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Calculation of ecological land-footprint – based on the input-output
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Abstract. The ecological footprint has been a crucial ecological indicator for more than two decades,
and the methodology for calculating it has developed significantly over the years. However, some issues
and shortcomings still need to be addressed and specified further. This paper focuses on the embedded
land requirements of imported commodities in input-output modelling approaches. We propose a
refined model to overcome the shortcomings of two former models. Our model quantifies the embedded
ecological land-footprint of imported commodities and their allocation between direct final consumption
and production. In addition, we allocate the latter again among final consumption and exports using
the framework of linear algebra and matrix arithmetic. We also propose ways of extending the model
to overcome the general but misleading assumption in the literature that imported commodities have
an equal per unit ecological footprint to domestic products, an approach that is based on the idea that
trading partners have the same technological background.
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1. Introduction

Our methodology used needs to be explained: input-output modelling is used to show the
ecological land-footprint defined by the land use approach. Given that one of the by-products
of the Leontief input-output model is the land area used, it is suitable for defining a static
ecological land-footprint. Since its first publication in the early 1990s, the ecological footprint
has become the most popular ecological indicator [23, 28]. Its purpose is to determine the
amount of land that nations use (expressed in global hectares) to satisfy the long-term needs
of their populations while measuring the human pressure on ecosystems. In this context, it can
be considered as an absolute measure of sustainability [11, 25]. Over time, the methodology
has developed, and there are approaches that deal with the ecological footprint at regional,
individual, and even organisational levels [22], which enrich the sustainability debate with
new perspectives. The calculation of a static ecological footprint with an input-output model
consists of the following steps: 1. Select the economic sectors and activities of the country
to be examined by researchers who want to include them in their calculations. 2. Collect
production data for each sector, including inputs (such as energy, water, and raw materials)
and outputs (such as products and waste). 3. Organise the data into an input-output table
that describes the dependencies between the different sectors and the number of inputs and
outputs. 4. Supplement the input-output table with various data needed to calculate the
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footprint, such as the quantity of carbon dioxide emissions or energy use. 5. Calculate the
footprint using the data in the table and the data added in the previous step, which measures
the ecological impacts caused by economic sectors. The paper contains the following sections:
Section 2 presents the literature review and the examined models. In section 3, we present a
refined method for calculating ecological footprint with the input-output model, and section 4
concludes with the results of the paper.

2. Literature review

The concept of the ecological footprint has become one of the most widely used indicators of
land use, alongside other popular terms like the circular economy and sustainable development.
Although many models are less commonly applied today, they could be revived with modern
enhancements. One such model is the original Leontief model, which did not initially include
environmental factors but is suitable for calculating land use. Leontief later incorporated envi-
ronmental aspects by presenting a static input-output model with pollution factors [16]. In this
study, we calculate the land-related ecological footprint, building on two influential studies in
the field. Our approach constructs the footprint based on vectors of final consumption, exports,
and directly imported products consumed within a given period. The studies by Bicknell et al.
[3] and Ferng [10] advanced the methodology of input-output models, providing the foundation
for further developments. Csutora and Vetőné Mózner [5] applied a similar static input-output
model to determine carbon emissions at the industry level, while Dobos [8] offered methodolog-
ical critiques of these models. Leontief’s model [17] provides a comprehensive analysis of the
circular economy and continues to gain relevance today [14, 18, 19, 29]. While Leontief origi-
nally introduced the static input-output model with environmental factors, recent works have
attempted to make the static footprint model dynamic [6]. Input-output models can be used to
approach the ecological footprint in both static and dynamic forms, and in this study, we focus
on the static calculation method. Lenzen et al. [15] examined the environmental relevance
of input-output models, especially in relation to ecological footprint calculations, while Wied-
mann and Barrett [30] reviewed the ecological footprint indicator, discussing its advantages,
limitations, and the role of input-output models. We focus particularly on land use models,
such as those explored by Hubacek and Sun [13], Ferng [10], Bicknell et al. [3], and Eder and
Narodoslawsky [9]. Several studies, including Hubacek and Giljum [12] and Turner et al. [27],
applied static methods to calculate the ecological footprint, focusing on pollution and land use.
They concluded that importing products from industrialised countries significantly contributes
to developing countries’ natural environment degradation. Wiedmann and Barrett [30] also ex-
plored various interpretations and calculation methods for the ecological footprint, emphasising
how input-output models can improve footprint calculations. Furthermore, research by Gao
and Tian [21] examined greenhouse gas emissions in China from 1980 to 2030, using ecologi-
cal footprint and input-output models to identify key factors driving the growth of emissions.
Bringezu et al. [4] studied sustainable production and biofuels, using input-output models to
assess biofuels’ ecological and social impacts compared to other energy sources. These exam-
ples demonstrate the broad application of ecological footprint calculations and input-output
analysis in the literature. Numerous studies provide specific calculations of ecological footprint.
For instance, Abbood et al. [1] used an input-output model to calculate the carbon and energy
footprint of the U.S. manufacturing system, quantifying the life-cycle impacts of U.S. manufac-
turing activities in the context of international trade. Specific case studies include analyses of
ecological footprint for Malaysia [2], Finland [20], Japan [26], and China [31]. The application
of ecological footprint in various regions illustrates the adaptability of input-output models to
different environmental and economic contexts. Additionally, the Higgins Sustainable Growth
Index incorporates the ecological footprint as a key variable, providing another practical appli-
cation of the concept [24]. In the next section, we analyse two influential studies on ecological
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land-footprint: Bicknell et al. [3] and Ferng [10]. Bicknell’s study was the first to model land
use by considering whether it is driven by imports or domestic production. The model calcu-
lates the share of land allocated to consumption, including three types of land associated with
imports: land for final direct consumption, land entering production for consumers, and land
indirectly transferred from imports to exports. Ferng’s work builds on this by introducing a
land multiplier to improve the calculations [10]. The key difference between the two studies is
that Ferng models land as a consumable resource rather than a primary input, and they differ
in how they allocate imported land between final consumption and exports. One limitation
of these models is the inability to partition sectoral imports between final consumption and
exports linearly.

3. A refined method for calculating ecological footprint with the input-
output model

When calculating the ecological footprint using empirical data, a relevant problem is the lack of
data for the other countries. Therefore, it is proposed to substitute the data of the country under
study for the data of the other countries, thereby facilitating the calculations. Given that the
ecological footprint aims to capture the total direct and indirect resource use embodied in final
consumption, input-output models provide an ideal accounting framework. Bicknell’s model [3]
was the first to address how to allocate imported land between final consumption and exports.
Ferng [10] refined this by introducing a land multiplier, but even this method does not fully
resolve the issues. In our study, we describe the mathematical contributions of these works
and propose improvements to better account for the embedded footprint of imports, addressing
differences in technological backgrounds and their impact on ecological footprint calculations.
The basis of input-output analysis is a set of sectoral disaggregated economic accounts that
identify the inputs and outputs of each sector. This method allows for the quantification of
interdependencies within the economy, using straightforward mathematical routines to trace all
direct, indirect, and induced resource use within consumption [16, 21]. The methods of Bicknell
[3] and Ferng [10] differ in their approach to calculating the land requirements of imports used
indirectly for consumption and exports. Bicknell allocates imports across sectors based on final
consumption and exports, while Ferng reduces total output by exports, leaving the relevance
of imports for production ambiguous. The first case presented by Bicknell [3] treats land as
a resource, where specific land use is calculated per unit of output. Ferng’s model assumes
intra-sectoral exchange and incorporates land use in addition to exports. For a standard inter-
sectoral model, this distinction is crucial, particularly in whether land use is considered in
terms of the import or export columns. A more detailed comparison of the two models can
be found in the work by Dobos and Tóth-Bozó [7]. In the next section, we will present the
mathematical background for calculating land footprint based on input-output models. This
background builds on the economic assumptions of previous studies, but offers a more precise
mathematical formulation.

Our proposal is constructed in a framework shown in Table 1. The table differs from
Table 3 of paper [7] as the imports are shared between the economies (countries) with that our
hypothetical economy is in commercial relations - such type of modelling can be found in regional
economics. Let us assume that there n sectors in the national economy are modelled and that
there are m different further economies that have a commercial relationship with our economy.
As before, the gross output of the economy is denoted by x, c vector is the final consumption,
exp vector represents the exports, while X is cross-sectoral use. The vector l shows the land
demand of the economy. The Ximpi

matrix shows the commodities imported from the ith
economy and used by the different sectors of our economy, while the cimpi

vector represents
commodities imported from the ith economy to the final consumption of our national economy.
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Vectors v and vc show added values. The impi vectors represent commodities imported in total
to the examined national economy, i.e., impi = Ximpi1 + cimpi , where vector 1 denotes the
summing vector, each element of that is one.

Sectors Final
consumption Export Total output,

import Land (ha)

Sectors X c exp x l
Country 1 Ximp1

cimp1
imp1

Country 2 Ximp2
cimp2

imp2
. . . . . . . . . . . .

Country m Ximpm
cimpm

impm
Added value v vc
Total output x

Table 1: An input-output table for a national economy with foreign trade.

Where

• Ximpi is the output from imported goods from the ith country, i = 1, 2, ...,m;

• cimpi
is the final consumption from imported goods from the ith country, i = 1, 2, ...,m;

• v is the total added value vector with n dimension;

• vc is the added value for final consumption with n dimension;

• x is the total output in the economy;

• impi is the total import from the ith country, i = 1, 2, ...,m;

• l is the total land use in hectare;

Then construct the model input coefficients for the economy and imports:

A = X⟨x⟩−1, Aimpi
= Ximpi

⟨x⟩−1, (i = 1, 2, ...,m) (1)

With these coefficient matrices, we can obtain the following equations describing the econ-
omy:

x = Ax+ c+ exp, impi = Aimpi
x+ cimpi

, (i = 1, 2, . . . ,m) (2)

In this context, the model is essentially the same as the one of the Table 1, as Ximp =∑m
i=1 Ximpi

,cimp =
∑m

i=1 cimpi
, we did not do anything other than arranging imports according

to their sources.
Considering the ecological footprint, as we can see, the land multiplier in the Ferngian sense

is only known to our modelled economy (for the other economies, we should be aware of the
input-output models of each national economy). If we would know the other land multipliers
as well, they would follow the following general form: ⟨li⟩(I − Ai)

−1 , where matrix Ai is the
sectoral relationship balance of i nation’s economy and vector li is the land demand of that
economy.

Based on that, the imports used by the economy we use can be summarised thus:

m∑
i=1

⟨li⟩(I −Ai)
−1impi =

m∑
i=1

⟨li⟩(I −Ai)
−1Aimpix+

m∑
i=1

⟨li⟩(I −Ai)
−1cimpi (3)
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This expression is the same as in the earlier models, if A = Ai and l = li, meaning that
every economy is homogeneous in the sense that they have the same technology matrix and same
area. In this case, the following relationship is fulfilled: imp =

∑m
i=1 Aimpi

x+
∑m

i=1 cimpi
, which

means that we sum up the imports regardless of their origin. Further analysis is conducted on
this aggregate model where Aimp =

∑m
i=1 Aimpi

, cimp =
∑m

i=1 cimpi
.

So the model is x = Ax+ c+ exp and imp = Aimpx+ cimp.

And one may solve this model to obtain the total output: x = (I − A)−1c+ (I − A)−1exp
and imp = Aimp(I − A)−1c + Aimp(I − A)−1exp + cimp. Here, the first system of equations
describes the domestic production, while the second one shows imports as a function of final
domestic consumption, exports and products directly imported for final consumption. We can
determine the land demand by multiplying the domestic equations by the diagonal matrix of
the domestic area, while applying the land multiplier to the imported products.

With this calculation:

⟨l⟩x = ⟨l⟩(I −A)−1c+ ⟨l⟩(I −A)−1exp (4)

the following expressions are obtained:

⟨l⟩(I−A)−1imp = ⟨l⟩(I−A)−1Aimp(I−A)−1c+⟨l⟩(I−A)−1Aimp(I−A)−1exp+(I−A)−1cimp

(5)

Thus, we have five layers of land requirements:

• ⟨l⟩(I −A)−1c: domestic land requirements of final consumption,

• ⟨l⟩(I −A)−1exp: domestic land requirements of export,

• ⟨l⟩(I−A)−1cimp: embedded land requirements of direct imports serving final consumption,

• ⟨l⟩(I − A)−1Aimp(I − A)−1c: embedded land requirements of indirect imports (for the
production sector serving final consumption),

• ⟨l⟩(I −A)−1Aimp(I −A)−1exp: embedded land requirements of indirect imports (for the
production of exported products).

In the light of these categories, we can classify land requirements into two groups: (1) domestic
demand for land use that is linked to final consumption, and (2) land demand for foreign
consumption that is attached to exports and thus does not appear in domestic consumption.
This latter land demand can be counted as a transit item, since after being imported, it will
leave the country as export and will not enter the country and its economy, so it will not be
part of the land requirements of the country.

We will now compare our proposed approach with the two previous models, as shown in
the 2nd table.
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[3] [10] Proposed model
Domestic land require-
ments of final consump-
tion

l(I −A)−1c ⟨l⟩(I −A)−1c ⟨l⟩(I −A)−1c

Embedded land require-
ments of direct imports
serving final consumption

l(I −A)−1⟨cimp⟩ ⟨l⟩(I −A)−1cimp ⟨l⟩(I −A)−1cimp

Embedded land require-
ments of production

l(I −A)−1Aimp⟨x⟩ − −

Embedded land require-
ments of indirect import
(for the production serv-
ing final consumption

l(I −A)−1Aimp·
·⟨x⟩⟨c⟩⟨c+ exp⟩−1

⟨l⟩(I −A)−1·
·Aimp(x− exp)

⟨l⟩(I −A)−1·
·Aimp(I −A)−1c

Domestic land require-
ments of exports

− ⟨l⟩(I −A)−1exp ⟨l⟩(I −A)−1exp

Embedded land require-
ments of indirect imports
(for the production of ex-
ported products)

− −
⟨l⟩(I −A)−1Aimp·
·(I −A)−1exp

Table 2: The categories to be captured by the papers.

It is immediately apparent that paper [10] did not specify the land requirements related to
the import demand of exports, which is a barrier for precisely determining the land requirements
of the imported products used for production. As

(x− exp)− c = Ax ≥ 0 (6)

the weighted land demand in our proposed model will be lower than the figure arrived at
by the Ferngian model. A numerical comparison of the three models in Table 2 can be found
in work [7].

Having expanded the refined Leontief’s input-output model by taking into account the land
footprint, we summarise the obtained results in the conclusion section. These results enable a
more accurate footprint calculation.

4. Conclusion

A slight inaccuracy found in previous modelling has now been corrected. By our method we
have calculated lower footprints, which significantly modifies the earlier overestimation. The use
of input-output model for calculating static ecological footprint may pose several mathematical
difficulties. These include handling larger input-output tables, solving nonlinear equations, and
analysing and visualising multidimensional data. In addition, the accuracy of the model may
be questionable, as environmental impacts are often difficult to measure precisely and require
estimation. Another difficulty of the input-output model is that it does not consider temporal
changes, meaning it cannot model dynamic effects. Finally, the model may be sensitive to the
quality and accuracy of input data, so the accuracy of the results depends on the quality of
input data. Our result is that we have created a newly formulated land footprint calculation
model that features an input-output model. By our method we calculated lower footprints
in work [7], which significantly modifies the earlier overestimation. We have also shown that
imports could be generally managed to calculate the footprint, but this would require a massive
calculation since all the technical coefficients of each national economy concerned would need
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to be known. The other authors assume that different commodities are produced under the
same technological conditions, and thus the same land requirements, in every country. In a
subsequent analysis, the presented model is appropriate for calculating the ecological footprint
of a real economy (furthermore, it can also be used for calculating other footprints, like the
carbon footprint). Another possible extension of the model is afforded by the dynamism of the
footprints, that is, the impact of accumulation and investment processes on the footprint. For
this, the dynamic version of the Leontief model can serve as an appropriate method.
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