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Abstract

Purpose Recently, carbon opportunity cost (COC) approach has been mentioned in the European Commission’s draft of
the updates on the Product Environmental Footprint (PEF) method, yet the COC approach has several limitations. In this
commentary article, we aim to highlight the methodological and practical challenges of using COC approach in product
environmental footprinting with life cycle assessment (LCA).

Methods The COC approach is typically based on the “foregone carbon sequestration” due to continued land use which post-
pones the natural regeneration. The foregone sequestration typically equals the difference in carbon stocks between current
land use and the potential natural vegetation. In principle, the global warming potential (GWP) related to the transformation
from historical land use (natural vegetation) to current land use overlaps with the GWP of the foregone sequestration. As an
alternative to avoid double counting, we describe an additional COC approach.

Results The COC approach includes a risk of double counting, if it is applied simultaneously with the land transformation
approach in product environmental footprinting with LCA. Double counting leads to overestimation of anthropogenic environ-
mental impacts and harms the LCA principle of additivity. Furthermore, the suitability of the COC approach in attributional
LCA is limited, since it does not represent the anthropogenic environmental impacts compared with the non-anthropogenic
natural baseline. Regardless of the benefits of the additional COC approach in terms of avoided double counting, any COC
approach includes high uncertainties related to the estimation of historical carbon stock and potential natural vegetation
carbon stocks. Furthermore, the additional COC approach only provides benefits if potential natural vegetation exceeds the
historical carbon stock.

Conclusions Overall, the COC approach based on foregone sequestration has a risk of double counting. Furthermore, any
COC approach has high uncertainties and limited practical benefits, and therefore, we highly recommend keeping COC
approaches apart from the European Commission’s PEF method.
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1 Introduction

Lately, the possible inclusion of the COC approach in envi-
ronmental footprinting has been mentioned, for example, in
the draft (JRC 2024) of the new methodology to be applied
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in the European Commission’s Product Environmental
Footprint (PEF) method. COC approach is also included in
the Greenhouse Gas Protocol’s Land Sector and Remov-
als Guidance draft (Greenhouse Gas Protocol 2022). The
COC approach is based on the estimation of “foregone car-
bon sequestration” due to the continuation of the current
land use (e.g., agricultural land use) instead of the natural
regeneration of vegetation (Greenhouse Gas Protocol 2022;
JRC 2024). In principle, foregone sequestration refers to the
quantity of carbon that remains in the atmosphere because of
the current land use, and that could be stored if the land area
were returned to its natural vegetation. In that case, foregone
sequestration estimated with the COC approach equals the
difference between potential natural vegetation (PNV) and
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the current land carbon stock in soil and vegetation. Regard-
less of the interest in the COC approach, we want to point
out several concerns related to its use as part of product
environmental footprinting with attributional LCA. Here,
we focus on the impact category “climate change.”

2 Double counting

The basic idea of attributional LCA is to estimate the envi-
ronmentally relevant physical flows—more precisely anthro-
pogenic environmental impacts associated with a product
(Finnveden et al. 2009; Brander 2015, 2016). Avoidance of
double counting is a crucial principle in LCA (Leinonen
2022) since double counting leads to overestimation of the
total anthropogenic environmental impacts and incorrect
estimation of carbon budgets. Also, additivity is an impor-
tant LCA principle, and it enables the environmental impacts
to be added to each other to estimate the accumulated envi-
ronmental impact during the life cycle of a studied product
(Tillman 2000). This requires that the environmental impacts
of the studied product system are not overlapping and not
counted twice. Considering these principles, both uptake and
losses of carbon into the system and out of the system shall
be calculated without double counting. Next, we describe
how the application of the COC approach in environmental
footprinting with attributional LCA may result in double
counting.

In the first approach, here called the land transformation
approach, the land use change (LUC) emissions are calcu-
lated in LCA by estimating the total carbon stock change
related to a transformation of the land from one land use
to another. The typical baseline in the land transformation
approach is the historical carbon stock (i.e., natural vegeta-
tion). The resulting carbon emissions—or in some cases,
carbon removals—caused by the LUC are allocated to prod-
ucts produced on the land area during an amortization period
(Maciel et al. 2022; Lehtild et al. 2025). The amortization
period defines the period during which the GWP caused by
the carbon released to the atmosphere is fully allocated to
products produced on the land (Maciel et al. 2022), and its
typical length is 20 years or the length of a single harvest
rotation following LUC (BSI 2011). After the considera-
tion of emissions caused by the LUC from historical carbon
stock to the new land use, all the subsequent LUCs on the
same land are accounted for, and the resulting impacts are
allocated to products (Lehtil4 et al. 2025). The land transfor-
mation approach is applied, for example, in the current PEF
methodology (European Commission 2021) and in Green-
house Gas Protocol’s Land Sector and Removals Guidance
draft (2022).

The COC approach estimates the foregone sequestra-
tion due to the current land use, and its baseline is usually
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PNV (i.e., natural regeneration; Koponen and Soimakallio
2015). The carbon stock under PNV can be equal, higher or
lower compared to the historical carbon stock, and the dif-
ference can be caused by natural succession of vegetation,
natural disturbances, or fertilization effect of the increasing
atmospheric CO, concentration. Regardless of the quantity
of carbon stock in the PNV, if the COC approach is used
in addition to the land transformation approach, the same
carbon stock change is counted twice. This leads to dou-
ble counting, which overestimates the quantity of carbon in
the atmosphere, and thus the GWP related to LUC as well
as the anthropogenic environmental impacts. The concern
of double counting has been previously raised by Brander
(2015, 2016).

The issue of double counting is illustrated in Fig. 1.
Here, the historical carbon stock represents the natural
vegetation of the land area, and in this example, it is lower
than the PNV. With the land transformation approach, the
carbon stock change (AC_land_transformation) is equal to
the amount of carbon released to the atmosphere from the
land area because of the land transformation. With the COC
approach, the foregone sequestration (AC_COC) overlaps
with the AC_land_transformation. In principle, following
the framework of attributional LCA—similarly to the case
of AC_land_transformation—the AC_COC should only be
accounted for once and then allocated to products produced
on the specific land area. The allocation is conducted by
using a specific amortization period. If both land transforma-
tion and COC approaches are used in the same LCA study, a
partly or fully overlapping share of AC and the consequent
GWP is allocated to products, leading to double counting
and an overestimation of product GWP. The double count-
ing remains an issue regardless of whether the amortization
period after the land transformation to the current land use is
ongoing or has already passed. Therefore, the AC_COC (=
foregone sequestration) is inclusive of, not additive to, the
AC_land_transformation; thus, these two approaches should
not be applied in attributional LCA simultaneously.

However, there is also an alternative to the COC approach
presented above. Therefore, we refer to the COC approach
with a PNV baseline as the standard COC approach from
now on. Another option would be to quantify only the addi-
tional foregone sequestration, that is, estimate the difference
between the historical carbon stock and PNV. We refer to
this as the additional COC approach from now on. An exam-
ple of the standard COC approach would be a case where the
current agricultural land was abandoned and left to regener-
ate naturally. Then, the foregone sequestration represents
the carbon that could be stored in the natural vegetation if
the current human actions on the land area were ceased.
Within the additional COC approach, the foregone seques-
tration would occur only if the PNV carbon stock after the
regeneration was higher than the historical carbon stock in
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Fig. 1 Land carbon stock change estimated with the land transforma-
tion approach (AC_land_transformation; carbon emission) and with
the COC approach (AC_COC; foregone sequestration). In the land
transformation approach, the baseline is the historical carbon stock,
and in the COC approach, it is the PNV. In this example, PNV is

the natural forest. This means that the additional foregone
sequestration represents the additional carbon that could
have been naturally sequestered if human actions had not
taken place on the land area. That could be a result of, for
example, climate warming or CO, fertilization.

When estimated with the additional COC approach, the
foregone sequestration (AC_additional_COC) does not—in
principle—overlap with AC_land_transformation estimated
with the land transformation approach but is additive to AC_
land_transformation (Fig. 1). Therefore, the additional COC
approach could be seen as suitable to be used simultaneously
with the land transformation approach. However, both stand-
ard and additional COC approaches have uncertainties and
limitations which are further discussed in Section 4.

3 Suitability in attributional LCA

In attributional LCA, the total anthropogenic environmen-
tal impacts are estimated relative to a non-anthropogenic,
natural baseline (Brander 2015, 2016). Therefore, the attri-
butional LCA inventory may be considered to consist of
anthropogenic emissions and removals, as well as foregone
non-anthropogenic emissions and sequestration (i.e., remov-
als). The foregone non-anthropogenic emissions and seques-
tration can be classified as attributional LCA, since they rep-
resent the emissions or sequestration that would occur in the
absence of human actions, meaning that the anthropogenic
impacts are compared with the natural baseline.

The land transformation approach represents anthropo-
genic emissions, as it considers the human-made land use

higher than the historical carbon stock, but it may also be equal to
or lower than the historical carbon stock. The suggested method to
estimate the additional foregone sequestration equals AC_additional _
COC =PNV-historical carbon stock

and land management changes compared with the natural
baseline. The standard COC approach represents the fore-
gone anthropogenic sequestration, indicating that the anthro-
pogenic impacts are not compared with the natural baseline,
but rather with the natural regeneration baseline (Brander
2015). This means that the foregone sequestration only
occurs if the land has gone through anthropogenic LUC and
the sequestration is not non-anthropogenic (Brander 2015).
Therefore, the standard COC approach does not represent
impacts that are included in the attributional LCA inventory.
Although not considered suitable for attributional LCA, the
standard COC approach can be suitable for consequential
LCA studies that evaluate the potential changes in environ-
mental impacts following specific decisions (Finnveden et al.
2009; Brander 2015 2016). Still, the standard COC approach
should not be incorporated in the environmental footprinting
of products, which follows principles of attributional LCA.

The additional COC approach represents the natural
sequestration that would have occurred without any human
actions on the land area (Brander 2016). This means that
the baseline is natural and the estimated impacts are non-
anthropogenic. Therefore, the additional COC approach rep-
resents the foregone non-anthropogenic sequestration and
is—in principle—compatible with attributional LCA. On the
other hand, part of the foregone sequestration estimated with
the additional COC approach may be indirectly related to
partly anthropogenic impacts such as climate warming and
CO, fertilization. The separation of non-anthropogenic fore-
gone sequestration from anthropogenic foregone sequestra-
tion may be challenging or impossible, which poses a risk of
double counting the environmental impact if the additional
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COC approach is used simultaneously with the land trans-
formation approach.

4 Uncertainties and practical points of view

Both standard and additional COC approaches include major
uncertainties. Firstly, there is high uncertainty related to the
quantity of carbon stock in PNV (Koponen and Soimakal-
lio 2015), since it can be lower, equal to, or higher than the
historical carbon stock due to natural disturbances, climate
warming, and CO, fertilization, among other factors IPCC
2023). If the historical and PNV carbon stocks were equal,
the foregone sequestration would equal the anthropogenic
emissions related to LUC. Therefore, applying the standard
COC approach alongside the land transformation approach
would not provide any benefits. Also, simply abandoning
the land area does not necessarily lead to the restoration of
natural vegetation (Greenhouse Gas Protocol 2022).

Then again, the estimate of historical carbon stock may
also be uncertain. If the land transformation approach is
applied, it does not affect the results. This is because, in
the land transformation approach, the current land use is
always compared to the preceding land use within an amor-
tization period. Therefore, the uncertainty related to baseline
carbon stock estimation is reduced in the land transforma-
tion approach compared to the standard COC approach.
However, if the additional COC approach is applied, the
uncertainty of the historical carbon stock becomes a more
crucial source of error compared with the land transforma-
tion approach, since the additional foregone sequestration
requires that the PNV carbon stock exceeds the historical
carbon stock. Information on the quantities of historical
and PNV carbon stocks is potentially limited, or their esti-
mates may be very uncertain. Therefore, the application of
the additional COC approach would only provide benefits
if the historical and PNV carbon stocks could be reliably
determined, and their difference could be validated. This
limits the practical benefits of the additional COC approach
in product environmental footprinting.

Secondly, the time needed to reach the PNV—also
known as regeneration time (or relaxation time)—is
highly uncertain. Additionally, the method of allocating
the foregone sequestration has varied in past studies (Miil-
ler-Wenk and Branddo 2010; Koponen and Soimakallio
2015; Searchinger et al. 2018). Consequently, the standard
COC approach results are very dependent on the projected
regeneration time and allocation based on the definition
of the amortization period, which may make it difficult to
interpret and communicate the results. Furthermore, the
starting point of the regeneration time is purely subjective.
If the land regeneration is not ongoing and, therefore, the
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amortization period is not ongoing, the foregone seques-
tration should be zero to avoid double counting. The same
applies to both standard and additional COC approaches,
since they both may lead to double counting if the amorti-
zation period is not clearly defined and followed.
Thirdly, we see that the COC approach makes no dif-
ference between recent and historical land use changes.
Therefore, there are no incentives for preventing deforesta-
tion, if the COC approach is applied as a part of product
environmental footprinting with attributional LCA instead
of the land transformation approach. For example, crop-
land transformed from forest land 100 years or 1 year ago
would receive the same quantity of foregone sequestra-
tion, which creates no pressure to avoid deforestation. It
is true that the standard COC approach provides incen-
tives to make land use more efficient and has benefits in
scenario-level assessments such as Roos et al. (2016) and
Hayek et al. (2021) have noted. Nevertheless, the scenario
assessments are outside the scope of product environmen-
tal footprinting, which aims to quantify the environmental
impacts related to the supply chain of a specific product.

5 Future suggestions

We argue that the land transformation approach has several
benefits already demonstrated in the existing applications
of product environmental footprinting. Considering the
conflict of the standard COC approach with attributional
LCA principles, we recommend not adopting the stand-
ard COC approach in the PEF method. This is because
the PEF method is based on attributional LCA; thus, any
consequential element within PEF assessments should
be avoided. Also, the methodological uncertainties of
foregone sequestration estimated with either the standard
or additional COC approach and the potentially limited
practical benefits of using the additional COC approach
are reasons why we recommend not adopting any COC
approach in PEF. Generally, we suggest keeping COC
approaches separate from the product environmental foot-
printing conducted with attributional LCA.
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