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Abstract
Purpose This paper presents an improved methodological approach for studying life cycle impacts (especially global warming) from
changes in crop production practices. The paper seeks to improve the quantitative assessment via better tools and it seeks to break down
results in categories that are logically separate and thereby easy to explain to farmers and other relevant stakeholder groups. The
methodological framework is illustrated by a concrete study of a phosphate inoculant introduced in US corn production.
Methods The framework considers a shift from an initial agricultural practice (reference system) to an alternative practice
(alternative system) on an area of cropland A. To ensure system equivalence (same functional output), the alternative system
is expanded with displaced or induced crop production elsewhere to level out potential changes in crop output from the area A.
Upstream effects are analyzed in terms of changes in agricultural inputs to the area A. The yield effect is quantified by assessing
the impacts from changes in crop production elsewhere. The field effect from potential changes in direct emissions from the field
is quantified via biogeochemical modeling. Downstream effects are assessed as impacts from potential changes in post-harvest
treatment, e.g., changes in drying requirements (if crop moisture changes).
Results and discussion An inoculant with the soil fungus Penicillium bilaiae has been shown to increase corn yields in Minnesota by
0.44 Mg ha−1 (~ 4%). For global warming, the upstream effect (inoculant production) was 0.4 kg CO2e per hectare treated. The field
effect (estimated via the biogeochemical model DayCent) was − 250 kg CO2e ha

−1 (increased soil carbon and reduced N2O emissions)
and the yield effect (estimated by simple system expansion) was − 140 kg CO2e ha

−1 (corn production displaced elsewhere). There
were no downstream effects. The total change per Mg dried corn produced was − 36 kg CO2e corresponding to a 14% decrease in
global warming impacts. Combining more advanced methods indicates that results may vary from − 27 to − 40 kg CO2e per Mg corn.
Conclusion and recommendations The present paper illustrates how environmental impacts from changes in agricultural prac-
tices can be logically categorized according to where in the life cycle they occur. The paper also illustrates how changes in
emissions directly from the field (the field effect) can be assessed by biogeochemical modeling, thereby improving life cycle
inventory modeling and addressing concerns in the literature. It is recommended to use the presented approach in any LCA of
changes in agricultural practices.
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1 Introduction

As the world population continues to expand, along with its
demands for feed, food, fuel, and fiber, the necessity in
achieving sustainable agricultural production is of urgent con-
cern. To do so, several agricultural practices and concepts
have been introduced, e.g. organic farming (Rigby and
Cáceres, 2001), sustainable intensification (Pretty 1997), no/
low tilling (Tebrügge and Düring, 1999), and precision agri-
culture (Bongiovanni and Lowenberg-DeBoer 2004).
Potentially, changes in agricultural practices can lead to
trade-offs (burden shifting) as well as “upstream effects”
(e.g., due to changes in the use of agricultural inputs such as
seeds, fertilizers, pesticides, etc.). Life cycle assessment
(LCA) is the obvious choice of methodology to study the
environmental implications of such effects. However, the
LCA literature contains surprisingly little guidance on how
to systematically and consistently evaluate the change in en-
vironmental impacts of crop production following from a
change in agricultural practices.

Brentrup et al. (2004) presented an extended version of the
general LCA approach to assess the environmental impacts of
crop production. This allowed for a better characterization of
the environmental impacts from different agricultural “stand-
alone systems” but the methodology did not focus on the
change in environmental impacts from a shift from one agri-
cultural practice to another.

Caffrey and Veal (2013) discussed various challenges and
perspectives in agricultural LCA at a generic level but did not
give detailed guidance to the LCA practitioner.

Meier et al. (2015) reviewed 34 studies comparing organic
and conventional farming based on LCA. The authors pointed
out several challenges relating to data as well as methods and
called for a better differentiation between nitrogen fluxes in
different agricultural systems as well as the use of consequential
LCA (including system expansion) to account for differences in
analyzed farming systems. This need for improved methodolo-
gy to assess nutrient flows and soil carbon dynamics in agricul-
tural LCAs was also highlighted by Goglio et al. (2015).

Jiang et al. (2014) discussed the use of biogeochemical
models for informing LCA of energy crops but did not con-
sider changes in management practices and their potential im-
pact on production elsewhere.

Numerous case studies compare agricultural practices by
use of LCA (e.g., Keyes et al. 2015, Goossens et al. 2017,
Houshyar and Grundmann 2017, Tricase et al. 2018). The
common approach is to divide environmental impacts related
to a fixed area of cropland by the yield of that land—thereby
allowing for comparison across practices based on the same
functional unit. While this approach is intuitive, it fails to
capture potential changes elsewhere driven by a potential
change in output (yield) from the cropland studied. This fur-
ther supports the need for methodological guidance.

The purpose of consequential LCA is to estimate the envi-
ronmental consequences of a specific change (Weidema
2003), e.g., a change in crop demand or a change in cropping
systems. This may involve changes in agricultural inputs,
changes in soil nutrient flows, and changes in crop yields. If
crop yields are changed, while there are no changes in de-
mand, the change in crop supply will in turn affect production
elsewhere (to balance out the change in crop supply). This
must be considered in consequential LCA.

The tools and concepts to assess changes in environ-
mental impacts from changes in agricultural practices are
already available but broadly applicable guidelines for
their combined and consistent use in LCA have been lack-
ing. The purpose of this paper is to demonstrate how con-
cepts such as system equivalence, biogeochemical model-
ing, system expansion and/or modeling of indirect land use
change (ILUC) can be combined to assess the environmen-
tal impacts from changes in agricultural practices and,
thereby, relative changes in environmental impacts from
the crops grown in the analyzed cropping systems. The
main focus will be on global warming impacts. The pur-
pose is also to categorize changes in impacts according to
where they occur. The paper describes a generic approach
and illustrates options at different levels of sophistication
to derive LCA results. The paper seeks to give detailed
guidance on how to use results from biogeochemical
models and ILUC models in agricultural LCA but it is
beyond the scope of the paper to also give detailed guid-
ance on how to run such supporting models. Finally, the
use of the suggested approach is exemplified with a novel
case study of a phosphate-solubilizing microbial inoculant
introduced in US corn production.

2 Methods

The methodological description takes its point of depar-
ture in an area of cropland (A) to which a change is
introduced. From here, this change will be referred to
as the alternative agricultural practice or just the alterna-
tive practice. To analyze the consequences of introducing
an alternative practice, a reference system is defined. The
reference system is the area A with the functional output
Q (quantity of crop). The alternative system (with the
alternative practice introduced on the area A) must pro-
vide the same functional output to allow for direct com-
parison to the reference system (the principle of system
equivalence; Hauschild et al. 2018). When this has been
ensured, the impacts from introducing the alternative
practice can be quantified by analyzing the differences
between the reference system and the alternative system.

To illustrate how different aspects of the alternative prac-
tice (e.g., change in inputs, change in field emissions, and
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change in yield) influence the environmental impacts from
producing a certain quantity of crop (Q), the change in impacts
is divided into four categories (upstream, field, yield, and
downstream), which will be discussed in the subsequent sec-
tions. The change resulting from a shift in agricultural practice
within each category is defined as an “effect.” Note that each
of the four effects cover all impact categories considered and
thereby can have multiple dimensions. Some of the effects
may be assessed in different ways with different methodolog-
ical sophistication. The paper introduces an overview of such
published methods to provide the reader with different choices
and to allow for sensitivity analyses to test the influence of
these choices.

Figure 1 illustrates the reference system and the alter-
native system. The area A (the field) receives agricultural
inputs such as fertilizers and pesticides. Agricultural in-
puts also cover fuel and machinery for field work (sow-
ing, harvesting, etc.). These inputs are associated with
upstream life cycle impacts, i.e., emissions and resource
use taking place prior to crop cultivation on the field. Fuel
combustion during field work is the exception as that
takes place during cultivation but is counted as an up-
stream impact because it is related to the fuel produced
off the field (i.e., fuel production and combustion is

counted in the same category). Fuel combustion is rele-
vant because different agricultural practices may require
different levels of field work and therefore different quan-
tities of fuel.

As shown in Fig. 1, there are also direct emissions from the
field. These include (but are not limited to) carbon dioxide
(CO2) from changes in soil organic carbon (SOC), nitrous
oxide (N2O) from microbial soil processes as well as nitrate
(NO3

−) leaching to the aquatic environment. After harvest, the
fresh crop may need to go through post-harvest treatment
(e.g., drying to meet moisture specifications) before it is ready
for sale as an agricultural commodity (referred to as crops to
market in Fig. 1). In case the alternative agricultural practice
results in a yield change, it is necessary to consider the impact
on crop production elsewhere (system expansion) as illustrat-
ed in Fig. 1 (represented by crop cultivation on the area B). As
mentioned above, the environmental consequences of intro-
ducing the alternative agricultural practice can be divided into
four different effects, which will be discussed in detail in the
following sections. One of these effects (the field effect) needs
special attention if the alternative agricultural practice is ap-
plied to a crop, which is grown in rotation with another crop.
This special case has been discussed in Sect. S1 of the
Electronic Supplementary Material item 1 (ESM 1).

Fig. 1 Illustration of the reference
system and the alternative system
producing the same functional
output (Q) with different
environmental impacts. The index
sys refers to either the reference
system (ref) or the alternative
system (alt). Agricultural inputs
represent upstream life cycle
impacts, field emissions represent
impacts stemming directly from
the field, system expansion
represents impacts “elsewhere,”
and post-harvest treatment repre-
sents downstream life cycle
impacts
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2.1 Upstream effects

The shift in agricultural practice may involve a change in
agricultural inputs (fertilizer, pesticides, etc.) to the area A.
For instance, if shifting from conventional tilling to a no-till
practice, there is a reduced need for fuel (for tilling). The
environmental impacts from changes in agricultural inputs to
the area A will be referred to as upstream effects.

The upstream effects are simply characterized by summing
up the difference in impacts from the agricultural inputs used
on the area A in the reference system and the alternative sys-
tem. This can be expressed as described in Eq. 1.

Eup; j ¼ ∑n
i¼1 mi;alt−mi;ref

� �
: I i; j ð1Þ

where

– Eup, j is the upstream effect for impact category j
– mi, alt is the quantity of agricultural input i to the area A in

the alternative system
– mi, ref is the quantity of agricultural input i to the area A in

the reference system
– Ii, j is the life cycle impact for the impact category j for

one unit of the input i
– n is the total number of agricultural inputs

2.2 The field effect

Field emissions from the area A (cf. Fig. 1) are likely to change
when an alternative agricultural practice is introduced. This can
happen for several reasons. If there are changes in the amount or
type of fertilizers applied or if the crop yield is affected, the
nutrient flows in the field will be impacted. Changes in yield
can also impact emissions related to crop residues as well as soil
organic carbon (SOC), e.g., due to larger crop roots. The impacts
from changes in field emissions from the area A will be referred
to as the field effect. Note that this effect covers emissions (incl.
nutrient losses to the aquatic environment) associated with soil
processes only. Hence, indirect emissions of N2O following from
leaching and volatilization of N should also be included (aggre-
gated default values of respectively 1.1% and 1.0% suggested by
IPCC 2019) but emissions from field work (e.g., life cycle im-
pacts from fuel production and use) are considered part of the
upstream impacts (cf. explanation in the beginning of Sect. 2).
Note also that the field effect relates only to the area A (i.e., the
areawhere the change in agricultural practice occurs). Field emis-
sions from the area B are considered part of the yield effect (see
separate section). This distinction has been made to allow
farmers and other agricultural stakeholders to separate effects
taking place “on site” (where the new agricultural practice is
introduced) and effects taking place elsewhere (“off site”).

The assessment of the field effect requires establishment of
consistent life cycle inventories for different agricultural prac-
tices. As pointed out by Meier et al. (2015), this can be chal-
lenging. It is therefore recommended to apply biogeochemical
models such as Century (Paustian et al. 1992), DayCent (Del
Grosso et al. 2001), or DNDC (Li et al. 1992). Biogeochemical
models (sometimes also referred to as soil-crop models) are
designed to characterize nutrient flows in cropping systems as
well as the impact of management changes on nutrient cycling
and productivity in these systems. Hence, they are useful in the
assessment of the field effect. Goglio et al. (2018) indicates that
biogeochemical models, in comparison to simpler empirical
equations, are particularly helpful in deriving reliable results
for N2O emissions from cropping systems, thereby addressing
some of the concerns mentioned in the introduction, e.g., those
raised by Meier et al. (2015). The substances that should be
accounted for as field emissions depend on the considered im-
pact categories. N2O and CO2 from SOC changes will typically
be themost important for global warmingwhereas leaching and
run-off of N and P will be important for nutrient enrichment.
For these substances, biogeochemical models are very practical.
Meanwhile, biogeochemical models also have limitations in
terms of scope and assessment capabilities. Hence, issues such
as leaching of heavy metals and active ingredients in pesticides
may need to be modeled separately (if relevant for the impact
categories considered in a specific LCA study).

Once a biogeochemical model has been set up to simulate
the soil processes on the area A in the reference system and the
alternative system, field emissions from the two systems can
be estimated (cf. Fig. 1). This is done by simulating produc-
tion of the relevant crop over a modeling period long enough
to determine representative average emissions, usually a few
decades. On this basis, the field effect can be quantified by use
of Eq. 2.

Efield; j ¼ ∑m
i¼1 ei;alt−ei;ref

� �
: Pi; j ð2Þ

where

– Efield, j is the field effect for impact category j
– ei, alt is the quantity of field emission i from the area A in

the alternative system1

– ei, ref is the quantity of field emission i from the area A in
the reference system1

– Pi, j is the specific characterization factor for the impact
category j for one unit of the field emission ei

– m is the total number of different field emissions

While biogeochemical models can be used to estimate an-
nual, average field emissions from the area A (which can then
be inserted in Eq. 2), one specific output requires special

1 Special conditions apply to CO2 from changes in SOC (see Sects. 2.2.1 and
2.2.2)
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attention, namely CO2 emissions derived from changes in
SOC. These CO2 emissions are different from other GHG
emissions from the field because they are governed by long-
term changes in soil carbon stock. Hence, they must be treated
different than, for example, annual emissions of N2O stem-
ming from the addition of nitrogen to the field. First, a change
in SOC must be converted to a corresponding amount of CO2

by use of stoichiometry, i.e., 1 kg of C corresponds to − 44/
12 kg CO2. The negative sign indicates that a positive change
in SOC (carbon sequestration) corresponds to a negative CO2

emission (binding of carbon from the atmosphere). Secondly,
it must be considered how to assign an appropriate amount of
SOC-related CO2 emissions to the output from the area A.
This is challenging because SOC levels adjust slowly to
changes in practices (moving towards an equilibrium state,
which matches inputs and outputs of carbon). Hence, esti-
mates of SOC changes will depend on the time perspective
applied creating the need for a well-considered approach to
time accounting. Currently, there is no well-defined procedure
for how to account for SOC changes in LCA (Goglio et al.
2015) but the following sections outlines two approaches that
have both previously been used in the literature. The methods
will be presented with an increasing level of sophistication.

2.2.1 SOC modeling: 20-year annualization

One option to account for SOC-related CO2 emissions from
the area A is to calculate an annual average based on the first
20 years of the modeling period applied in the biogeochemical
modeling. Specifically, eCO2, alt in Eq. 2 then becomes the
change in SOC in the alternative system during the first
20 years multiplied by − 44/12 kg CO2 per kg C and divided
by 20. The same approach is applied to determine eCO2, ref in
Eq. 2.

While the 20-year annualization approach builds on an
arbitrary period, there is some precedence for its use. It has
been applied in the life cycle GHG accounting method in the
European Renewable Energy Directive (EC 2009) and in
LCA studies by Knudsen et al. (2010) and Hamelin et al.
(2012). Note that a different choice of annualization period
would yield substantially different results. A 100-year period
could reduce the result by a factor of 5 and a 1-year period
could increase the result by a factor of 20.

If the 20-year annualization approach is applied, it is im-
portant to interpret the SOC results from the biogeochemical
modeling carefully. Due to their intended complexity in
representing SOC dynamics, these models are able to estimate
the inter-annual changes in SOC and crop carbon inputs as
influenced by year to year climate variability that can some-
times be difficult to detect in measurements. Hence, there can
be a need to smooth out the yearly SOC changes over time to
derive an appropriate 20-year trend in SOC change. There are
several options for doing that. One of them is described by

VandenBygaart et al. (2008) where they fit the output from the
CENTURY model to a first-order exponential equation.

2.2.2 SOC modeling: time-independent approach

Another option to account for SOC-related CO2 emissions has
been described by Petersen et al. (2013). This approach does
not rely on an arbitrary time horizon (annualization period)
and will therefore be referred to as the time-independent ap-
proach or just time-independent approach (TIA). The time-
independent approach is based on the change in radiative
forcing related to a single event with impact on SOC. In the
present paper, such an event would be the introduction of a
new agricultural practice during one growth cycle for a crop
grown on the area A. This “one-time intervention” would im-
pact the subsequent development of SOC because a change in
SOC in 1 year provides a different starting point for subse-
quent years. The alternative temporal development in SOC
can be compared to the temporal development in the reference
system (the “baseline”). By conversion of the differences in
SOC into radiative forcing, the global warming potential
(GWP) can be determined for any given accounting period.
This approach is easier to reason scientifically than the more
arbitrary annualization approach but may also be more chal-
lenging to apply.

The aim is to derive a value, which represents
(eCO2;alt−eCO2;ref ) in Eq. 2. To do this, a biogeochemical
model can be set up to characterize a single year of the alter-
native agricultural practice followed by 99 years of the previ-
ous practice. As a reference (baseline), 100 years of the initial
practice (i.e. the practice applied in the reference system) is
also modeled. This procedure will allow for the tracking of the
differences in SOC (year-by-year) between the alternative sys-
tem and the reference system over the full accounting period
(100 years if GWP100 is used as the global warming metric).
To derive representative results, this curve (difference in SOC
over time) should be smoothed out by use of an exponential fit
function. This gives a generalized picture of the difference in
SOC between the two systems in each year of the accounting
period. Hence, the difference in CO2 emissions can be calcu-
lated for each year (stoichiometric conversion). The difference
in CO2 emissions in a given year is then multiplied with a
characterization factor, which assigns a certain weight to the
emission. This is based on CO2’s atmospheric decay function
and the timing of the emission in the accounting period as
described by Petersen et al. (2013) and further elaborated by
Schmidt and Brandão, (2013, Sect. 3.1). The emission in year
one will have a characterization factor of 1 while characteri-
zation factors for the end of the accounting periodwill be close
to zero (because a late emission will have little impact within
the accounting period). The time dependent characterization
factors are available in Sect. S2 of ESM 1. The difference in
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CO2 emissions for each year is multiplied with the corre-
sponding time dependent characterization factor and results
for all years are summed up to provide an estimate of
(eCO2;alt−eCO2;ref ), which can then be used in Eq. 2.

Note that the described approach is not dependent on an
arbitrary annualization period because it relates SOC changes
directly to one ‘batch’ of output from the area A. Thereby, the
CO2 field effect can be viewed in isolation for one growth
cycle of crop production (as with all the other emissions cov-
ered by the present methodological proposal).

2.3 Yield effect

If the studied alternative practice changes the crop yield on the
area A (cf. Fig. 1), it will impact crop production elsewhere
through market-mediated effects. This is because the overall
demand for crops is not affected by the introduction of an
alternative practice. If the crop yield on the area A increases,
the additional output (ΔQ in Fig. 1) will displace crop pro-
duction elsewhere (Schmidt 2008). In case of a reduction in
yield (if shifting to a less intensive practice), farmers else-
where will be incentivized to fill the supply gap. The environ-
mental impacts from changes in crop production elsewhere
will be referred to as the yield effect.

To account for the yield effect, the alternative system must
be expanded to ensure that it produces the same amount of
crop (or an equivalent quantity of other crops with the same
functional characteristics, e.g. same feed value in terms of
nutritional composition) as in the reference system. If the
change in output from the area A in the alternative system
(as compared to the reference system) is ΔQ, the system is
expanded (as shown in Fig. 1) with an area B, which produces
a quantity of the crop c equal to -ΔQ. This ensures that the two
systems have the same functional output (system equivalence)
because any change in output from the area A is leveled out by
a corresponding change (with the opposite sign) in crop pro-
duction on the area B. Hence, the yield effect is determined by
the impacts of a change in the quantity of crop production
elsewhere. This has been described in Eq. 3.

Eyield; j ¼ −ΔQ: Ic; j ð3Þ

where

– Eyield, j is the yield effect for impact category j
– ΔQ is the change in output of crops to market from the

area A
– Ic, j is the life cycle impact for the impact category j for

one unit of crops to market (c) displaced or induced else-
where. Ic, j should exclude potential impacts from post-
harvest treatment (see below).

As mentioned in the definitions above, Ic, j should not in-
clude impacts from potential post-harvest treatment. This is
because the overall need for post-harvest treatment in the two
systems is unrelated to potential yield changes on the area A.
The reason is that the two systems compared (cf. Fig. 1) pro-
duce the same quantity of crops (Q). Only if the composition
of the fresh crop (cf. Fig. 1) is different in the alternative
system and the reference system (e.g., different moisture con-
tents) could there be changes in impacts related to post-harvest
treatment. Such changes will be referred to as downstream
effects (see Sect. 2.4).

The estimation of Ic, j in Eq. 3 requires an assessment of
how crop production is affected elsewhere when the output
from the area A changes. This can be approached in different
ways. In the following, several options are discussed with
increasing levels of sophistication but also increasing require-
ments for the LCA practitioner. A table with a simple over-
view of the different approaches is available in Sect. 2.3.5.

2.3.1 Simple system expansion

The simplest option to deal with the expansion of the alterna-
tive system is to assume that the crop production affected
elsewhere is conventional production. For instance, if the al-
ternative practice is improving wheat yields on the area A, the
additional output can be assumed to displace conventional
wheat production on the area B.

LCI data for conventional crop production is often readily
available in the literature and in LCA databases, at least for
developed countries. In case the reference system (cf. Fig. 1) is
characterized by conventional crop production, data from that
system can be used to estimate Ic,j in Eq. 3. This approach will
be referred to as simple system expansion and Ic, jwill, for this
particular approach, be referred to as Ic, j, s. Note that Ic, j, s
refers to impacts from the specific crop c on the area B.

If the applied inventory data for the crop c on the area B
includes CO2 emissions (positive or negative) from ongoing
changes in SOC, it is suggested to exclude this aspect in the
estimation of Ic, j, s. The reason is that gradual SOC changes in
a continuous cropping system do not reflect a situation where
crop production on the area B is either initiated or seized as a
result of changes on the area A. Hence, the use of inventory data
for SOC changes could give misleading results. The exclusion of
SOC-related CO2 changes in the estimation of Ic, j, s can be seen
as a “corrective simplification.” Note that more sophisticated
approaches are also discussed in the following sections.

While it may sound complicated to establish Ic, j, s without
post-harvest treatment (as discussed above) and without SOC-
related CO2 emissions, it can be quite simple. If an LCI is
available for the crop to market (produced from the area B),
it is only necessary to neglect any inputs from post-harvest
treatment and any potential CO2 emissions from changes in
SOC.

1996 Int J Life Cycle Assess (2020) 25:1991–2007



Simple system expansion (although not necessarily dubbed
as such) is applied in several LCA studies of grain-based
bioethanol, which is co-produced with protein feed (also
known as distillers’ grains with solubles or DGS). Both Cai
et al. (2013) and Wang et al. (2012) assumed that DGS would
displace equivalent amounts of conventionally produced
crops. Another example is found in a study by Nielsen and
Oxenbøll (2007), who assessed the environmental impacts
from enzyme production. One of the inputs studied was wheat
starch, which is co-produced with wheat protein. To account
for additional protein production (driven by the use of wheat
starch), system expansion was used to consider displacement
of conventional protein production elsewhere.

2.3.2 Marginal system expansion

In a slightly more sophisticated approach, it may be consid-
ered whether it is possible to determine a marginal type of
crop production, which is affected by a change in output from
the area A. It might not be standard, conventional crop pro-
duction, which is affected but instead a less competitive sup-
plier, which is squeezed out of the market if yields are im-
proved on the area A. For some crops and other agricultural
products, the literature already describes suggested marginal
suppliers. For instance, Weidema (1999) demonstrated how
1 kg of protein by-product from food production could be
assumed to displace 3.9 kg soybeans and Schmidt and
Weidema (2008) suggested that palm oil took over from rape-
seed oil as the marginal vegetable oil on the world market
around the year 2000. Another example of marginal system
expansion in agricultural LCA can be found for a comparison
of conventional and organic milk production by Flysjö et al.
(2011). Here, system equivalence in terms of milk production
and co-produced calf meat was ensured by expanding one of
the milk production systems to include displaced marginal
meat production elsewhere. Schmidt (2015) utilized marginal
system expansion in consequential LCA in a comparative as-
sessment of rapeseed and palm oil suggesting that the margin-
al suppliers of displaced fodder protein and energy were
Brazilian soybean and Canadian barley producers,
respectively.

In summary, if a relevant marginal crop can be identified, a
corresponding LCI can be established and Ic, j in Eq. 3 can be
determined based on marginal system expansion. For margin-
al system expansion, Ic, jwill be referred to as Ic, j, m. Note that
Ic, j, m refers to impacts from the specific crop c on the area B.
Further guidance on the identification of marginal suppliers is
available in Weidema et al. (2009). As for simple system
expansion, SOC-related CO2 emissions and post-harvest treat-
ment should be excluded (cf. discussion above).

As mentioned above, marginal system expansion is an at-
tempt to identify the type of crop production ultimately affect-
ed by a change in output from the area A. In that sense,

marginal system expansion seeks to by-pass the many
market-mediated steps between the initial “supply shock”
(the change in output fromA) and the crop production affected
in the end. The alternative to this ‘short-cut’ is actual econom-
ic equilibrium modeling, which has been applied in recent
years when assessing land use changes caused by changes in
crop demand (see, e.g., Hertel et al. 2010, Kløverpris et al.
2010). This topic is addressed in the next sections.

2.3.3 ILUC option 1: yield effect fully based on ILUC modeling

The concept of indirect land use change (ILUC) covers
market-mediated land use changes caused by changes in crop
demand or crop supply. Such a change can be driven by the
use of crop-based products (affecting crop demand) or by the
introduction of yield-changing agricultural practices (affecting
crop supply). Various methods and models to estimate ILUC
and associated GHG emissions have been developed (De
Rosa et al. 2016), but there is still no scientific consensus on
how to address the issue (de Bikuña et al. 2018; Woltjer et al.
2017). However, the topic is highly relevant for agricultural
practices with impacts on crop yields. Hence, two possible
options for including ILUC as part of the yield effect will be
discussed here. The best choice of option will need to be
determined in relation to the specific LCA study in question
and the characteristics of the ILUC model applied. The ad-
vanced ILUC options are more complex and demanding than
simple or marginal system expansion but also theoretically
more correct.

With ILUC option 1, the impacts driven elsewhere by a
change in yield on the area A are entirely based on ILUC
modeling. In other words, Ic, j in Eq. 3 is estimated solely by
use of an ILUC model. This option is feasible if the applied
ILUC model not only covers impacts from land use change
but also impacts from changes in crop intensity. Further ex-
planation follows below.

ILUC modeling can in itself be viewed as a complex and
sophisticated form of system expansion where cropland and
other land uses can displace each other as a result of a studied
change. In general, markets can react to a change in crop
supply from a specific area in three ways (Kløverpris et al.
2008, Schmidt et al. 2015). (1) Crop production can be adjust-
ed by changes in production intensity, i.e., adjustment of ag-
ricultural inputs to match a new supply situation (adjusting
crop yields to a new economic optimum). (2) Crop production
can also be adjusted by bringing new land into production or
taking existing cropland out of production. (3) Changes in
crop supply can lead to changes in crop use patterns, i.e.,
certain uses of crops may be either reduced or increased.
The interplay between the three above-mentioned effects
(change in intensity, change in land use, and change in use
patterns) determines the total impact from the studied change.
If the applied ILUC model incorporates both the intensity and
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land use aspect, it can be used to assess the impact of produc-
ing one additional unit (or one unit less) of ‘crop to market’ on
the area A (cf. Fig. 1). In other words, the ILUCmodel can be
used to derive an estimate of Ic, j (here denoted Ic, j, ILUC1) in
Eq. 3 encompassing the full market response and associated
impacts from a change in crop supply from the area A (cf. Fig.
1).

Results of ILUC models are typically related to an area of
land occupied for production of an item under study (e.g. an
area required for bioenergy crops). This land occupation trig-
gers the indirect land use change. In the present paper, how-
ever, the triggering land use occupation could be either posi-
tive or negative depending on the yield impact from the alter-
native agricultural practice. If the output from the area A in-
creases by ΔQ, it means that the initial production (Q) could
be maintained on an area smaller than A. It is this initial land
saving that triggers the indirect land use change, which ulti-
mately reduces pressure on land elsewhere. The initial reduc-
tion in land occupation can be quantified as the fraction of the
area A no longer needed to maintain the production of Q. On
this basis, Eq. 3 can be re-written as follows (specific to ILUC
option 1) into Eq. 4.

Eyield; j;ILUC1 ¼ −ΔQ: Ic; j;ILUC1

¼ −
ΔQ

QþΔQ
: A: T : I ILUC; j;A ð4Þ

where

– Eyield, j, ILUC1 is the yield effect expressed on the basis of
ILUC option 1

– ΔQ is the change in output of crops to market from the
area A

– Ic, j, ILUC1 is the ILUC impact in impact category j per unit
of additional output (crops to market) from the area A

– Q is the output of crops to market from the area A in the
reference system (cf. Fig. 1)

– A is the area where the alternative practice is introduced
(cf. Fig. 1)

– T is the time of land occupation on the area A, i.e. the
effective duration of the full crop cycle

– IILUC, j, A is the ILUC impact in impact category j per unit
of land occupation2 in the region where A is located3

It follows from Eq. 4 that Ic, j, ILUC1 is equal to A∙T
QþΔQ

:

I ILUC; j;A:
Note that IILUC, j, A needs to be estimated by use of an ILUC

model. Meanwhile, some ILUC models may be able to

estimate Ic, j, ILUC1 directly, which then simplifies the applica-
tion of ILUC option 1. Due to the variety of existing ILUC
models, it is not feasible to provide formulas for all cases in
the present paper.

The advanced ILUC approaches (both options 1 and
2) avoid the complexities relating to SOC changes on
the area B in Fig. 1 (cf. discussion in Sect. 2.3.1). This
is because the approach considers general market effects
in terms of land use and intensification whereby effects
are not confined to a single specific area (B in Fig. 1).
To be consistent with the principle of system equiva-
lence (same output from compared systems), option 1
is only feasible with an ILUC model that assumes a
fully elastic market response in the long run where a
change in supply or demand is fully compensated
through changes in intensification and land occupation
(i.e., where there are ultimately no changes in sectorial
crop use patterns).

2.3.4 ILUC option 2: yield effect partially based on ILUC
modeling

With ILUC option 2, an estimate of impacts from indi-
rect land use change is added to the impacts from crop
production on the area B (determined by simple or mar-
ginal system expansion). In other words, the land occu-
pation associated with the crop(s) displaced (or induced)
is used as a starting point for estimating ILUC impacts.
These impacts are then added to the other emissions
associated with crop production on the area B. Hence,
the ILUC estimate is added to (and thereby becomes
part of) Ic, j in Eq. 3. This can be expressed as follows
from Eq. 5. Note that ILUC option 2 is particularly
relevant when applying an ILUC model that only con-
siders land use impacts (and not intensification).

Eyield; j;ILUC2 ¼ −ΔQ: I c; j;ILUC2 ¼ Eyield; j;x−B: T : I ILUC; j;B

¼ −ΔQ: Ic; j;x−B: T : I ILUC; j;B ð5Þ

where

– Eyield, j, ILUC2 is the yield effect expressed on the basis of
ILUC option 2

– ΔQ is the change in output of crops to market from the
area A

– Ic, j, ILUC2 is the ILUC impact in impact category j per unit
of additional output (crops to market) from the area A

– Ic, j, x is the life cycle impact for the impact category j for
changes in crop production elsewhere modeled via sys-
tem expansion where x denotes either simple (s) or mar-
ginal (m)

2 Land occupation is measured as the area occupiedmultiplied with the time of
occupation and a typical unit for land occupation is ‘hectare years’.
3 ILUC impacts may differ from region to region depending on regional crop-
land quality
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– B is the area where production of crop c is induced or
displaced4 (cf. Fig. 1)

– T is the time of occupation on the area B, i.e. the effective
duration of the full crop cycle

– IILUC, j, B is the ILUC impact in impact category j per unit
of land occupation5 in the region where B is located6

The last term in Eq. 5 constitutes the addition of ILUC to
the environmental impacts from crop cultivation on the areaB.
The term simply expresses land occupation (the area B multi-
plied by the time T) multiplied with the ILUC impact per unit
of land occupation. Any type of ILUC model could be used
with this approach (also ILUC models that do not assume full
elasticity of supply) because system equivalence is ensured by
displaced or induced production on the area B and then ILUC
follows as an “add-on effect.”

It follows from Eq. 5 that Ic,j,ILUC2 is equal to

Ic; j;x þ B: T : I ILUC; j;B
ΔQ

� �
.

The way to interpret this approach (ILUC option 2) is that
the intensification aspect is covered by the (induced or
avoided) agricultural inputs to the area B (assuming no change
in SOC on the areaB) and the land use aspect is covered by the
ILUCmodeling, which also includes the SOC component (cf.
discussion in Sect. 2.3.1). It is important that the LCI for the
crop production on the area B does not include any emissions
from direct land transformation (as this would result in
double-counting of land use emissions).

2.3.5 Overview of approaches to assess the yield effect

Table 1 seeks to provide an overview of the four approaches
outlined for estimation of the yield effect or, more specifically,
determination of Ic, j in Eq. 3.

2.4 Downstream effects

As previously discussed, the collective inputs to post-harvest
treatment of the fresh crop (cf. Fig. 1) will be unchanged when
shifting to an alternative agricultural practice—unless the
characteristics of the fresh crop (e.g., moisture content) is im-
pacted by the shift in practice. As this will probably be unusual
in most agricultural LCAs, it has been decided to handle the
topic in ESM 1 (Sect. S3). Any potential impacts in post-
harvest treatment following from the introduction of the alter-
native practice will be referred to as downstream effects.

2.5 Total effects

The change in impacts from introducing a new agricultural
practice on the area A for impact category j (Etotal, j) can be
summed up by use of Eq. 6.

Etotal; j ¼ Eup; j þ Efield; j þ Eyield; j þ Edown; j ð6Þ

Once the total change in impacts is known, the change in
impact per unit of crops to market for impact category j (ΔIc, j)
can be estimated by use of Eq. 7.

ΔIc; j ¼ Etotal; j=Q ð7Þ

If the impact of the crops produced in the reference system
is known (Ic, j, ref), the relative change in impacts per unit of
crops to market following from the studied shift in practice
(ΔIc, j, rel) can be quantified via Eq. 8.

ΔI c; j;rel ¼ ΔIc; j=Ic; j;ref ð8Þ

3 Case study results: introduction of microbial
phosphate inoculant in corn production
in Minnesota

The approaches described in Sect. 2 are exemplified by a case
study available as Electronic Supplementary Material item 2
(ESM 2). The study has not previously been published but has
undergone critical review by three independent experts in ac-
cordance with the ISO 14040 standards for LCA (ISO 2006a;
ISO 2006b). The study formed the pre-cursor to the general
method described in the present paper.

The case study considers the introduction of a new practice
in corn production inMinnesota and North Dakota, USA. The
present paper focuses on Minnesota. The new practice con-
sists of the introduction of a yield-enhancing microbial inoc-
ulant, which contains spores of the naturally occurring soil
fungus called Penicillium bilaiae (P. bilaiae or P.b.). The
inoculant is added to corn seeds prior to seeding. When the
corn grows, the fungus colonizes the roots. P. bilaiae solubi-
lizes minerally bound phosphorus by secretion of organic
acids leading to an increase in nutrient uptake for corn plants.
Penicillium bilaiae is available in the agricultural inoculant
called JumpStart® and as an integrated part of the seed inoc-
ulant called Acceleron® B-300 SAT.

To determine the impact of the new agricultural prac-
tice, a reference system and an alternative system is de-
fined in accordance with Fig. 1. The area A is defined as
1 ha and calculations are performed on this basis while
final results are expressed per Mg of dried corn kernels,
which is the functional unit of the case study. In the ref-
erence system, corn is cultivated and the fresh crop is

4 B can be determined as ΔQ divided by the yield on the area B
5 Land occupation is measured as the area occupiedmultiplied with the time of
occupation and a typical unit for land occupation is ‘hectare years’.
6 ILUC impacts may differ from region to region depending on regional crop-
land quality
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harvested and then dried (post-harvest treatment) to meet
the market requirements of approximately 14% moisture.
The alternative system receives the same inputs on the
area A as the reference system and, in addition, the inoc-
ulant is applied to the corn seeds. This leads to a higher
output of corn from the area A as documented by Leggett
et al. (2015). The case study considers corn grown after
corn (continuous corn rotation). The data applied for con-
tinuous corn is shown in Table 2.

The yield data in Table 2 is based on the field trials described
by Leggett et al. (2015). Total application of macronutrients (N,
P, and K) is also based on Leggett et al. (2015) and the share of
each nutrient applied by the specific fertilizers in Table 2 is based

on the ratio between fertilizers in the dataset for US corn (conse-
quential model) in the ecoinvent LCI database version 3.0
(ecoinvent 2014). More detail available in Sect. 3.2 of ESM 2.
Seeds, pesticides, and field work data is also based on ecoinvent
(2014). The inoculant dose is based on the report available as
ESM 2. Lime has been omitted in the table since lime only
impacts LCA results from corn production with less than
0.25% in all impact categories, based on the applied corn process
from ecoinvent 2014) and the applied LCIAmethod (see below).
Irrigation has been left out since the corn fields were not irrigated
during field trials (Leggett et al. 2015). The measured average
yield increase when applying P. bilaiae on corn in Minnesota is
0.44 Mg ha−1. This does not fully appear from Table 2 because

Table 2 Yield and input data applied in the case study for corn production in Minnesota, USA

Input/output Unit Reference
system

Alternative
system

Primary data source(s)

Corn yield Mg ha−1 10.7 11.1 Leggett et al. (2015)

Seed kg ha−1 200 200 ecoinvent (2014)

Ammonia, liquid† kg ha−1 99 99 Leggett et al. (2015)/ecoinvent (2014)

Urea, as N† kg ha−1 42 42 Leggett et al. (2015)/ecoinvent (2014)

Ammonium nitrate, as N† kg ha−1 58 58 Leggett et al. (2015)/ecoinvent (2014)

Phosphate fertilizer, as P2O5
† kg ha−1 85 85 Leggett et al. (2015)/ecoinvent (2014)

Potassium chloride, as K2O
† kg ha−1 73 73 Leggett et al. (2015)/ecoinvent (2014)

Pesticides‡ kg ha−1 2 2 ecoinvent (2014)

Field work§ l diesel ha−1 61 61 ecoinvent (2014)

P. bilaiae inoculant g ha−1 0 6 ESM 2

†Total amount of macronutrient (N, P, and K) based on Leggett et al. (2015) and contribution from specific fertilizer based on ecoinvent (2014), see Sect.
3.2 in ESM 2 for further details
‡ Includes 15 specific pesticides (e.g., atrazine, metolachlor, glyphosate, etc.) plus an amount of unspecified pesticides, all applied in US corn production
according to ecoinvent (2014)
§ Fertilizing, tillage, sowing, application of plant protection, and harvesting

Table 1 Overview of approaches to estimation of the yield effect

System expansion Indirect land use change (ILUC)

Simple Marginal Option 1 Option 2

Assumed
response
to change in
output (ΔQ)
from the area A

Change in conventional
or average production
of same quantity of same
crop (c) on the area B

Change in marginal
production of same
quantity of same or
similar crop (c) on
the area B

Equivalent quantity of crops
displaced or induced
through a combination
of intensification and land
use change elsewhere

Conventional or marginal
production of same crop
displaced or induced on the
area B followed by indirect
land use change from
occupation or “release” of B.

Ic,j in Eq. 3 Ic, j, s Ic, j, m A∙T
QþΔQ

: I ILUC; j;A Ic; j;x þ B: T : I ILUC; j;B
ΔQ

Reference Sect. 2.3.1 Sect. 2.3.2 Sect. 2.3.3 Sect. 2.3.4

Strengths Simple to apply Relatively simple to
apply

Theoretically more correct
than system expansion

Theoretically more correct than
system expansion

Weaknesses Not fully reflecting actual change Only an approximation
of actual change

Requires results from an ILUC
model with full elasticity of supply

Requires results from an ILUC
model
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yields are only shown with three significant digits. A detailed
discussion of the data in Table 2 is found in Sect. 5 in ESM 2.

The case study considers the following six environmental
impact categories: global warming (gw), acidification (ac), nutri-
ent enrichment (ne), photochemical ozone formation (po), fossil
energy resources (fe), and land occupation (lo). The impact as-
sessment method called CML-IA baseline (version 3.01) was
used.While this method is now superseded, it was still common-
ly used when the LCA study in ESM 2 was initiated. As the
choice of LCIA method is of little relevance for the exemplifica-
tion of the methodological recommendations in the present pa-
per, and to stay consistent with the case study in ESM 2, it has
been decided to stick to the CML method in this case study
section. This has aminor impact for the characterization of global
warming impacts from N2O emissions but it does not impact the
overall conclusions of the case study (cf. end of Sect. 2.2.7 in
ESM 2). Ideally, a newer and regionalized LCIA method had
been applied.

The base case is based on 20-year amortization of CO2

from changes in SOC (field effect) and simple system expan-
sion (yield effect). Equally relevant results of the more ad-
vanced methods are also presented and discussed.

The approach outlined in the method section will be dem-
onstrated for the impact category global warming (gw) and for
corn grown after corn (continuous corn rotation) in
Minnesota. Results for remaining considered impact catego-
ries will also be presented but not exemplified by calculations.

3.1 Upstream effects from inoculant production

As shown in Table 2, the agricultural inputs to the area A (cf.
Fig. 1) are the same in the reference system and the alternative
system, except for the use of the P.b. inoculant. The spores
from P. bilaiae are produced via “solid state fermentation”
and mixed with other ingredients. The exact inventory is pro-
prietary but contained in an internal LCA report, which has
been subject to critical review in accordance with the ISO
standards for LCA (ISO 2006a; ISO 2006b). Additional detail
is available in Sect. 3.4 of ESM 2.

The impacts from the inoculant (Iinoc, j) are shown in
Table 3.

The global warming impacts from inoculant production
(Iinoc, gw) of 69 kg CO2e kg−1 (see Table 3) is potentially
overestimated because a worst-case scenario for disposal of
organic waste, mainly from the fermentation process, was
assumed (maximum conversion to methane in a landfill).
This accounts for almost 30% of Iinoc, gw. In addition, some
uncertainty relates to heating and electricity use, which togeth-
er account for roughly one-third of Iinoc, gw. As impacts from
inoculant production turn out to have low influence on final
results, above-mentioned uncertainties and potential over-
estimation are not considered critical.

The dose of the inoculant amounts to 5.7 g ha−1 (cf.
Table 2). By use of Eq. 1, the upstream effect in terms of
global warming can thereby be estimated as follows.

Eup;gw ¼ minoc;alt−minoc;ref

� �
: I inoc;gw

¼ 0:0057 kg inoc:ð Þ: 69 kg CO2e kg
−1 inoc:

¼ 0:39 kg CO2e

3.2 Field effect from inoculant use

In the present case study, the biogeochemical model DayCent
(Del Grosso et al. 2001) was applied to model field emissions
from the different corn production systems. The DayCent
model simulates crop growth, nutrient flows, soil carbon,
and trace gas emissions in cropping systems. Additional detail
(including sources for climate data, etc.) is available in Sect.
2.2.6.3 of ESM 2. The yield and fertilizer data in Table 2 was
applied to calibrate the DayCent model and characterize the
effect of the inoculant. A more detailed description of this
procedure can be found in Sect. 3.1 in ESM 2.

All field emissions and nutrient losses from the area A,
except SOC-related CO2 emissions, were estimated as aver-
ages over a 40-year modeling period for the corn production
systems. A sufficiently long modeling period was chosen to
be able to smooth out inter-annual variations and derive gen-
erally representative results. Results are available in Table 4.
Methane emissions have been left out because they were un-
affected by the new practice. More detail is available in Sect.
4.1 in ESM 2.

3.2.1 Field effect with SOC-related CO2 emissions based
on 20-year annualization

Based on the DayCent results, the change in SOC over a 20-
year period corresponded to emissions of − 13.7 Mg and −
17.3 Mg of CO2 in the reference system and the alternative
system, respectively. Applying the 20-year annualization

Table 3 Contribution to environmental impact categories from
production of 1 kg P.b. inoculant, cf. Sect. 3.4 in ESM 2

Impact category Symbol Life cycle impacts

Fossil energy (fe) Iinoc, fe 600 MJ LHV†

Global warming (gw) Iinoc, gw 69 kg CO2e

Photochem. ozone form (po) Iinoc, po 20 g C2H4e

Acidification (ac) Iinoc, ac 360 g SO2e

Nutrient enrichment (ne) Iinoc, ne 100 g PO4
3−e

Land occupation (lo) Iinoc, lo 12 m2a

†Megajoule low heating value
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approach described in Sect. 2.2.1, the SOC-related CO2 emis-
sions from the area A in the reference system and the alterna-
tive system is respectively − 686 and − 864 kg CO2 (appears
in Table 4 in Mg CO2). Note that the CO2 emissions are neg-
ative, indicating that the two systems are building up SOC and
thereby sequestering CO2 from the atmosphere. Further discus-
sion is available in Sect. 2.2.6.3 in ESM 2. Indirect N2O emis-
sions from leaching and volatilization of N were not covered in
the original case study (ESM2) but have been estimated for this
publication as laid out in ESM 1 Sect. S4.1.1.

The field effect for global warming (gw) based on annualized
SOC emissions (Efield, gw) can now be estimated based on Eq. 2.

Efield;gw ¼ eCO2;alt−eCO2;ref
� �

: PCO2;gw

þ eN2O;alt−eN2O;ref
� �

: PN2O;gw

¼ −179kg CO2: 1kg CO2e kg−1CO2

þ −0:25kg N 2Oð Þ: 298kg CO2e kg−1N2O

¼ −254 kg CO2e

Note that nitrous oxide is the only greenhouse gas in the
modeled field emissions (cf. Table 4) and therefore the only
contributor to the field effect for global warming besides CO2

from SOC changes.

3.2.2 Field effect with SOC-related CO2 emissions based
on TIA

This section provides a summary of how the approach de-
scribed in Sect. 2.2.2 was applied in the inoculant LCA study.

A more elaborate description is available in ESM 1 Sect.
S4.2.1.

By modeling 1 year of inoculant use in DayCent within a
100-year timeframe and a reference with no inoculant use, it
was possible to estimate differences in SOC over time be-
tween the two systems. On this basis, (eCO2, alt − eCO2, ref) in
Eq. 2 was estimated at − 129 kg CO2. Inserting this in Eq. 2
gives an estimated field effect for global warming of − 204 kg
CO2e, i.e., 20% lower in numeric terms than with the 20-year
annualization approach. As for SOC-related CO2 emissions
specifically, the field effect is 28% lower (− 129 kg CO2 vs.
− 179 kg CO2), also in numeric terms. Interestingly, a 30-year
annualization period gives an estimate of SOC-related CO2

emissions quite close to the TIA estimate (8% higher in nu-
meric terms). Thirty-year annualization is often applied in US
ILUC studies (see, e.g., US EPA 2010 and Hertel et al. 2010).

3.3 Yield effect from inoculant use

Based on Leggett et al. (2015), the use of P. bilaiae on corn in
Minnesota gives an average increase in corn output of ΔQ =
0.44 Mg on the area A (defined as 1 ha). On this basis, the
yield effect was estimated by simple system expansion (cf.
Sect. 2.3.1) and by system expansion with ILUC modeling
(cf. Sects. 2.3.3 and 2.3.4).

3.3.1 Yield effect based on simple system expansion

It was assumed that the corn displaced on the area B had the
same characteristics as the corn in the reference system (cf.
discussion in Sect. 2.3.1). The impacts from the corn in the
reference system (Ic, j) were estimated based on the agricul-
tural inputs in Table 2 and the field emissions in Table 4. SOC
changes in Table 4 where however excluded for the reasons
discussed in Sect. 2.3 (and Sect. 4.2 in ESM 2). On this basis,
the global warming impact from reference corn (Ic, gw, s) was
estimated at 312 kg CO2e. Hence, the yield effect for global
warming can be estimated as follows on the basis of simple
system expansion and Eq. 3.

Eyield;gw ¼ −ΔQ: Ic;gw ¼ −0:44 Mg: 312 kg CO2e Mg−1

¼ −137 kg CO2e

3.3.2 Yield effect based on system expansion with ILUC
modeling

The ILUC model by Schmidt et al. (2015) was used to
assess the indirect land use implications of the increased
corn yield obtained with P. bilaiae. According to the
model, the occupation of 1 ha of cropland in Minnesota
generates a global warming impact of 2050 kg CO2e.

Table 4 Annual field emissions to air and water from continuous corn
production in Minnesota with and without the use of P. bilaiae (P.b.) as
modeled using DayCent (average based on a modeled 40-year time
horizon)

Unit Ref.† P.b.‡

Crop Corn production§ Mg ha−1 10.7 11.1

Emissions Ammonia kg NH3 ha
−1 7.2 7.6

to air Nitrous oxide kg N2O ha−1 5.3 5.0

Nitric oxide kg NO ha−1 14.6 13.9

Carbon dioxide¶ Mg CO2 ha
−1 − 0.7 − 0.9

Losses Phosphorus kg P ha−1 1.4 1.4

to water Nitrate kg NO3
− ha−1 173 139

†Reference system without the use of P. bilaiae
‡ System with use of P. bilaiae on corn
§ Yields are given in equivalents of dried corn, i.e., with a moisture
content of 14%
¶ From change in SOC (soil organic carbon) with annual emissions based
on average of first 20 years
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There are two options for how to interpret and apply this
result (cf. Sects. 2.3.3 and 2.3.4).

Option 1 assumes a direct market response to the change in
yield on the area A. Based on Eq. 4, the yield effect for global
warming can thereby be estimated as follows (details available
in Sect. S4.2.2 of ESM 1).

Eyield;gw;ILUC1

¼ −
0:44 Mg

10:7 Mgþ 0:44 Mg
: 1 ha: 1 y: 2050 kg CO2e ha

−1y−1

¼ −81 kg CO2e

Option 2 assumes initial displacement of adjacent crop
production on the area B, which is then accompanied by an
ILUC response. In the specific case of P. bilaiae. Applied on
continuous corn in Minnesota, the area B equals 411 m2 and,
by use of Eq. 5, the yield effect for global warming can be
estimated as follows.

Eyield;gw;ILUC2

¼ −137kg CO2e−
411 m2y

10 000 m2ha−1
: 2050 kg CO2e ha

−1y−1

¼ −221 kg CO2e

Option 1 reduces (numerically) the estimated yield effect
for global warming by 41% as compared to simple system
expansion. This indicates that the combined land use and in-
tensification response to the yield increase from the inoculant
(as modeled with the ILUCmodel) is less pronounced in terms
of GHG emissions than the direct one-to-one displacement of
agricultural inputs assumed with simple system expansion.

Option 2 increases (numerically) the estimated yield effect
for global warming by 61% as compared to simple system
expansion. The increase occurs because the ILUC emissions
are added on top of the emissions estimated via simple system
expansion.

Use of option 1 requires an ILUC model, which can model
the full market response in terms of land use change and in-
tensification whereas option 2 can be applied with models that
only capture the land use aspect (cf. Sects. 2.3.3 and 2.3.4).
Besides, the choice of option depends on interpretation of
ILUC dynamics. As scientific consensus is still lacking, the
present study leaves both options open. The calculations for
the two ILUC options have been further explained and
discussed in Sect. S4.2.2 of ESM 1.

3.4 Downstream effects

The downstream effects from using P. bilaiae (changes in
transport and drying) are negligible since the corn from the
reference system has the same characteristics as the corn from

the alternative system. Hence, there is no net change in the
need for post-harvest treatment and Edown, j thereby equals
zero for all impact categories (j). Additional detail is available
in ESM 2 (e.g., Sect. 4.2).

3.5 Total effects from inoculant use

Based on Eq. 6, the total global warming effect of introducing
P. bilaiae on 1 ha of corn in Minnesota (Etotal,gw) is − 390 kg
CO2e for the base case (applying simple system expansion
and 20-year annualization of SOC) and respectively − 284
and − 424 kg CO2e for the advanced methods with ILUC
options 1 and 2 (TIA for SOC).

The change in impact per Mg corn produced with
P. bilaiae (ΔIc, gw) can be calculated by use of Eq. 7 (Q =
10.7 Mg) and amounts to − 36 kg CO2e Mg−1 corn in the base
case and respectively − 27 kg CO2e Mg−1 corn (ILUC option
1) and − 40 kg CO2e Mg−1 corn (ILUC option 2). Additional
detail is available in Sect. S4.2.3 of ESM 1 and a breakdown
of results is available in Fig. 2.

The changes in field emissions (CO2 and N2O) contribute
the most to GHG savings in the base case. These savings are
reduced by 20% when applying the time-independent ap-
proach for SOC in the advanced methods (N2O unchanged).
The yield effect is also important in the base case, making up
40% of the total global warming impact. The numeric impact
of the yield effect decreases when modeled as ‘ILUC only’ in
accordance with ILUC option 1 in the advanced methods. On
the other hand, the impact of the yield effect increases with
ILUC option 2 because (avoided) ILUC emissions are added
on top of the (avoided) emissions from displaced production.
The difference in results between ILUC option 1 and 2 (cf.
Fig. 2) shows the need for further research in this field.

With a global warming impact of conventional corn of rough-
ly 260 kg CO2e Mg−1 (see Table 8 in ESM 2), the relative
reduction in global warming impact per Mg of corn (ΔIc, gw,
rel) is 14% in the base case and respectively 10% and 15% with
the advanced methods applying ILUC option 1 and 2 (based on
Eq. 8). Table 5 shows the effects of introducing the inoculant in
all assessed impact categories per Mg of corn produced for the
base case. Note that the advanced SOC method (TIA) only af-
fects global warming results. Results per hectare treated with
Penicillium bilaiae can be found in Sect. S4.1 in ESM 1.

As discussed above, methodological choices influence the
results. In addition, there is uncertainty related to the parame-
ters in the calculations. This has been further discussed in
Sect. 5.1 of ESM 2. The largest parameter uncertainty is relat-
ed to the modeling of agricultural N2O emissions. For the
results based on simple system expansion, the relative 95%
confidence interval (CI) was estimated at − 28%/+ 25%.
Meanwhile, this does not consider potential covariance in
some of the parameters, so the actual CI is likely somewhat
lower.
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Section S4.3 of ESM 1 illustrates the outlined approach for
corn grown after soybeans (corn-soybean rotation).

4 Discussion

The approach laid out in the present paper has “the field” as the
focal point. The upstream effect, the downstream effect, and the
field effect represent changes within the supply chain of the crop
grown on the field. The yield effect represents changes in other
supply chains; changes caused by market signals driven by yield
changes on the field (A). The equations for estimation of the four
effects contain multiple indices required to generalize the meth-
odology but the calculations are trivial in an LCA context.
Meanwhile, the breakdown of results into the four effects should
be applied systematically in all LCA studies of new agricultural
practices. The breakdown makes it easier to explain the environ-
mental impacts caused by a change in agricultural practice and,
more importantly, where these changes occur. This allows for a
more informed discussionwith relevant stakeholders. In addition,
different sustainability schemes have different criteria for recog-
nition of environmental benefits. If a farmer shifts from conven-
tional tilling to no till, the total change in impacts would be
comprised of all four effects from a product LCA perspective

whereas only the “CO2 field effect” would count in some of the
carbon trading schemes with carbon credits for no till. The ap-
proach laid out in the present paper makes it easy to break down
results as needed. The approach is also useful in demonstrating
the consequences of yield changes. In that sense, it can be a
useful tool to inform the discussion about conventional vs. or-
ganic crop production. From an optimization perspective, the
approach can be useful in determining where in the supply chain
the biggest improvement opportunities are situated and this may
in turn guide development of better agricultural practices.

Another important aspect of the present paper is the
proposal to utilize biogeochemical modeling for estima-
tion of the yield effect. As discussed earlier, LCA studies
of agricultural practices often fail to assess these impacts
comprehensively for nutrient flows, which can hinder the
formulation of clear conclusions and decision support rec-
ommendations. The utilization of biogeochemical model-
ing, as part of agricultural LCA, helps to address this
concern. Meanwhile, it also increases the level of exper-
tise required to conduct LCAs of crop production.
Whether this added level of comprehensiveness is worth-
while will need to be judged on a case-by-case basis but
the marriage between LCA and biogeochemical modeling
can certainly provide improved LCA results.
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Fig. 2 Global warming results
(change in greenhouse emissions
per unit of corn produced) in the
base case and as assessed with the
time-independent approach (TIA)
for soil organic carbon (SOC)
combined with option 1 and 2 for
indirect land use change (ILUC)

Table 5 Change in environmental impacts and resource use perMg corn when P. bilaiae is introduced in a continuous corn rotation inMinnesota (base
case: simple system expansion and 20-year SOC annualization)

Impact category Unit Upstream effect Field effect Yield effect Total Relative change

Fossil energy resources MJ LHV 0.32 0 − 81 − 81 − 4%

Global warming kg CO2e 0.04 − 24 − 13 − 37 − 14%
Photochemical oxidation g C2H4e 0.01 0 − 2 − 2 − 3%
Acidification g SO2e 0.19 27 − 120 − 93 − 3%
Nutrient enrichment g PO43−e 0.06 − 320 − 140 − 460 − 13%

Land occupation m2a 0.01 0 − 25 − 25 − 3%
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As also discussed, CO2 emissions resulting from changes
in SOC can be modeled at different degrees of sophistication
with a notable impact on the results. Ideally, advanced
methods where the temporal changes are estimated over time
should be applied to best reflect the environmental impacts
from changes in agricultural practices. Meanwhile, the case
study in the previous section illustrates that simpler methods
can, in certain cases, provide results that are in a similar range
as the more sophisticated methodologies. Hence, a pragmatic
approach may sometimes be adequate to show tendencies and
guide decision making.

The case study also illustrates that the field effect can be
very important if a new practice can improve nutrient efficien-
cy in the field. If this comes in tandem with improved yield,
there is a double benefit. Interestingly, the base case results for
P.b. on continuous corn and corn after soy in Minnesota and
North Dakota were quite similar despite of the different rota-
tions and locations (see ESM 2). The average change in GHG
emissions for the four scenarios were − 37 kg CO2e Mg−1

corn, i.e., very close to the − 36 kg CO2e Mg−1 corn estimated
for continuous corn in Minnesota (base case). This is partly
explained by the fact that the relative yield increase obtained
with P. bilaiae in Minnesota and North Dakota was more or
less the same (Leggett et al. 2015). In the report (ESM 2),
average results were used for a crude extrapolation to a gen-
eral US scenario with a somewhat lower yield increase, there-
by estimating a total GHG saving potential of 3.9 million Mg
CO2e ifP.b.were applied on all US corn fields. This illustrates
how the approach laid out in the present paper can be used to
estimate full potentials of new agricultural practices.

5 Conclusions

Changes in environmental impacts from shifts in agricultural
practices can be logically categorized according to where in
the life cycle they occur. The categorization is helpful when
assessing and explaining the environmental implications of
introducing a new practice. Upstream effects caused by
changes in agricultural inputs can be assessed by standard
LCA procedure as can potential downstream effects related
to post-harvest treatment. Changes in emissions from the field
where the change in practice occurs (the field effect) can be
assessed by biogeochemical modeling, thereby improving life
cycle inventory modeling and addressing concerns raised in
the literature. Finally, changes in impacts from production
elsewhere (the yield effect) can be assessed via system expan-
sion, potentially supplemented by ILUC modeling.

The outlined approach has been shown to be applicable to
the introduction of the phosphate-solubilizing microbe
P. bilaiae on corn fields in the USA. It was found that induced
environmental impacts from production of the microbial inoc-
ulant (the upstream effect) were overshadowed by the

environmental impacts avoided in terms of the field effect
(reduced emissions of N2O, increased sequestration of carbon,
and reduced nitrogen losses) and the yield effect (avoided crop
production elsewhere). In other words, the impacts from pro-
ducing the spore-containing inoculant was small compared to
the positive effects obtained when P. bilaiae colonizes corn
roots and facilitates improved nutrient uptake in the crops. It
was also shown that the yield effect can vary substantially
depending on modeling choices and interpretation of system
dynamics. This is not a weakness of the approach laid out in
the present paper but rather a reflection of the ongoing scien-
tific developments in ILUC modeling. In addition, the varia-
tion in results (specifically for the yield effect) did not alter the
overall conclusions in the case study.

It is recommended that the outlined approach be applied to
other assessments for changes in agricultural practices, such as
switching from conventional to organic farming and from
conventional tilling to no or low till. It may also be considered
to integrate price rebound effects in the approach to account
for potential changes in cost of agricultural production when
switching from one practice to another.
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