., 2014. Land sparing versus land sharing:
moving forward. Conserv. Lett. 7 (3), 149-157.

Gonzélez-Garcia, S., Almeida, F., Branddo, M., 2023. Do carbon footprint estimates
depend on the LCA modelling approach adopted? a case study of bread wheat
grown in a crop-rotation system. Sustainability 15 (6), 4941.

Hoenen, S., Kolympiris, C., Wubben, E., Omta, O., 2018. Technology transfer in agricul-
ture: the case of Wageningen university. In: Kalaitzandonakes, N., Carayannis, E.G.,
Grigoroudis, E., Rozakis, S. (Eds.), From Agriscience to Agribusiness: Theories,
Policies and Practices in Technology Transfer and Commercialization. Springer
International Publishing, Cham, pp. 257-276.

Hokazono, S., Hayashi, K., 2015. Life cycle assessment of organic paddy rotation
systems using land- and product-based indicators: A case study in Japan. Int. J.
Life Cycle Assess. 20 (8), 1061-1075.

IFOAM, O. E., 2021. IFOAM Organic Europe’s position paper on substantiating claims
& the Product Environmental Footprint (PEF). Technical Report.

Indukaev, F., 2024. Gecko984/supervenn: V0.50. zenodo.

International Organization for Standardization, 2006. ISO 14044:2006 Environmental
Management — Life Cycle Assessment — Requirements and Guidelines. Technical
Report.

Jabed, M.A., Murad, M.A. A., 2024. Crop yield prediction in agriculture: a comprehen-
sive review of machine learning and deep learning approaches, with insights for
future research and sustainability. Heliyon 10 (24).

Joint Research Centre - Institute for Environment and Sustainabilit and European
Commision, 2010. International Reference Life Cycle Data System (ILCD) Handbook
- General Guide for Life Cycle Assessment - Detailed Guidance. Publications Office,
LU.

Kagi, T., Casado, D., Delval, P., Gaillard, G., Otto, S., Strassemeyer, J., 2008. Life cycle
assessment of integrated and organic apple production systems in Europe. In: 6th
International Conference on Life Cycle Assessment in the Agri-Food Sector. Zurich,
Switzerland, pp. 95-96.

Kalverkamp, M., Karbe, N., 2019. Comparability of life cycle assessments: modelling
and analyzing LCA using different databases. In: Pehlken, A., Kalverkamp, M., Witt-
stock, R. (Eds.), Cascade Use in Technologies 2018. Springer, Berlin, Heidelberg,
pp. 51-63.

Kopton, J., de Bruin, S., Schulz, D., Luedeling, E., 2025. Combining spatio-temporal pest
risk prediction and decision theory to improve pest management in smallholder
agriculture. Comput. Electron. Agric. 236, 110426.

Kopton, J., Rihko-Struckmann, L.K., Konig-Mattern, L., Sundmacher, K., 2023. Su-
perstructure optimization of a microalgal biorefinery design with life cycle
assessment-based and economic objectives. Biofuels Bioprod. Biorefining 17 (6),
1515-1527.

Lago-Olveira, S., Rebolledo-Leiva, R., Garofalo, P., Moreira, M.T., Gonzalez-Garcia, S.,
2023. Environmental and economic benefits of wheat and chickpea crop rotation
in the mediterranean region of Apulia (Italy). Sci. Total Environ. 896, 165124.

Laurent, A., Weidema, B.P., Bare, J., Liao, X., Maia de Souza, D., Pizzol, M., Sala, S.,
Schreiber, H., Thonemann, N., Verones, F., 2020. Methodological review and
detailed guidance for the life cycle interpretation phase. J. Ind. Ecol. 24 (5),
986-1003.

Liman Harou, I., Whitney, C., Kung’u, J., Luedeling, E., 2021. Crop modelling in data-
poor environments — a knowledge-informed probabilistic approach to appreciate
risks and uncertainties in flood-based farming systems. Agricult. Sys. 187, 103014.

Luedeling, E., Shepherd, K., 2016. Decision-focused agricultural research. Solutions 7
(5), 46-54.

Lulovicova, A., Bouissou, S., 2024. Life cycle assessment as a prospective tool for
sustainable agriculture and food planning at a local level. Geogr. Sustain. 5 (2),
251-264.

Luu, T.T.G., Luedeling, E., Biber-Freudenberger, L., Whitney, C., 2024. How to bridge
the last mile in agro-climate service adoption? the importance of farmers’ needs,
attitudes and interpersonal relations in understanding impact pathways. Environ.
Dev. Sustain..

Manik, Y., Leahy, J., Halog, A., 2013. Social life cycle assessment of palm oil biodiesel:
A case study in jambi province of Indonesia.. Int. J. Life Cycle Assess. 18 (7),
1386-1392.

Morandini, N.P., Petroudi, E.R., Mobasser, H.R., Dastan, S., 2020. Life cycle assessment
of crop rotation systems on rice cultivars in Northern Iran. Int. J. Plant Prod. 14
(3), 531-548.


https://doi.org/10.1016/j.cesys.2025.100389
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb1
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb1
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb1
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb2
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb2
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb2
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb3
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb3
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb3
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb3
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb3
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb4
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb4
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb4
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb4
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb4
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb5
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb5
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb5
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb6
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb6
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb6
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb6
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb6
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb6
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb6
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb7
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb8
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb8
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb8
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb8
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb8
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb9
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb9
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb9
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb9
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb9
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb10
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb10
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb10
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb10
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb10
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb10
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb10
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb11
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb11
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb11
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb11
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb11
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb11
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb11
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb12
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb12
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb12
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb12
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb12
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb13
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb13
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb13
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb14
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb14
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb14
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb14
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb14
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb15
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb15
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb15
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb15
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb15
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb16
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb16
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb16
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb17
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb17
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb17
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb17
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb17
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb17
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb17
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb18
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb18
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb18
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb18
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb18
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb19
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb19
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb19
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb19
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb19
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb20
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb21
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb21
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb21
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb21
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb21
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb22
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb22
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb22
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb23
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb24
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb24
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb24
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb24
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb24
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb25
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb25
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb25
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb25
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb25
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb26
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb26
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb26
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb26
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb26
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb26
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb26
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb27
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb27
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb27
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb27
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb27
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb27
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb27
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb28
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb28
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb28
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb28
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb28
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb28
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb28
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb29
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb29
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb29
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb29
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb29
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb30
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb30
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb30
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb30
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb30
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb30
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb30
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb31
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb31
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb31
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb31
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb31
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb32
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb32
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb32
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb32
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb32
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb32
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb32
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb33
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb33
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb33
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb33
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb33
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb34
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb34
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb34
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb35
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb35
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb35
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb35
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb35
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb36
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb36
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb36
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb36
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb36
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb36
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb36
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb37
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb37
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb37
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb37
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb37
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb38
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb38
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb38
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb38
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb38

J. Kopton et al.

Nemecek, T., Hayer, F., Bonnin, E., Carrouée, B., Schneider, A., Vivier, C., 2015. De-
signing eco-efficient crop rotations using life cycle assessment of crop combinations.
Eur. J. Agron. 65, 40-51.

Nemecek, T., Huguenin-Elie, O., Dubois, D., Gaillard, G., 2005. Okobilanzierung von An-
bausystemen Im Schweizerischen Acker-und Futterbau. Agroscope FAL Reckenholz
Ziirich, Schriftenreihe der FAL..

Notarnicola, B., Sala, S., Anton, A., McLaren, S.J., Saouter, E., Sonesson, U., 2017. The
role of life cycle assessment in supporting sustainable agri-food systems: A review
of the challenges. J. Clean. Prod. 140, 399-409.

Page, M.J., McKenzie, J.E., Bossuyt, P.M., Boutron, 1., Hoffmann, T.C., Mulrow, C.D.,
Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E., Chou, R., Glanville, J.,
Grimshaw, J.M., Hrébjartsson, A., Lalu, M.M., Li, T., Loder, E.W., Mayo-
Wilson, E., McDonald, S., McGuinness, L.A., Stewart, L.A., Thomas, J., Tricco, A.C.,
Welch, V.A., Whiting, P., Moher, D., 2021. The PRISMA 2020 statement: An
updated guideline for reporting systematic reviews. BMJ 372, n71.

Pascaris, A.S., Handler, R., Schelly, C., Pearce, J.M., 2021. Life cycle assessment of
pasture-based agrivoltaic systems: emissions and energy use of integrated rabbit
production. Clean. Responsible Consum. 3, 100030.

Paull, J., 2019. The pioneers of biodynamics in great britain: from anthroposophic
farming to organic agriculture (1924-1940). J. Environ. Prot. Sustain. Dev. 5 (4),
138-145.

Pérez, R., Argiielles, F., Laca, A., Laca, A., 2024. Evidencing the importance of the
functional unit in comparative life cycle assessment of organic berry crops. Environ.
Sci. Pollut. Res. 31 (14), 22055-22072.

Peter, C., Specka, X., Aurbacher, J., Kornatz, P., Herrmann, C., Heiermann, M.,
Miiller, J., Nendel, C., 2017. The mila tool: modeling greenhouse gas emissions
and cumulative energy demand of energy crop cultivation in rotation. Agricult.
Sys. 152, 67-79.

Purnhagen, K.P., Clemens, S., Eriksson, D., Fresco, L.O., Tosun, J., Qaim, M.,
Visser, R.G.F., Weber, A.P. M., Wesseler, J.H.H., Zilberman, D., 2021. Europe’s
farm to fork strategy and its commitment to Biotechnology and organic farming:
conflicting or complementary goals?. Trends Plant Sci. 26 (6), 600-606.

Ross, S.A., Topp, C.F.E., Ennos, R.A., Chagunda, M.G.G., 2017. Relative emissions
intensity of dairy production systems: Employing different functional units in
life-cycle assessment. Animal 11 (8), 1381-1388.

RoBmann, M., Stratmann, M., Rotzer, N., Schéfer, P., Schmidt, M., 2021. Comparability
of lcas — review and discussion of the application purpose. In: Albrecht, S.,
Fischer, M., Leistner, P., Schebek, L. (Eds.), Progress in Life Cycle Assessment 2019.
Springer International Publishing, Cham, pp. 213-225.

Cleaner Environmental Systems 20 (2026) 100389

Sala, S., L.V., De, E., Sanye M., 2023. Food consumption and waste: Environmental
impacts from a supply chain perspective.

Salou, T., Le Mouél, C., van der Werf, H.M.G., 2017. Environmental impacts of dairy
system intensification: The functional unit matters!. J. Clean. Prod. 140, 445-454.

Schaubroeck, T., 2023. Relevance of attributional and consequential life cycle
assessment for society and decision support. Front. Sustain. 4.

Smith, L.G., Kirk, G.J.D., Jones, P.J., Williams, A.G., 2019. The greenhouse gas impacts
of converting food production in England and Wales to organic methods. Nat.
Commun. 10 (1), 4641.

Styles, D., Gibbons, J., Williams, A.P., Dauber, J., Stichnothe, H., Urban, B., Chad-
wick, D.R., Jones, D.L., 2015. Consequential life cycle assessment of biogas, biofuel
and biomass energy options within an arable crop rotation. GCB Bioenergy 7 (6),
1305-1320.

Tabatabaie, S.M.H., Tahami, H., Murthy, G.S., 2018. A regional life cycle assessment
and economic analysis of camelina biodiesel production in the Pacific northwestern
US. J. Clean. Prod. 172, 2389-2400.

Thoma, G., Tichenor Blackstone, N., Nemecek, T., Jolliet, O., 2022. 3 - life cycle
assessment of food systems and diets. In: Peters, C., Thilmany, D. (Eds.), Food
Systems Modelling. Academic Press, pp. 37-62.

van der Werf, H.M.G., Knudsen, M.T., Cederberg, C., 2020. Towards better repre-
sentation of organic agriculture in life cycle assessment. Nat. Sustain. 3 (6),
419-425.

Van Stappen, F., Mathot, M., Decruyenaere, V., Loriers, A., Delcour, A., Planchon, V.,
Goffart, J.-P., Stilmant, D., 2016. Consequential environmental life cycle assessment
of a farm-scale biogas plant. J. Environ. Manag. 175, 20-32.

Verhoog, H., Lammerts Van Bueren, E.T., Matze, M., Baars, T., 2007. The value of
‘naturalness’ in organic agriculture. NJAS 54 (4), 333-345.

Wiloso, E.I., Bessou, C., Heijungs, R., 2015. Methodological numbers in comparative life
cycle assessment: Treatment options for empty fruit bunches in a palm oil system.
Int. J. Life Cycle Assess. 20 (2), 204-216.

Zaher, U., Stockle, C., Painter, K., Higgins, S., 2013. Life cycle assessment of the
potential carbon credit from no- and reduced-tillage winter wheat-based cropping
systems in Eastern Washington State. Agricult. Sys. 122, 73-78.


http://refhub.elsevier.com/S2666-7894(25)00135-7/sb39
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb39
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb39
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb39
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb39
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb40
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb40
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb40
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb40
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb40
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb41
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb41
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb41
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb41
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb41
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb42
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb43
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb43
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb43
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb43
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb43
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb44
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb44
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb44
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb44
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb44
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb45
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb45
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb45
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb45
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb45
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb46
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb46
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb46
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb46
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb46
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb46
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb46
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb47
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb47
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb47
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb47
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb47
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb47
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb47
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb48
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb48
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb48
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb48
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb48
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb49
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb49
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb49
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb49
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb49
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb49
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb49
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb50
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb50
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb50
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb51
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb51
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb51
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb52
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb52
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb52
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb53
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb53
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb53
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb53
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb53
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb54
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb54
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb54
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb54
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb54
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb54
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb54
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb55
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb55
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb55
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb55
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb55
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb56
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb56
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb56
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb56
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb56
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb57
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb57
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb57
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb57
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb57
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb58
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb58
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb58
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb58
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb58
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb59
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb59
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb59
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb60
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb60
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb60
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb60
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb60
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb61
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb61
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb61
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb61
http://refhub.elsevier.com/S2666-7894(25)00135-7/sb61

	How to choose the functional unit for agricultural LCA? A stakeholder-centered conceptual framework
	Introduction
	Function and functional unit
	Comparative LCA and Decision Support

	The State of Practice: A Targeted Review of Functional Unit Application
	Review Methodology
	Quantitative Review Findings
	Product function
	Other functions

	A Stakeholder-Based Taxonomy of Functions
	Land sparing/land sharing

	Criteria for evaluating functional units
	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A. Supplementary data
	Data availability
	References


