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1. Introduction
Social ecology research centers on the understanding that in order to contribute to meaningful
analysis of current sustainability challenges, it is necessary to consider both sociocultural and
biophysical interrelations (Fischer-Kowalski and Weisz, 1999). It may seem self-evident that
economies indispensably require energy and material inputs as well as the discharge of wastes
in order to function. Yet, a dominant paradigm maintains that boundless economic growth is
possible. Such an approach to development does not take into account the biophysical
limitations of society’s metabolism and thus ignores given “limits to growth” (Ayres and
Kneese, 1969; Daly, 1973; Meadows et al., 1972). Nonetheless, important advances have been
made in considering human societies not only in terms of their economic but also their
biophysical dimensions in acknowledging that societies do have a “metabolism” (FischerKowalski and Haberl, 1998). Alongside the concept of social metabolism, a corresponding tool
was developed which, instead of regarding an economy purely in monetary terms, accounts for
society’s biophysical inputs and outputs. Economy-wide material flow accounts document
material use in mass units, most commonly metric tons. The considered material flows include
all materials an economy extracts from its domestic environment, imports from other and
exports to other economies as well as discharges to the environment (Fischer‐Kowalski et al.,
2011; Weisz et al., 2007). From its beginnings in academia, this approach continuously gained
wider acceptance together with the notion that growth in a physically finite world must be
limited. Indicators derived from material flow accounts have become an integral part of
environmental accounting (European Commission, 2011).
As the underlying methodology matured, so did the interest in applying it to new research
questions. As we potentially face planetary boundaries (Rockström et al., 2009), these
increasingly relate to understanding what drives (and has the potential to curb) our global
resource use. The latter requires a more in-depth understanding of the structures and dynamics
of resource use than can be gained from material flow accounts. The ‘black box’ as which MFA
treats society must be opened. In this Working Paper, we will examine the application of
economic input-output modelling in social ecology as a means to open up this black box. Inputoutput models are used in economics to represent the structure of production and final
consumption within an economy (single-region input-output SRIO model) or amongst multiple
economies (multi-region input-output MRIO model). These models depict by economic activity
(e.g. agriculture, food production, restaurant services) the inputs required from other economic
activities (e.g. food production would buy inputs from agriculture and restaurant services would
buy inputs from food production) and the output provided either to other activities or to final
consumption (including public as well as private spending as well as exports). Although this
type of structure could also be depicted in physical units of mass or energy, data is typically
only collected in monetary units (see Weisz and Duchin, 2006) and serves as the basis for
calculating the gross domestic product (GDP) as the market value of all goods and services
produced within an economy during a specific year. Input-output data can be used to trace the
impact of changes in final consumption on production structures. Such an application also
allows for the calculation of the inputs required to produce goods and services for export.
Input-output analysis can be “environmentally extended” (environmentally extended inputoutput analysis (EEIOA)) by integrating information from physical accounting, for example,
on energy or material use or pollution, into the input-output model. Because the input-output
model is in monetary units and the environmental extension is in physical units (e.g. in joules
of energy, tons of material, or kilograms of pollutant), this integration is non-trivial. A number
of assumptions have to be made, the validity of which has a significant impact on how we can
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interpret the results (see section 4). EEIOA is increasingly being used as a tool to understand
the material or energy requirements or the environmental burden associated with specific
sectors or with the components of final demand, e.g., for domestic final demand and exports.
Where the input-output table is extended by material flows, material inputs are allocated to
production sectors and can then be linked to the final demand which they ultimately satisfy.
With regard to exports, EEIOA allows for an approximation of the upstream material
requirements of the production of traded goods. Resource extraction, not matter where in the
world it occurs, is linked to the final demand for goods and services in the country under
investigation. This type of consumption-based approach to material flow accounting
complements the production-based approach (oriented towards the material use in national
economies).
In order to be able to interpret these types of accounts, it is important that the social ecologist
have a working knowledge of the fundamentals of environmentally extended input-output
analysis and be familiar with applications and limitations of the method. In this Working Paper,
we will provide an introduction to input-output analysis and its environmental extension
including step-by-step calculations based on the model of a hypothetical economy. We follow
up with a discussion of the assumptions which go into this type of approach. The aim of this
Working Paper is to make the important EEIOA tool accessible to students and researchers of
social ecology.

2. The Basics of Input-Output Analysis
In the following section, we will provide a very basic introduction to the general structure of
and calculations behind environmentally extended input-output analysis. Readers wishing to
study the method in greater detail and variation will find a wealth of useful information in the
standard textbook by Miller and Blair (2009) and the manual provided by Eurostat (2008). We
will begin with an introduction to the structure and elements of input-output tables and then
move on to the logic and the calculations behind their environmental extension.

2.1 Introduction to Input-Output Tables
Input-output tables (IOTs) depict the structure of an economy and include both the interindustry relations in its productive and service sectors and the composition of final demand.
The inputs required by each economic activity (or sector) to produce that activity’s output to
both other activities and to final demand are recorded. Although it is possible to construct IOTs
in physical units (tons, for example), sufficiently robust data for such tables is hardly available
in practice (see Weisz and Duchin, 2006). In monetary units, IOTs are compiled routinely by
the national statistical offices1 and, since they record the value of all goods and services
produced for final consumption in an economy within a given year, serve as the basis for
calculating the gross domestic product (GDP).

For example, the Austrian supply, use, and input-output tables are available here:
http://www.statistik.at/web_en/statistics/national_accounts/input_output_statistics/index.html. Eurostat publishes
the input-output tables of all EU member states here:
http://epp.eurostat.ec.europa.eu/portal/page/portal/esa95_supply_use_input_tables/data/workbooks.
1
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Table 1: Simplified Input-Output Table for a Hypothetical Three-Product
Wood
Paper
Books
Value Added
Total

Wood
85
10
5
95
195

Paper
90
10
5
205
310

Books
0
90
20
420
530

Final Demand Total Output
20
195
200
310
500
530
720
720
1755

Table 1 depicts a simplified IOT of a hypothetical economy which only produces three goods
(and these goods are produced by three corresponding economic activities): wood, paper, and
books. The values in the columns show which inputs are required for the production of all the
wood, paper, and books in this economy. For example, 90 units worth of wood, 10 of paper,
and 5 of books are needed to produce the total amount of paper. While the top left 3x3 section
of the table depicts the inter-industry flows, the fourth column shows the final demand. Final
demand is shown as an aggregate value in this example. In ‘real-life’ input-output tables,
domestic and foreign final demand (exports) are typically differentiated. Domestic final
demand usually consists of the final demand of households and government and NGOs.
Changes in inventories and capital formation (gross fixed capital formation GFCF) are also
commonly reported as categories of final demand. For the latter category the argument might
be made that capital formation corresponds to inputs into (future) production. The total output
of each of the products corresponds to the sum of inter-industry use and final demand and is
represented in the column on the very right. In monetary terms, value is added to a product
during the production process. This happens because labor, taxes, interest, rent, and profit have
to be paid for. The value added is shown in the fourth row. Only as many units of a product can
be consumed within the economy as are generated. Therefore, the totals by column and by row
have to match.

Table 2: Overview of Typical Element Notation within an Input-Output Table

1
2
…
i
v
x'

1
z11
z21
…
zi1
v1
x1

2
z12
z22
…
zi2
v2
x2

…
…
…
…
…
…
…

j
z1j
z2j
…
zij
vi
xi

y
y1
y2
…
yi

x
x1
x2
…
xi

Y X

matrix Z with elements zij: interindustry flows
vector y with elements yi: final demand
vector x with elements xi: total output
vector v with elements vi: value added
vector x’ with elements xi: total outlays

In order to facilitate our communication about input-output tables, we can use typical matrix
notation. The input-output table can be divided into several sections or matrices and vectors:
The interindustry relations, i.e. the 3x3 matrix with wood, paper, and books heading the
columns and the rows in Table 1, is often denoted by the capital letter Z. Its elements can
accordingly be represented by z11, z12, …, zij where the first index (i) represents the row number
and the second index (j) represents the column number corresponding to the element (see Table
4

2). In Table 1, for example, the flow of books into paper production would be represented by
element z32. The input-output table also contains a vector y of final demand (represented by a
single vector in Table 1 and 2 but often disaggregated by household and government
consumption as well as exports in ‘real’ IOTs). Vector x contains the total output (whether for
interindustry use or final demand) by each economic activity. Transposed into a row vector (x’),
it is usually referred to as total outlays. The elements in both vectors are identical because total
outlays must equal total output for each activity or product. The vector v represents the value
added.
Within the input-output table, total inputs equal total outputs: This is the mass balance principle
in economic terms. In simplified terms, the economic value of the all the flows into one activity
equal the value of all of the flows from that activity to other activities or final demand, for
example:
z11 + z12 + … + z1j + y1 = z11 + z21 + … +zi1 +v1 = x1
and
85 + 90 + 0 + 20 = 85 + 10 + 5 + 95 = 195

(Table 2)
(Table 1)

For the sake of simplicity, all of the following calculations refer to square (n x n) matrices, i.e.
to matrices with the same number of rows and columns (n). Input-output tables may, however,
be asymmetrical (i.e., non-square) and depict more than one type of output from each industry,
for example.

2.2 Input-Output Analysis and the Leontief Inverse
The term “input-output analysis” is often used to indicate that input-output structures are being
investigated on the basis of input-output tables. We will deal here with only one very central
aspect of this analysis which will be decisive for our environmental extensions: The Leontief
inverse. This calculation is named in honor of the Russian economist Wassily Leontief who
laid the methodological groundwork on which present-day EEIOA is based (Leontief, 1970,
1986).
Before we delve into the calculations: Why do we even need to calculate anything further? The
input-output table for our hypothetical economy (Table 1) informs us on how much wood,
paper, and books were needed to produce the 20 units worth of wood, 200 units of paper, and
500 units of books required by final demand. Often, however, we will be interested in
understanding the intermediate inputs associated with one unit of final demand rather than with
the total final demand. We might ask questions like: How much wood must be bought in order
to produce one unit of books for final demand? How much wood could be ‘saved’ if we reduced
final demand by one unit? If final demand for books increases by one unit, what would be the
effect on the wood and paper producing activities? We cannot answer these questions directly
based on Table 1 but a few simple mathematical equivalence operations will get us there.
The first transformation we will perform yields the matrix of direct intermediate input
requirements (also called technical coefficients) which is denoted by the capital letter A. Each
element in aij in A will represent the amount of inter-industry inputs directly required to produce
one unit of output. The calculation in itself is very simply: Each element of the matrix of
interindustry flows Z is divided by the total output (x) of that activity to which it contributes.
In matrix notation this calculation reads:
5

= ×



(F1)

In order to divide each element of Z by the corresponding total output, we multiply Z with
diagonalized (indicated by the hat symbol) inverse (indicated by -1) of x. Multiplying with the
inverse is equivalent to dividing and the diagonalization (into an nxn matrix with the values of
x-1 along the diagonal) allows us to use matrix multiplication. For our example (Table 1) both

the inverse of x (x-1) and the diagonalization of that inverse (
) are shown below:






0.005
= 0.003
0.002

0.005
= 0
0

0
0.003
0

(F2)

0
0
0.002

(F3)

By multiplying the matrix Z of interindustry flows (from Table 1) with the diagonalized inverse
of total production (F3), we obtain the matrix of technical coefficients A:
85
 = 10
5

90
10
5

0
0.005
×
90
0
20
0

0
0.003
0

0
=
0
0.002

. 
. 
. 

. 
. 
. 


. 
. 

(F4)

Please note that the vector in F2 and the matrix F3 have been rounded to the third decimal place.
Therefore, the calculation in F4 will render a slightly different result if the rounded values are
copied; the result presented in F4 stems from matrix multiplication using spreadsheet software
and is not based on rounded values. The value “0” (with no decimal places reported) represents
a true (and not a rounded) zero. Since all we have done is transform matrix Z, we can also easily
‘reverse’ our calculations: If we have calculated A correctly, then multiplying it with the
diagonalized vector of total output ( ) will yield matrix Z.
This matrix A of technical coefficients allows us to easily assess the amount of inter-industry
inputs required to produce one unit’s worth of output to final demand. For example, in order to
supply one unit of paper to final demand, 0.29 units of wood were directly required (element
a12 in Table 3). Please note that in spreadsheet software the symbol “-” (a13 in Table 3) is
sometimes used to represent a ‘true’ (as opposed to a rounded) zero. If the value in a13 in this
case were “0.00”, this would mean that the cell contains a value larger than zero rounded to the
nearest hundredth.
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Table 3: Matrix A of Technical Coefficients for a Hypothetical Three-Product Economy

Wood
Paper
Books

Wood
0.44
0.05
0.03

Paper Books
0.29
0.03
0.17
0.02
0.04

Rather than assessing only the direct inputs required to produce a specific amount of output, we
may be much more interested in finding out something about the indirect input requirements as
well. For example, if, in order to provide one additional unit of books for final consumption,
matrix A indicates that no wood was required. But we may assume that wood had to be
purchased to make the paper to make the books. 0.02 units of books were directly required
(element a32 in Table 3) to produce one unit of paper: We may wish to find out how much paper
would be required to produce those books. Then, if the paper industry has to provide more units
of paper to produce the 0.02 additional units of books, it will also require other additional inputs
of wood and books. The wood and book industries in turn will then need additional inputs to
produce for the higher demand in the paper industry and so and so forth. If we wanted to
calculate the indirect requirements associated with any change in final consumption, we would
essentially need to reiterate the same calculation procedure over and over again until we arrived
at a result that was satisfactorily fitting. The fact that Leontief developed a calculation (centered
on the so-called Leontief inverse) which can be used instead of this approximation via reiteration makes our lives much easier.
In order to derive the so-called Leontief inverse which will allow us to account for both direct
and indirect inputs, we will first briefly return to our matrix A (F4).If we multiply A with the
vector of total output x, we obtain a vector the elements of which correspond to the difference
between total output x and final demand y, i.e. to total inter-industry flows such that:
 × =−

(F5)

Based on this equation, we can perform a series of equivalence operations to arrive at the
Leontief inverse:

 =  − 
 = ( − )
= (! − ) × "

(F5.1)
(F5.2)
(F6)

Note that the capital letter I denotes to so-called identity matrix which is matrix notation for 1
and consists of a matrix with ones along the diagonal and zeroes in all other places. The
following example is a 3x3 identity matrix as we would need it for all calculations for our
hypothetical economy (Table 1):
1 0
= 0 1
0 0

0
0
1
7

(F7)

The elements in the Leontief inverse ( − ) reflect both the inputs required directly and
indirectly to produce one (additional) unit of final demand. The matrix in parentheses is taken
to the power of negative 1: This is the inverse of the matrix. The inverse of a matrix C is defined
such that # × #  =  where I is the identify matrix (see F7). Not all matrices are invertible: A
matrix for which the determinant (det(C)) is equal to 0 is a singular, non-invertible matrix. The
determinant of a matrix
$
# = $%
$&

$%
$%%
$&%

$&
$%&
$&&

is calculated as det(#) = ($ $%% $&& + $% $%& $& + $& $% $&% ) − ($& $%% $& + $% $% $&& +
$ $%& $&% ) .

Info-Box: Power Series Approximation
How the simple-looking equation (! − ) can reflect both the inputs required directly and indirectly to
produce one (additional) unit of final becomes clearer when we consider how we would calculate the
approximation of direct and indirect inputs in a re-iterative procedure. Such a procedure exists because the
inversion of large matrices requires quite some computational power which was not always available: Miller
and Blair (2009) report that in 1939, it took 52 hours to invert a 42x42 matrix and even in 1970, Leontief warned
his readers that computing the inverse for larger matrices would require a computer, indicating that he did not
use one for the examples with which he illustrated his approach (Leontief, 1970). The procedure by which the
Leontief inverse can be approximated without requiring the calculation of an actual inverse is known as the
power series approximation.
If we take a power series L such that
(F8)
+ =  +  + % + & + ⋯ + and we multiply this series by A, we obtain
 × + =  + % + & + ⋯ + -.

(F9)

For elements of the technical coefficient matrix aij for all of which 1 > |a| holds true, as n approaches infinity,
the an value approaches 0. Therefore,
+ −  × + =  and + × ( − ) = . If we multiply both sides of the latter equation with ( − ) , we obtain
+ = ( − ) × . Since I is the identity matrix and multiplication with I corresponds to multiplication with 1
in matrix terms, this can simply be expressed as + = ( − ) . The power series is a fairly good approximation
of the Leontief inverse and giving us some sense of the calculation process that would be necessary if we didn’t
have the tool of the Leontief inverse and the necessary computational power at our disposal.
In our hypothetical economy of wood, paper, and books, we left off with the A matrix of technical coefficients
(Table 3) and are now ready to apply Leontief’s calculation to it. In order to calculate (I-A), we need a 3x3
identity matrix (F7):
1 0 0
0.44 0.29
0
0.56 −0.29
0
(F10)
( − ) = 0 1 0 − 0.05 0.03 0.17 = −0.05 0.97 −0.17
0 0 1
0.03 0.02 0.04
−0.03 −0.02 0.96
When we invert this matrix (I-A) we obtain the Leontief inverse the elements of which inform us about the
direct and indirect inputs required so that one (additional) unit of final demand can be met.

Including indirect input requirements changes the matrix quite a bit as compared to the matrix
technical coefficients. We can now see, for example, that while no purchases of wood were
made directly to satisfy final demand for books, 0.1 units of wood were required as an indirect
input (Table 4).
8

Table 4: Leontief Inverse for a Hypothetical Three-Product Economy
Wood
Paper
Books

Wood
1.83
0.11
0.05

Paper Books
0.55
0.10
1.07
0.19
0.03
1.04

Keeping mind our equation F6, we know that multiplying the Leontief inverse with final
demand y should yield total output x:
1.83 0.55
 = 0.11 1.07
0.05 0.03

20
0.10
195
0.19 × 200 = 310
500
1.04
530

(F11)

In a more detailed input-output model in which final demand is disaggregated by different
categories (household and government spending and exports), we could substitute any of these
vectors for the vector y of total final demand in F11 and thus calculate the input requirements
associated only with household spending or with exports.

3. Environmentally Extended Input-Output Analysis (EEIOA)
Until now, we have been dealing with abstract monetary ‘units’ of spending in our input-output
tables. In this section, we will explore how environmental extensions introduce physical units
into the input-output model. In doing so, we will initially reconstruct the example that Leontief
used to set forth his approach which was based on a physical rather than a monetary inputoutput table. We will then offer insights from another hypothetical economy (this one based on
biomass rather than books) in the following section.

3.1 Leontief’s Example
In 1970, economist Wassily Leontief published an article in which he proposed using what is
now commonly referred to as environmentally extended input-output analysis (EEIOA) to
assess the amount of pollution associated with given levels of production and/or consumption
(Leontief, 1970). To illustrate his proposal, Leontief used a highly simplified hypothetical
economy represented by two economic activities (Agriculture and Manufacture) and one type
of final demand (Households). This means that the hypothetical economy is assumed to consist
of these activities only (and not that the representation in the input-output table is incomplete).
For this example, he constructed an input-output table in physical units (bushels of wheat for
the outputs of Agriculture and yards of cloth for the outputs of Manufacture). In order to assess
the amount of pollution associated with the total output of each of the activities as well as with
the final demand for this output, he constructed the by now well-known (and known under his
name) Leontief inverse (also see Section 2.2 and equations F5 and F6). In this section, we will
first present the basic structure of Leontief’s example which serves as a further illustration of
9

the principles of input-output calculations as we introduced them in Section 2. Building on our
knowledge of these structures, we will then explain how Leontief proposed to ‘environmentally
extend’ them with data on (in this particular case) pollution.
Using the data from Leontief’s original example, we have reconstructed the Leontief inverse
based both on the given physical input-output table (PIOT) as well as on the monetary inputoutput table (MIOT) which can easily be calculated via prices (see Figure 1). The monetary
input-output table is a transformation of the PIOT based on price information as provided by
Leontief where p1 = 2$/bushel for wheat (output of Agriculture) and p2 = 5 $/yard for cloth
(output of Manufacture). AP is the matrix of technical coefficients based on the PIOT. AM is the
matrix of technical coefficients based on the MIOT. (I- AP)-1 and (I- AM)-1 are their respective
Leontief inverses.
The top four cells in the Leontief inverses in Figure 1 show the direct and indirect inputs
required for the delivery of one bushel of wheat or one yard of cloth. For example, for one
bushel of wheat, 1.46 bushels of wheat and 0.23 yards of cloth are required. We went on to
construct a monetary input-output table (MIOT) from the PIOT by using the prices for bushels
of wheat and yards of cloth that can be calculated from the information on intermediate
requirements and value added (labor costs) as presented in Leontief’s article and correspond to
the calculated prices he includes. For the MIOT, it is also possible to construct a Leontief
inverse (Figure 1). In contrast to the PIOT-based Leontief inverse, this one is in monetary units
($/$), so that the total multipliers could be calculated by simple addition: For example, in order
to produce one unit of agricultural output to final demand, 1.46 $/$ + 0.58 $/$ = 2.04 $/$ of
input from agriculture and manufacture are required. The MIOT is, in this case, nothing but a
mathematical reformulation of the PIOT so that the environmental extension to which we are
now getting will yield the exact same result for both the physical and the monetary Leontief
inverse.
The A matrices in Figure 1 which include not only the interindustry flows but also the air
pollution extension are 3 x 2 matrices because they consist of 3 rows and 2 columns. Recall that
at the end of section 2.1 we stated that the calculations leading to the Leontief inverse in the
manner described here could only be performed for square matrices. In order to turn what is
now a 3 x 2 matrix into a 3 x 3 matrix, we expand the (I-A) matrix by a third column which
contains zeros in rows 1 and 2 and the value -1 in row 3. This is also where the value -1 in
column 3, row 3 of the Leontief inverses in Figure 1 stems from.
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Figure 1: Environmental extension of the IO framework based on the physical input-output
table (PIOT) as originally presented by Leontief
20
6
10

55
30
-

Total output x
100
50
60

unit
bushels of wheat
yards of cloth
grams of pollutant

40
30
10

Final demand y
Total output x
110
200
150
250
60

unit
$
$
grams of pollutant

PIOT
Agriculture
Manufacture
Air pollution M

Agriculture

Manufacture

MIOT
Agriculture
Manufacture
Air pollution M

Agriculture

AP
Agriculture
Manufacture
Air pollution

Agriculture
0.25
0.14
0.5

unit
bushels/bushel
yards/bushel
grams/bushel

Manufacture

unit
0.4 bushels/yard
0.12 yards/yard
0.2 yards/bushel

AM
Agriculture
Manufacture
Air pollution

Agriculture
0.25
0.35
0.25

unit
$/$
$/$
grams/$

Manufacture

unit
0.16 $/$
0.12 $/$
0.04 grams/$

25
14
50

Final demand y

Manufacture
50
70
50

(I-AP)^-1
Agriculture
Manufacture
Agriculture
1.46
0.66
Manufacture
0.23
1.24
Air pollution
0.77
0.58 Total Pollutants in Final
42.62
17.38
Demand F(x)
(I-AM)^-1
Agriculture
Manufacture
Agriculture
1.46
0.26
Manufacture
0.58
1.24
Air pollution
0.39
0.12 Total Pollutants in Final
42.62
17.38
Demand F(x)

1.00
grams

1.00
grams

Leontief proposed that pollution “is related in a measurable way to some particular consumption
or production process” and that these “undesirable outputs can be described in terms of
structural coefficients similar to those used to trace structural interdependence between all the
regular branches of production and consumption”. “The total amount of that particular type of
pollution generated by the economic system as a whole, equals the sum total of the amounts
produced by all its separate sectors” (Leontief 1970, 264). In Leontief’s example, a row vector
M2 containing information on the grams of pollutants emitted by each of the economic activities
is used to extend the PIOT or the MIOT system. From this vector, we can immediately gather
that Agriculture emits 50 grams (g) of pollutant while Manufacture emits 10 g so that a total of
60 g are emitted. Based on this information, we can calculate the pollution emitted per unit of
(physical or monetary) total output (x in Figure 1) by each of the activities:

The notation in this case is a bit unfortunate: Often, the capital letter M is used in input-output analysis to denote
a matrix of imports. We ask that the reader keep this in mind in reading other publications on the subject.
2
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Agriculture
Manufacture

23 4
33 56789:7

;
= 0.5 B<=>ℎ@A

(L1)

;
= 0.2 BGHI
23 CDEF7
3 4

Each bushel of wheat directly causes 0.5 g of pollution, each yard of cloth cause 0.2 g. Using
the MIOT, we can calculate the same type of pollution intensities related to total output in
monetary (dollars $) rather than physical units:
Agriculture
Manufacture

;
=
0.25
B$
%33 $
23 4

(L2)

;
= 0.04 B$
%23 $
3 4

From these results, we know how much pollution is directly linked to each dollar spent on wheat
or cloth.
If, for example, we want to understand the impact of wheat consumption on pollution no matter
where the latter occurs within the industry, then we will also need to know how much pollution
is indirectly caused by the production of one unit of wheat for final consumption. To this end,
we will use the Leontief inverse (see F5 and F6). Expanding our A matrices to a 3x3 form, we
can include the technical coefficients for pollution in the calculation of the Leontief inverse. By
multiplying this result with final demand y, we can determine that 42.6 g of pollutant are
associated with final demand for Agriculture products and 17.4 g are associated with
Manufacture final demand.
The calculation of the grams of pollutants emitted during the respective production processes
and associated with the given levels of final demand can be performed both based on the
physical data in the PIOT and on the monetary data in the derived MIOT, using the
methodology described above. Both calculations yield the same results which is expected
because the only difference lies in the construction of a MIOT that is mathematically equivalent
to the given PIOT. Because prices are constant and independent of the receiving sector, the
physical and the monetary account yield the same results; identical results are ensured due to
the direct proportionality between physical and monetary flows.

3.2 EEIOA Example for a Hypothetical Economy
In order to delve more deeply into some of the intricacies of EEIOA calculations, we have
developed another example for a hypothetical economy. We have included a few more products
and activities than Leontief used in his example in order to illustrate issues arising from their
differing characteristics. Two types of final demand (domestic and exports) are included in
order to illustrate how EEIOA can be used to specifically allocate inputs to the production of
goods for export. The PIOT and MIOT for this hypothetical economy and the calculated
Leontief inverses can be found in Figure 2.
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Figure 2: PIOT, MIOT, and Leontief inverses for six-activity hypothetical economy

The hypothetical economy is represented by physical input-output table (PIOT) in kilograms (kg)
with corresponding Leontief inverse (I- AP)^-1 in kg/kg, vector of homogenous prices per product
in dollars per kilogram ($/kg), and monetary input-output table (MIOT) in dollars ($) with
corresponding Leontief inverse (I- AM)^-1 in $/$. Domestic extraction (DE) is the environmental
extension.

This hypothetical economy produces six commodities: grass, corn, milk, meat, wood, and cork.
Of these, four are extracted: Grass is grazed by the animals, corn is harvested in agriculture and
then used as animal feed, wood and cork are extracted in forestry operations. Milk and meat are
secondary products. In the PIOT, the total domestic extraction of grass, corn, wood, and cork
corresponds to the total output of these materials. Using a vector of homogenous prices, the
PIOT can be transformed into a MIOT. Note that grass has no direct market value. In material
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flow accounting (MFA) from which the indicator of domestic extraction (DE) stems, the
inclusion of materials as DE is not dependent on their market value and flows such as biomass
grazed by animals, used crop residues, and the surrounding rock in mined metal ores are also
accounted for. According to MFA conventions, animals, along with humans and artefacts, are
considered part of the socio-economic (rather than the natural) system so that their feed intake
from the natural system through grazing constitutes a form of domestic extraction (Fischer‐
Kowalski et al., 2011; OECD, 2007; Weisz et al., 2007).
For both the PIOT and the MIOT, we can construct the A matrices and calculate the Leontief
inverses following the procedure outlined in section 2. Because grass does not have a price, the
grass-producing sector is represented with zeroes in the MIOT and deleting this sector would
not change the subsequent calculations. In order to ensure that the grass DE is allocated in the
input-output system, it is necessary to allocate grass to another sector or to assign a (miniscule)
price to grass in constructing the MIOT, thereby creating a grass sector. The latter ensures that
the results based on the PIOT and MIOT calculations are identical (as we have seen in
Leontief’s example). Since PIOTs on which such a transformation could be based are hardly
available for real-world applications (see Weisz and Duchin, 2006), we present the former
alternative in Figure 2 and allocate grass in the same manner as corn as the only other vegetal
agricultural production represented.
Based on the Leontief inverses and our knowledge of final demand structure by domestic and
foreign final demand, we can calculate the direct and indirect material requirements associated
with final demand by type.

Figure 3: Material requirements associated with domestic and exported final demand (yd and
yex) in the hypothetical economy
Material requirements for each of the six commodities, as total, and as related to total final demand
(y), all units are kilograms (kg). The left two columns show the results as based on the physical inputoutput table (PIOT) while the right two columns show the results based on the monetary input-output
model (MIOT).

Fehler! Verweisquelle konnte nicht gefunden werden.3 shows the results of the
environmental extension of our IO model both based on the physical and the monetary IOT. In
the PIOT-based model, the final demand for all six commodities is associated with 162.53 kg
of material requirements for domestic final demand and 159.47 kg for exports, resulting in a
total of 322 kg which corresponds to the total DE included in our environmental extension (i.e.
the total mass of grass, corn, wood, and cork). On the other hand, the MIOT-based model yields
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different results: 161.18 kg of material requirements for domestic final demand and 160.82 kg
for exports (322 kg in total corresponding to total DE). If we had allocated grass by using a
miniscule price, the results for both the PIOT- and the MIOT-based approach would be
identical. Assuming that grass can be allocated like corn introduces a discrepancy between the
PIOT- and the MIOT-based results. The sum of all distributed materials is identical for both
approaches (322 kg). If all goods have market value and thus a (miniscule) price, the question
is not if but how materials are allocated using a material extension.

4. Call for Caution
EEIOA opens a wealth of economic data up to use within social ecology and constitutes an
attempt to specifically analyze structures of production and consumption and their material
requirements rather than assuming that materials flow through a societal black box. However,
some caveats in the application of this method unfortunately remain, as the issue of grass as a
non-market flow in our third example of a hypothetical economy (see section 3.2) already
suggests. Most of them circle around the fact that we do not (and probably will not) have reliable
physical input-output tables at our disposal so that we are forced to make some assumptions as
to how the flows recorded in the monetary input-output tables relate to the physical flows.
Input-output analysis is based on the assumption that product groups are homogenous, e.g. in
our hypothetical economy (Figure 2), we would have to assume that all corn is the same even
though different types of corn are used for food and feed. The IOT in our example covers flows
of fairly distinct products. In the real-life Austrian IOT, for example, all agricultural products
are reported in the same category (see Schaffartzik et al., 2014a). The more aggregated (i.e.,
lacking in detail) the product groups are, the greater their tendency to be homogenous. For many
economies, however, the available input-output tables aggregate very different products into
the same category (e.g. products of agriculture and forestry or of mining in the case of Austria
(Schaffartzik et al., 2014a)). Depending on how diverse the economic activities and the
associated material extraction in any one of these aggregate categories is for a given country,
the monetary data alone could lead to a contestable allocation of material flows within the IO
framework (Hubacek and Giljum, 2003; Suh, 2004; Weisz and Duchin, 2006; Wiedmann et al.,
2007). For example, if metal and fossil fuel mining are grouped into the same category,
domestic extraction of waste rock associated with metals mining would also find its way into
the fossil energy carrier supply chain. Because differences in level of sectoral aggregation lead
to differences in results (Miller and Blair, 2009), greater uncertainties are attached to the
material footprints of countries with a highly aggregated IOT as well as to the exports from
these countries.
The violation of homogenous prices as the second central assumption in input-output analysis
means that even results based on highly disaggregated tables are prone to bias. Different
economic activities may pay different prices for one and the same product; in terms of the IO
model this means that we have a matrix of prices rather than a vector (Merciai and Heijungs,
2014; Weisz and Duchin, 2006). In early energy analyses, it was already noted that energy is
not sold at the same price to all users. Primary industries, for example, generally pays less for
electricity than do service sectors or private households. This makes it preferable to use data in
physical units, i.e. in Joules (Bullard and Herendeen, 1975). Prices are the central mechanism
via which the integration of physical extension data into the input-output model can be
achieved. While Leontief illustrated his approach based on a physical input-output table (PIOT)
which he transformed into a MIOT using a vector of homogenous prices, reliable PIOTs are
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hardly available for modern-day IO applications (Weisz and Duchin, 2006). In the analysis of
material requirements, the differences in price of equivalent products will lead to errors in the
estimation. Whether a kg of bread costs 1 Euro or is of higher quality and costs 5 Euros, the
amount of crops required in the production of each will be roughly the same and certainly not
differ by a factor 5 as the price differences suggest (Kastner et al., 2013).
Monetary accounts do not include non-market flows which are used by society but have no
direct market value (grass in our example in Figure 2). Globally, the three most prominent flows
in material flow accounts in this category are grazed biomass and used crop residues as well as
waste rock extracted during mining activities. In 2010, these material flows accounted for 21%
of global domestic extraction (DE). In countries where mining and/or animal husbandry play
an important role, non-market flows make up more than half of material extraction (Giljum,
2004; Krausmann et al., 2008; Schaffartzik et al., 2014b). No standardized procedure exists for
the allocation of such non-market flows in the input-output model. For EEIOA-based accounts
of land embodied in trade flows (see, for example, Giljum et al., 2013; Lugschitz et al., 2011;
Steen-Olsen et al., 2012; Weinzettel et al., 2013; Wilting and Vringer, 2009; Yu et al., 2013),
non-market flows are crucial in assessing embodied pasture. Part of the difference in the results
generated by the aforementioned studies is due to the fact that they allocate grazing to different
economic activities (e.g. to cattle, raw milk, other animal products, or a combination of these).
How these assumptions are made strongly impacts the distribution of material flows that
currently account for 1/5 of global material extraction, affecting individual economies in a
disproportional manner.
Another long-standing issue in input-output applications pertains to the treatment of capital
stocks. Under the United Nations Systems of National Accounts on which input-output statistics
are based, gross capital formation, household consumption, and expenditures by government
and civic organizations are reported as categories of final demand (United Nations, 2003).
Capital can also be considered an input into (e.g. invested in machinery or factories) and
government spending (e.g. on infrastructure education) constitutes an indispensable basis for
production processes (Herendeen and Tanaka, 1976; Tukker and Jansen, 2006). National capital
accounts can be used to internalize investments into the intermediate use of each sector
(Hertwich, 2011; Lenzen, 2001; Lenzen and Treloar, 2004; Schoer et al., 2012). If this is done,
the results differ significantly from those of accounts in which investments are not internalized
(Minx et al., 2011; Schoer et al., 2012). Methodological decisions must then be made on their
depreciation: Allocating one year’s investments to that same year’s production ignores both
their role for future production and the role of past investments for current production. In a
study of global material consumption associated with final demand in the European Union,
Schoer and colleagues (2012) treat monetary depreciation of capital as sectoral inputs and
allocate net capital investments to the following years, with significant impacts on the results.
In the material extension of input-output models which is the focus of this article, the question
additionally arises whether depreciation rates applied to monetary capital are equally applicable
to physical stocks (e.g., buildings or machinery) (Pauliuk et al., 2014). These issues are decisive
in the interpretation of material footprints: The material inputs into production in mature
economies, using stocks accumulated over the past decades, is systematically lower than that
of emerging economies massively expanding their infrastructure and capital stocks (Müller et
al., 2013). For example, in-use stocks of steel in mature industrial economies are up to 5-10
times larger than in emerging and developing economies (Pauliuk et al., 2013).
Environmentally extended input-output analysis is undoubtedly a valuable tool not only within
social ecology but for sustainability science at large. As the EEIOA approach currently stands,
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however, we must exercise caution in interpreting results. Currently several research groups are
working on developing solutions to the remaining challenges. This will not only be helpful in
the interpretation and further analysis of EEIOA results but also in aiding us to better understand
the relationships between physical and monetary flows. For social ecology as the study of the
interrelations between the biophysical and the cultural, this corresponds to an important item
on the research agenda.
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