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Abstract: Input-output analysis has become a widely established method in sustainability sciences.
It is primarily used in macroeconomic footprint analyses for allocating an economy’s externalities
among the agents in that economy based on the agents’ input-output interdependencies. However,
databases for input-output analyses are commonly compiled by aggregating data. Aggregation
of input-output data inevitably leads to a loss of information and in some instances can lead to
misinformed decision-making. The goal of this paper is to provide a simple hands-on numerical
introduction to input-output analysis including the potential implications of data aggregation in an
original manner. First, the calculation of production-based and consumption-based inventories is
introduced based on a dummy 2 × 2 input-output table. Next, the inventories of the 2 × 2 input-
output table are compared with the production-based and consumption-based inventories of a
corresponding non-aggregated 4 × 4 input-output table. A comparison of the inventories of both
dummy input-output tables allows for an exemplary demonstration of inaccurate allocation as a
result of data aggregation and to conclude on potential implications for decision-making. Overall, this
work offers a succinct and numerically substantiated introductory review of input-output analysis
for practitioners in sustainability sciences including the potential implications of aggregation of
input-output data. Its simplistic approach sets this work apart from other publications on aggregation
in input-output analysis that are founded in economics or econometrics.

Keywords: input-output analysis; methods for sustainability assessment

1. Introduction

Over the last few centuries, humanity’s footprint on planet earth has grown dra-
matically. Particularly since the middle of the 20th century, the world’s population and
its wealth have increased enormously and accompanied by an escalated anthropogenic
appropriation of the earth’s resources and exhaustion of the earth’s capacity to absorb
emissions [1–3]. It is now widely accepted that humanity’s current patterns of consumption
and production cannot be sustained without causing significant and potentially threatening
changes to the earth’s biosphere [4–8]. Consequently, individuals, organisations and entire
nations have committed to reducing their ecological footprint, as well as the entirety of
humanity’s ecological footprint. Hence, there is a need for robust methods and tools to
examine which agents in the global economy are responsible for the extraction and emission
of physical substances.

One such method is input-output analysis. Initially, input-output analysis was founded
in macroeconomics by Wassily Leontief for investigating the interdependencies between pro-
ducers and consumers based on their input-output interdependencies [9–11]. Later, Leontief
formulated how “undesirable by-products . . . are linked directly to the network of physical
relationships . . . of our economic system” and elaborated on “how such ‘externalities’ can
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be incorporated into the [. . . ] input-output picture of [an] economy” [10]. In other words,
Leontief extended the initially macroeconomic application of input-output analysis with e.g.,
environmental or social metrics [10]. This expanded the scope of application of input-output
analysis to topics commonly understood as sustainability sciences.

Leontief [10] and Kitzes [12] offer concise introductions to environmental input-
output analysis. Leontief [10] provides a solid introduction to the basic mathematics of
environmentally-extended input-output analysis, including the derivation of the structural
matrix of an economy from a set of linear equations. A strength of Kitzes [12] is its straight-
forward approach and its accessibility for those without a mathematical background. Miller
and Blair [11] has become a standard reference for input-output analysis and elaborates
extensively on the foundations of input-output analysis, data organisation, input-output
multipliers, incorporation of environmental and social metrics into input-output analysis,
decomposition analysis and numerous other topics.

Input-output analysis has been applied in countless sustainability-related studies
e.g., on cities [13–18], organisations [19,20], economic sectors [21,22], nations [23–30], local
impacts of global trade [26,31,32] and other topics. The externalities analysed using input-
output analyses are versatile, and include carbon emissions [17,18,33], biodiversity [34],
land use [35,36], water consumption [24,37], human exploitation [38] and other indicators.

Building databases for input-output analyses involves the temporal, sectoral and
regional aggregation of source data. For instance, several products or small sectors are
typically aggregated into one large sector. Aggregation is applied if detailed information is
lacking as well as to reduce calculation requirements. The importance of aggregation in
input-output analysis has been recognised ever since and is subject to thorough scientific
debate [9,10,39–41]. A review of scientific literature on aggregation in input-output analysis
was first published by Kymn [42]. Fisher [40], Ara [43] and Neudecker [44] studied the
optimisation of aggregation for minimising the loss of information. Lenzen [45] elaborated
on aggregation versus disaggregation as well as on the disaggregation of environmentally
relevant sectors and Wood et al. [46] studied sectoral harmonisation.

However, most of these works are founded in economics or econometrics and target
expert practitioners of input-output analysis. However, input-ouput analysis is subject to
ever-increasing popularity in sustainability sciences. Often, sustainability scientists have
different scientific backgrounds and varying levels of technical knowledge and may not be
experts in input-output analysis.

A concise and numerical introduction to input-output analysis including the potential
implications of aggregation of input-output data for those without a strong technical back-
ground does not exist. Yet, the aggregation of input-output data and implications thereof
can potentially undermine the robustness of input-output analysis-based assessments and,
in worst-case scenarios, lead to misinformed decision-making.

Therefore, the main aim of this work is to provide an introductory review of input-
output analysis including the potential implications of aggregation of input-output data
based on numerically substantiated examples. This work aids sustainability scientists
and policymakers in betters understanding the potential implications of aggregation of
input-output data for their work.

In this work, instead of the frequently used terms environmentally-extended input-output
analysis [12] and environmental input-output analysis [11], the term input-output analysis is
used. The reason is that the former terms neglect that non-environmental externalities,
e.g., social metrics, can as well be incorporated into input-output analyses [38,47–50]. This
paper uses the terms direct and total intensities for monetary requirements and direct or total
externalities for the externalities that are associated with the monetary requirements.

First, a dummy 2 × 2 input-output table is introduced (Section 2.1), structural path
analysis (Section 2.2) and the calculation of production-based and consumption-based
inventories (Section 2.3) is explained. Next, a dummy 4 × 4 input-output table is gradually
introduced which serves as the hypothetical non-aggregated counterpart of the lower-
resolved 2 × 2 input-output table (Sections 2.4.1 and 2.4.2). Subsequently, the inventories
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of both differently-resolved input-output tables are calculated (Section 3.4.2) and subject to
discussion (Section 4). This work concludes with a summary of the findings including the
potential implications of aggregation in input-output analysis (Section 5).

2. Method

This work expands on Kitzes [12] and the 2 × 2 dummy input-output table published
therein. Because this work is considered introductory, the fundamentals of input-output
analysis are covered in-depth. Equations (1)–(6) are the same as in Kitzes. However, more
in-depth explanations are given on structural path analysis, geometric series expansion and
the Leontief Inverse Matrix including explanatory depictions. Section 3 shows the production-
based and consumption-based inventories of the differently resolved dummy input-output
tables, which makes possible a discussion of the differences in production-based and
consumption-based inventories, as well as the potential implications of aggregation of
input-output data.

Readers should note that the input-output table adapted from Kitzes is fictitious.
Moreover, all input-output tables in this work are a stark simplification of real input-output
tables which are significantly more complex and typically consist of thousands or ten
thousands region-sector combinations.

2.1. Input-Output Tables

Input-output tables represent the input-output characteristics of a given economy
for a specified period of time, e.g., a particular year. The represented economy could,
for example, comprise the economy of a country, the entire world, selected regions or
sub-national entities, such as that of states or provinces. Typically, an input-output table
consists of the following components (see Figures 1 and A1):

• Transactions (T)
• Final demand (Y)
• Value-added (V)
• Total output (xout) and total input (xin)
• Satellite accounts (Q)

The economy in the dummy input-output table in Kitzes [12] comprises two sectors:
Agriculture and Manufacturing (Figure 1). The rows in the transaction matrix (also known as
the Intermediate Demand Matrix) contain the sectors’ output to all other sectors (production).
For example, the Agriculture sector produces €8 of output for itself (intra-sectoral transac-
tion) and €5 of output for the Manufacturing sector (inter-sectoral transaction). In addition,
the Agriculture sector produces €3 of output to satisfy final demand (e.g., household con-
sumption). The total output of the Agriculture sector is €16. Analogously, the columns in
the transaction matrix contain the sectors’ input from all other sectors (consumption). For
example, the Manufacturing sector consumes €5 from the Agriculture sector and €2 of input
from itself. In addition, the Manufacturing sector consumes €5 of added value (e.g., capital
and labour). The total output of the Manufacturing sector is €12.

For sustainability assessments, input-output tables can be extended by the sectors’
externalities e.g., resource use (water, land, etc.), emissions (nitrogen, phosphorous, green-
house gases, etc.), environmental impacts (water scarcity, global warming potential, etc.),
social- (working hours, occupational fatalities, etc.) and other metrics. These extensions
are also referred to as satellite accounts (or environmental extensions). The satellite account
of the input-output table in Figure 1 contains information on Water consumption—Total. It
indicates that 8 m3 and 4 m3 of Water consumption—Total are associated with the sectors’
total output of €16 and €12 worth of produce, respectively.

Large input-output databases are typically given in a monetary unit. The reason is
that transactions of all sorts of goods (e.g., wheat, cheese, ore, iron, cars, etc.) and services
(e.g., insurance, medical care, banking, education, etc.) in an economy can all be converted
into transactions in a common monetary unit. This allows the aggregation of thousands of
goods and services into a manageable number of aggregated sectors.
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Figure 1. Monetary 2 × 2 dummy input-output table based on Kitzes [12]. The sectors’ structural
paths are shown in Figure 2. The externalities per production layer are shown in Figures 3 and A2.
The production-based and consumption-based inventories are given in Section 3.1 and shown in
Figure A3. Orange: Intra-sectoral and inter-sectoral transactions (T); Yellow: Value added (V) and
final demand (Y); Green: Sectors’ total input (xin) and sectors’ total output (xout); Blue: Sectors’
satellite account(s) (Q).

2.2. Structural Path Analysis

Structural path analysis refers to the systematic tracing of a sector’s inputs from all other
sectors on an infinite number of production layers based on the transaction matrix [51–53].
A structural path can broadly be understood as a sector’s supply chain [33,51]. Before
conducting a structural path analysis, the transaction matrix T and the externalities q are
normalised by the sectors’ total output xout. The normalisation yields the sectors’ input
requirements from all other sectors to produce one unit of output, also referred to as
Technical Coefficient Matrix A (Equation (1)), and the sectors’ externalities per one unit of
output, herein referred to as the sectors’ direct externalities f (Equation (2)). Consequently,
the results of the structural path analysis are given in externality per one unit of output.

A = T/xout =

[
8 5
4 2

]
/
[
16 12

]
=

[
8/16 5/12
4/16 2/12

]
=

[
0.50 0.42
0.25 0.17

]
(1)

f = q/xout =
[
8 4

]
/
[
16 12

]
=

[
8/16 4/12

]
=

[
0.50 0.33

]
(2)

In the following, an example of a structural path analysis is given. For instance, the
Agriculture sector requires inputs from itself and the Manufacturing sector. Analogously,
the Agriculture and Manufacturing sectors require inputs from sectors further up the supply
chain. In theory, this trace can be continued indefinitely. However, for sustainability
assessments a purely hierarchical description of the sectors’ structural paths is of limited
informative value. Mostly, structural paths and the quantity of an externality associated
with the respective structural path are of interest. The externalities associated with €1
of output from the Agriculture sector are calculated by multiplying the corresponding
direct externality fAgriculture by €1, thus yielding 0.5 m3 × €1 = 0.5 m3/€. The externalities
associated with €1 of output from the Agriculture sector on the subsequent production
layers (first, second, third, etc.) are calculated by multiplying €1 by the corresponding
series of technical coefficients and the direct externalities of the final sector in the structural
path. For example, the externalities of the Manufacturing sector on the first production layer,
the structural path Agriculture—Manufacturing, are 0.33 m3 × €1 × €0.25 = 0.521 m3/€. The
externalities of the Agriculture sector on the second production layer, the structural path
Agriculture—Manufacturing—Agriculture, are 0.5 m3 × €1 × €0.25 × €0.42 = 0.347 m3/€
(Figure 2). If this series is continued indefinitely, it becomes possible to determine a sector’s
total externalities associated with €1 of the sector’s output.
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Figure 2. Structural paths and the associated externalities of the Agriculture and Manufacturing sectors for the first three production layers (per one unit of final
demand). The totals of the externalities of a given production layer are shown at the bottom (see also Figures 3 and A2).
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For each production layer, the number of branches of a sector’s structural path equals
the number of sectors in the input-output table to the power of the number of the production
layer. In a 2 × 2 input-output table for example: zeroth production layer 20 = 1 branch;
first production layer 21 = 2 branches; second production layer 22 = 4 branches; . . . tenth
production layer 210 = 1024 branches, etc. Overall, a limited number of production layers
contribute the highest proportion of a sector’s externalities (Figure A2) [51].
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F3 = fAAA 
 Total sum F3: 0.289
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0.086 0.027

0.068 0.021

F4 = fAAAA 
 Total sum F4: 0.202

The sectors  intensities and externalities per production layer

Figure 3. (A) Intensities (monetary requirements) associated with a single unit of final demand per
production layer in € per €1; (B) Diagonalised direct externalities; (C) Externalities associated with a
single unit of final demand per production layer in m3 per €1. The total of Fi equals the sum of all
externalities of all sectors on a production layer i in the structural path analysis in Figure 2. While
the sum of externalities per production layer decreases with each ensuing production layer, the
cumulative externalities from the considered production layers increase (Figure A2).

2.3. Production-Based and Consumption-Based Inventories

The calculation of production-based and consumption-based inventories based on
matrix multiplication is a simpler approach than structural path analysis. Yet, often it is
equally suitable for many research objectives and more straightforward if the goal is to
allocate an externality between producers and consumers based on final demand.

If a matrix C is the product of two matrices A and B, each element in C is the result
of multiplying each element in A with each corresponding element in B. C is then also
referred to as the dot product of two matrices. In input-output analysis, the dot product is
used to determine all externalities associated with the production of one unit of output
on a given production layer. Mathematically, the dot product is the same as determining
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the structural paths and associated externalities of all sectors. The following paragraphs
demonstrate an example of this process.

First, the transaction matrix T and externalities q are again normalised by the sectors’
total output xout (Equations (1) and (2)). On the zeroth production layer, the sectors’
externalities are equal to the direct externalities f . Mathematically, this is expressed by
multiplying the direct externalities f by an identity matrix I (Equation (3) and Figure 4).
However, multiplying a vector by a matrix yields a vector, which implies that one of the
two dimensions of the input-output table, input (consumption) or output (production), is
lost. To preserve both dimensions, the direct externality vector f is diagonalised ( f̂ ) before
calculating the dot product.

F0 = f̂ I =
[

0.50 0
0 0.33

]
×

[
1 0
0 1

]
=

[
0.5 0
0 0.33

]
(3)

The externalities from the subsequent production layers (first, second, third, etc.) are
determined by calculating the dot product of f̂ and a series of the technical coefficient
matrix A (Equation (4)). Eventually, the sum of the externalities from the zeroth (F0) and
the externalities from an infinite number of subsequent production layers yields the sectors’
total externalities per unit of output F (Figure 3). Although the sum of externalities per
production layer decreases with each ensuing production layer, the cumulative externalities
from the considered production layers increase (Figure A2). If an input-output table
contains more than one row of satellite accounts, this step can be repeated for each row of
the satellite accounts separately.

F = f̂ I + f̂ A + f̂ AA + . . . =
[

0.50 0
0 0.33

]
×

[
1 0
0 1

]
+

[
0.50 0

0 0.33

]
×
[

0.50 0.42
0.25 0.17

]
+

[
0.5 0
0 0.33

]
×

[
0.50 0.42
0.25 0.17

]
×

[
0.50 0.42
0.25 0.17

]
+ . . . =

[
1.33 0.67
0.27 0.53

] (4)

To account for the total externalities on an infinite sum of production layers, the
series expansion in Equation (4) can be rewritten using the Leontief Inverse Matrix L
(Equation (5)).

F = f̂ L = f̂ (I − A)−1 =

[
0.50 0

0 0.33

]
×

([
1 0
0 1

]
−

[
0.50 0.42
0.25 0.17

])−1

=

[
1.33 0.67
0.27 0.53

]
(5)

Finally, the sectors’ total externalities per unit of output F can be multiplied by a
given region’s final demand to determine the total externalities associated with the re-
gion’s consumption (Equation (6)). The sum of the rows in E (outputs or production) is the
production-based inventory. The sum of the columns in E (inputs or consumption) is the
consumption-based inventory (see Figure 1).

E = F × y =

[
1.33 0.67
0.27 0.53

]
×

[
3 6

]
=

[
4.00 4.00
0.08 3.20

]
(6)

2.4. Disaggregating the Input-Output Table

Real input-output tables consist of significantly more sectors, regions, and satellite
accounts than the dummy input-output in Figure 1. Typically, they consist of aggregated
data. This leads to the question of potential implications of aggregation in input-output
analysis. To address this question, in this section, we disaggregate the satellite accounts
(Section 2.4.1) and sectors (Section 2.4.2) of the 2 × 2 dummy input-output in Figure 1 are
disaggregated into hypothetical non-aggregated dummy input-output tables.
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2.4.1. Disaggregating Satellite Accounts

A common approach to approximate a sector’s total externalities is to multiply the
production volumes of products produced by the sector with the externalities associated
with a single unit of each product’s production. If, for example, the Agriculture sector
produces Wheat and Cotton, the sector’s total water consumption would be the sum of the
production volumes of Wheat and Cotton multiplied by their respective water consumption,
e.g., per ton of production. In the input-output table in Figure 4, the externalities of Water
consumption—Total of the 2 × 2 dummy-input-output table in Figure 1 is disaggregated
into the separate externalities of Water consumption—Cotton, Water consumption—Wheat,
Water consumption—Textiles and Water consumption—Agricultural machinery. The sum of
these separate satellite accounts equals the externalities of Water consumption—Total in the
input-output table in Figure 1.

Figure 4. Hypothetical 2 × 2 dummy input-output table. Expanded based on the input-output table
in Figure 1. The production-based and consumption-based inventories are shown in Figure 5.

0 2 4 6 8

Manufacturing

Agriculture

4.0

8.0

a) Production-based inventory of Region A
  12 m3

0 2 4 6 8

7.2

4.8

b) Consumption-based inventory of Region A
  12 m3

Water consumption - Cotton
Water consumption - Wheat

Water consumption - Textiles
Water consumption - Agricultural machinery

Figure 5. The production-based and consumption-based inventories of the input-output table are
given in Figure 4. The numeric contributions of externalities are shown in Figure A5.

2.4.2. Disaggregating the Transaction- and Final Demand Matrix

Large input-output databases with hundreds or thousands of sectors are typically
assembled by aggregating data from, e.g., annual macroeconomic databases with a high
level of detail. To demonstrate the potential implications of aggregation in input-output
analysis, also the sectors in the 2 × 2 dummy input-output in Figure 1 were subject to (hy-
pothetical) disaggregation and a second region was introduced. The resulting 4 × 4 dummy
input-output table is given in Figure 6 and can be interpreted as the non-aggregated correct
or true counterpart of the 2 × 2 dummy input-output table in Figure 1.
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Figure 6. Hypothetical 4 × 4 dummy input-output table. Expanded based on the input-output table in Figure 1. The production-based and consumption-based
inventories are shown in Figure 7. See Figure A9 for a hypothetical counterpart of this input-output table with non-monetary values.
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It should be noted that the disaggregation did not change the total transaction volume,
value-added, total input, final demand, total output, or sum of externalities. For example,
the sum of all transactions among the agricultural sectors in the input-output table in
Figure 6 is the same as the intra-sectoral transaction of the Agriculture sector in the input-
output table in Figure 1 (€3 + €5 = €8). The same applies, e.g., to the total input of the
manufacturing sectors (€0.25 + €3.75 + €1.25 + €0.5 + €0.5 + €0.25 + €0.5 = €5 + €2), final
demand among all regions from the agriculture sectors (€1.5 + €0.25 + €0.75 + €0.5 = €3), the
total output from the manufacturing sectors (€7.5 + €4.5 = €12), Water consumption—Total
from the agricultural sectors (6.5 m3 + 1.5 m3 = 8 m3), etc.

The 4 × 4 dummy input-output table in Figure 6 can be interpreted as a two-sector
economy in which Region A has a rather agrarian economy, and a rather low final demand
and Region B has a rather industrial economy and a rather high final demand. The agrarian
economy of Region A is rather water-intensive. Region A’s staple crop (wheat) is mainly
consumed domestically, while its cash crop (cotton) is mainly consumed abroad. The
industrial economy of Region B has a rather low water intensity. Region B’s textile industry
imports a lot of cotton from Region A and produces mainly for the domestic market. Region
B’s agricultural machinery is mainly sold to Region A’s agricultural sectors.

Manufacturing - Agricultural machinery (Region B)

Manufacturing - Textiles (Region B)

Agriculture - Cotton (Region A)

Agriculture - Wheat (Region A)

0.45

0.23

0.3

3.35

a) Production-based inventory of Region A
  4.33 m3

0.49

0.21

3.63

b) Consumption-based inventory of Region A
  4.33 m3

0 1 2 3 4 5 6

Manufacturing - Agricultural machinery (Region B)

Manufacturing - Textiles (Region B)

Agriculture - Cotton (Region A)

Agriculture - Wheat (Region A)

1.05

2.27

1.7

2.65

c) Production-based inventory of Region B
  7.67 m3

0 1 2 3 4 5 6

5.44

0.41

1.82

d) Consumption-based inventory of Region B
  7.67 m3

Water consumption - Cotton Water consumption - Wheat Water consumption - Textiles Water consumption - Agricultural machinery

Figure 7. Production-based and consumption-based inventories of Region A and Region B based on
the monetary-based input-output in Figure 6. The exact quantities are given in Figure A6.

2.5. Implementation

All calculations were done in the Python programming language [54] using the Pan-
das [55,56] and Numpy [57] libraries. The structural path analysis was conducted using
pySPA [58]. The results plots were created with Matplotlib [59]. A most simple implementa-
tion of the basic steps of input-output analysis described in Kitzes [12] in Python is available
via Zenodo [60].

3. Results

This section shows the production-based and consumption-based inventories of the
input-output tables in Figures 1, 4 and 6. It also touches on the differences in the inventories
and potential implications for policymaking. Section 4 discusses more general aspects with
no specific reference to the calculated inventories. For definitions of production-based
and consumption-based inventories, readers are advised to revisit Section 2.3 or refer to
Table A1.
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3.1. Baseline Input-Output Table

In the production-based inventory of the input-output table in Figure 1, 8 m3 and
4 m3 of Water consumption—Total induced by the final demand of Region A is allocated
to the Agriculture and Manufacturing sectors, respectively (where the externality occurs).
In the consumption-based inventory of the input-output table in Figure 1, 4.8 m3 and
7.2 m3 of Water consumption—Total created by the final demand of Region A is allocated
to the Agriculture and Manufacturing sectors, respectively (which correspond to the final
demand/consumption).

The comparison of the production-based and consumption-based inventories shows a
shift in the allocation of a major share of Water consumption—Total from the Agriculture sector
in the production-based inventory towards the Manufacturing sector in the consumption-
based inventory (Figure A1). The reason for this is that a larger proportion of the output
of the Agriculture sector is an input for the Manufacturing sector than for the Agriculture
sector itself or the final demand of Region A. This means that a large proportion of the water
consumption associated with the final demand from the Manufacturing sector originates
from the Agriculture sector (Figure 1).

If the inventories are calculated for the entire final demand, the total amount of a
satellite account is the same in the production-based and consumption-based inventories,
and the production-based inventory is equal to the satellite account q.

3.2. Disaggregated Satellite Accounts

Figure 5 depicts the production-based and consumption-based inventories of the
input-output table in Figure 4. The overall results are the same as those shown in the input-
output table in Figure 1 (8 m3 and 4 m3 and 4.8 m3 and 7.2 m3 in the production-based
and consumption-based inventories, respectively; see the previous section). However,
disaggregating the Water consumption—Total satellite account into its (fictitious) subparts
allows for a more in-depth analysis of the composition of the inventories. The production-
based inventory shows that all water consumption associated with wheat (6 m3) and cotton
(2 m3) originates from the Agriculture sector, and all water consumption associated with
textiles (2.5 m3) and agricultural machinery (1.5 m3) originates from the Manufacturing
sector. This is different compared to the consumption-based inventory, which comprises
water consumption originating from all sectors. The added level of detail shows of what
externalities an inventory consists of. This helps practitioners understanding the implica-
tions of aggregation in input-output analysis and potentially misleading inventories as a
result (see Section 3.4).

3.3. Disaggregated Transactions and Final Demand—Production-Based Inventory

In the production-based inventory of the 4 × 4 dummy input-output in Figure 6
(Figure 7), 3.63 m3 of Water consumption—Wheat originating from Region A is allocated to
Region A. The remaining 2.87 m3 are allocated to Region B. Although all the 1.5 m3 of Water
consumption—Cotton originate from Region A, only 0.22 m3 are allocated to Region A, with
the remainder allocated to Region B. Water consumption—Textiles and Water consumption—
Agricultural machinery solely originate from Region B, but most of these externalities are
also allocated to Region B. Nevertheless, the overall sum of the externalities allocated to
agricultural sectors (wheat and cotton) and manufacturing sectors (textiles and agricultural
machinery) in both regions are the same as in the inventories of the 2 × 2 dummy input-
output tables (8 m3 and 4 m3).

3.4. Implications of Aggregation
3.4.1. Sectoral Contributions in the Consumption-Based Inventory

The externalities allocated to the agricultural sectors (Agriculture—Wheat and Agriculture—
Cotton) and the manufacturing sectors (Manufacturing—Textiles and Manufacturing—Agricultural
machinery) in the production-based inventory of the 4 × 4 dummy input-output table in
Figure A8 are different compared to the externalities allocated to the agricultural (Agricul-
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ture) and manufacturing (Manufacturing) sectors in the production-based inventory of the
2 × 2 dummy input-output table in Figure A7. Instead of 4.8 m3 (as in the 2 × 2 dummy
input-output table), in the 4 × 4 input-output table 6.06 m3 of water consumption (3.63 m3

+ 0.21 m3 + 1.82 m3 + 0.41 m3 = 6.06 m3) is allocated to the agricultural sectors (1.26 m3 or
26.3% more; see Table 1). Instead of 7.2 m3 in the 2 × 2 dummy input-output table, in the
4 × 4 input-output table 5.94 m3 of water consumption (0.49 m3 + 5.44 m3 = 5.94 m3) is
allocated to the manufacturing sectors (1.57 m3 or 17.5% less; see Table 1).

Table 1. A comparison of the sums of externalities allocated to the agricultural sectors (wheat and
cotton) and manufacturing sectors (textiles and agricultural machinery) in the inventories of the
4 × 4 dummy input-output table and the externalities allocated to the agriculture and machinery
sectors in the 2 × 2 dummy input-output table. See also Figure A7.

Inventory Sector(s) 2 × 2 IO-Table 4 × 4 IO-Table ∆ (abs.) ∆ (rel.)

Production-based Agriculture 8 m3 8 m3 0 0
Production-based Manufacturing 4 m3 4 m3 0 0
Consumption-based Agriculture 4.80 m3 6.06 m3 +1.26 m3 +26%
Consumption-based Manufacturing 7.20 m3 5.94 m3 −1.26 m3 −18%

3.4.2. Composition of the Externalities in the Consumption-Based Inventory

The consumption-based inventory of the 2 × 2 input-output table in Figure 4 suggests
that Region A’s final demand from both sectors, Agriculture and Manufacturing, causes most
externalities through Water consumption—Wheat (Figure 5). In contrast, the consumption-
based inventory of the 4 × 4 input-output table in Figure 6 suggests that both regions’ man-
ufacturing sectors together cause the most externalities, through Water consumption—Textiles
followed by Water consumption—Cotton (Figure 7). If it is assumed that the 4 × 4 input-
output table provides a more accurate representation of the fictitious economy, the less
detailed aggregated 2 × 2 input-output table would misinform any decision-making
process. Table 2 summarises the differences in the allocation of the externalities in the
consumption-based inventories of the 2 × 2 and 4 × 4 dummy input-output tables. The
values can be interpreted as the changes in the inventories because of aggregation. Table 2
shows that the aggregation led to:

• An increase in the allocation of Water consumption—Cotton from the agricultural sectors
(Agriculture—Wheat and Agriculture—Cotton) to the Agriculture sector by +141.5%

• An increase in the allocation of Water consumption—Wheat from the manufacturing
sectors (Manufacturing—Textiles and Manufacturing—Agricultural machinery) to the
Manufacturing sector by +185%

• An increase in the allocation of Water consumption—Textiles from the agricultural sec-
tors (Agriculture—Wheat and Agriculture—Cotton) to the Agriculture sector by +1040%

• An increase in the allocation of Water consumption—Agricultural machinery from the
manufacturing sectors (Manufacturing—Textiles and Manufacturing—Agricultural ma-
chinery) to the Manufacturing sector by 42.5%

• . . . as well as corresponding decreases in the allocation of water consumption to the
other sectors.
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Table 2. Comparison of the allocation of externalities in the consumption-based inventories of the
2 × 2 and 4 × 4 dummy input-output tables in Figure 4 and Figure 6, respectively. The Agriculture
rows in the 2 × 2 input-output table column contain the values of the Agriculture (Region A) sector.
The Agriculture rows in the 4 × 4 input-output table column contain the sum of the values of the
Agriculture—Wheat (Region A) and Agriculture—Cotton (Region A) sectors. The Manufacturing rows
in the 2 × 2 input-output table column contain the values of the Manufacturing (Region A) sector.
The Manufacturing rows in the 4 × 4 input-output table column contain the sum of the values of the
Manufacturing—Textiles (Region B) and Manufacturing—Agricultural machinery (Region B) sectors. The
changes in the “∆ (abs.)” and “∆ (abs.)” columns consider the 4 × 4 dummy input-output table as a
baseline scenario (Figure A8). The results in the resolution of the input-output table in Figure 4 are
shown in Figure A4.

Externality Sector(s) 2 × 2 IO-Table 4 × 4 IO-Table ∆ (abs.) ∆ (rel.)

Water consumption—Wheat Agriculture 3.00 m3 4.95 m3 −1.95 m3 −39.4%
Water consumption—Wheat Manufacturing 3.00 m3 1.05 m3 +1.95 m3 +185%
Water consumption—Cotton Agriculture 1.00 m3 0.41 m3 +0.59 m3 +141.5%
Water consumption—Cotton Manufacturing 1.00 m3 1.59 m3 −0.59 m3 −36.9%
Water consumption—Textiles Agriculture 0.50 m3 0.04 m3 +0.46 m3 +1040%
Water consumption—Textiles Manufacturing 2.00 m3 2.46 m3 −0.46 m3 −18.6%
Water consumption—Agricultural machinery Agriculture 0.30 m3 0.66 m3 −0.36 m3 −54.4%
Water consumption—Agricultural machinery Manufacturing 1.20 m3 0.84 m3 +0.36 m3 +42.5%

4. Discussion

This section reflects on the implications of aggregation in input-output analysis
(Section 4.1) and lists some of the most established input-output databases (Section 4.2).
It concludes with a summary of the study’s limitations (Section 4.3).

4.1. Aggregation

In input-output analysis, the input mixes of all sectors consuming from another sector
are proportional to the producing sector’s output mix. Leontief formulated this as “the
distribution [. . . ] among the different consumers is made [. . . ] on a strictly proportional
basis. For each kind of use, each source of supply is drawn upon in proportion to its
total output” [9]. In most cases, this is unlikely to be the case in any real economic
scenario. Consequently, aggregation of economic data in input-output tables inevitably
leads to loss of information and distorted inventories (Section 3.2). The comparison of the
inventories of differently-resolved input-output tables (Figures 1, 4 and 6) has shown the
potential implications e.g., in a worst case, misinformed decision-making. In the given
examples, the difference in allocation between the differently resolved input-output tables
diverges by more than 1000% for one specific sector and by more than 100% for two
other sectors (Table 2). Other studies on aggregation in input-output analysis corroborate
these observations. Bouwmeester and Oosterhaven [61] analysed regional and sectoral
aggregation errors of carbon dioxide emissions and water use. Steen-Olsen et al. [62]
investigated the required level of detail of input-output data to mitigate the effects of
sectoral aggregation. De Koning et al. [63] applied a scenario-based approach to investigate
the effects of sectoral aggregation, satellite account aggregation and regional aggregation.
Schulte et al. [64] quantified the aggregation-induced uncertainty in the Exiobase database
and found particularly high coefficients of variations for small economies with a high share
of trade.

To improve the robustness of input-output analyses, scholars have repeatedly advo-
cated the development of input-output databases with a high resolution [9,65–67]. This
endeavour was also formulated by Wassily Leontief [9] who suggested that “a distribution
of all [. . . ] transactions among some smaller, more homogeneous, quasi-independent ac-
counting units appears to be highly desirable” and, despite major advancements, continues.
Yet, for the near future, even the most comprehensive input-output tables for sustainability
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assessments will always be subject to aggregation. Therefore, practitioners’ awareness of
and clear communication of potential aggregation-induced distortions of inventories is
crucial. Particular attention should be paid to those sectors, products or product groups
that are of high relevance concerning a study’s objective or the externality under study. For
instance, concerning agricultural primary production. According to best practice, some
input-output tables feature dedicated sectors for the most prevalent staple crops such as
rice or wheat [68,69].

Alternatively, practitioners can develop custom satellite accounts to best meet the
requirements of their research objective. However, eventually, the resolution of any satellite
account must match the input-output data’s given level of aggregation. Even if this implies
aggregating data concerning an externality with a resolution higher than the resolution of
the input-output data. Nonetheless, providing separate satellite accounts for the aggregated
externalities can still introduce transparency regarding the composition of inventories
(Section 3.2). This can help practitioners better understand the impacts of aggregation on
their research results—and the implications this has for decision-making. An approach
superior to working with separate satellite accounts is to disaggregate input-output data
through hybridisation with other data sources offering a higher resolution [45]. A challenge
in hybridisation that remains is that even if a sector has been disaggregated, it is often
unknown for which sectors the disaggregated outputs serve as an input [66].

4.2. Input-Output Databases

A recent overview of input-output databases for sustainability assessments was pub-
lished by Pfister and Kulionis [70]. It covers the Eora [71,72], Exiobase [69,73], WIOD [74],
GTAP [75] and OECD ICIO [76] databases. More recently published input-output databases
for sustainability assessments include RMRIO [77,78], FABIO [79] and GLORIA [68]. RM-
RIO is a merge of the Eora and Exiobase databases. FABIO is a food and agriculture biomass
input-output model. At the time of writing, GLORIA is the most comprehensive global
generic input-output database in terms of regional and sectoral coverage.

4.3. Limitations

Both, the 2 × 2 dummy input-output table in Figure 1 by Kitzes [12] as well as the
hypothetically non-aggregated 4 × 4 dummy input-output tables in Figures 4 and 6 are
fictitious. The input-output tables were devised to facilitate an accessible yet comprehensive
introduction to input-output analysis and the implications aggregation has for decision-
making. None of the given tables represents the full complexity of real input-output
databases. It should also be noted that aggregation can as well be performed in an optimised
manner to minimise the effects of aggregation.

It is worth taking note that production-based and consumption-based allocation
schemes are the two opposite extremes along a more nuanced range of avaialble allo-
cation schemes. Other allocation schemes include extraction-based, income-based, and
value-based [80] as well as combinations thereof such as shared producer and consumer
responsibility [81].

This study did not cover the derivation of an input-output table from a set of linear
equations. Readers interested in this matter are referred to Leontief [10]. To better under-
stand how input-output analysis is founded in the field of economics, readers are advised
to resort to the literature referenced in the introduction e.g., Miller and Blair [11] who
published the most exhaustive overview of input-output analysis.

5. Conclusions

Albeit having been found in economics, input-output analyses have become an estab-
lished tool in sustainability sciences for allocating the externalities of a given economy to
agents in that economy based on the agents’ input-output interdependencies.

This work aimed to provide a hands-on introduction to input-output analysis with a
particular focus on the potential effects of the aggregation of input-output data. For this,
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a set of differently resolved fictitious dummy input-output tables was presented. The
production-based and consumption-based inventories of the presented tables were com-
pared which allowed for demonstrating the potential effects of aggregation. This work’s
numerical and hands-on approach communicates the topic of aggregation in input-output
analysis in an original manner and targets non-technical practitioners of input-output
analysis from the field of sustainability sciences to whom this work aims to offer new
perspectives. It supplements other works on aggregation in input-output analysis, some of
which are summarised in Section 1.

This work has demonstrated that aggregation of input-output data, which is rather
the rule than the exception, can distort the allocation of externalities in consumption-
based inventories. In worst-case scenarios, this can lead to misinformed decision-making.
Consequently, it is crucial to always consider the potential implications of aggregation in
input-output analysis-based assessments and in the decision-making processes that involve
input-output analysis-based assessments. In many input-output analysis-based studies,
however, aggregation is not considered or receives negligible attention.

Assessments based on input-output analysis can offer valuable insights for explor-
ing many sustainability-related macroeconomic research questions. Consequently, input-
output analysis is an essential method in sustainability sciences, and the endeavour to
develop ever more comprehensive and detailed input-output databases, possibly with spe-
cific foci, continues and keeps improving input-output analysis-based assessments. In the
meantime, practitioners should carefully consider the potential implications of aggregation
in input-output analysis-based assessments and communicate findings transparently and
with consideration of the potential effects of the aggregation of input-output data.
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Appendix A. Supplementary Information on Input-Output Analysis

Figure A1. Schematic illustration of the typical structure of an input-output table. See Figure 1
(2 × 2), Figure 4 (4 × 4) and Figure 6 (4 × 4) for numeric dummy input-output tables with different
dimensions.
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Table A1. Definitions of the terms “production-based inventory” and “consumption-based inven-
tory”. See Section 3.2 in the manuscript for additional allocation schemes.

Inventory Peters [82] Wood et al. [73] Arnold et al. [80]

Production-
based

“Domestic production
including exports”

“The production-based indicators
account for the value added as well
as the substances emitted within the

geographical bounds of a region
or country.”

“emissions generated during production.
Responsibility is fully allocated to

producers of goods and services where
they occur in the value chain.”

Consumption-
based

“Domestic consumption
([excluding] exports but

includ[ing] imports)”

“On the other hand,
consumption-based indicators

(footprints) represent the direct and
indirect value added/emitted
substances caused by the final
demand in a specific country

or region.”

“emissions generated for satisfying
consumption. Responsibility of life cycle

emissions is fully allocated to final
consumers of goods and services.”

Appendix B. Supplementary Information on the Results
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Figure A2. (A) The externalities associated with a single unit of final demand; (B) The externalities
associated with the total final demand of Region A; Both are given per production layer (absolute)
and cumulative. Calculated based on the 2 × 2 dummy input-output table in Figure 1. More than
95% of all externalities accrue on the first nine production layers. The figures were determined using
series expansion (see Equation (4) and Figure 3) and can also be determined using structural path
analysis (see Figure 2).
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Figure A3. The production-based and consumption-based inventories of the input-output in Figure 1.
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Figure A4. (Re-)Aggregated production-based and consumption-based inventories from Figure 7.
The figure allows a comparison of the production-based inventories of the input-output table in
Figure 5 (2 × 2) shown in Figure 4 with the production-based and consumption-based inventory of
the input-output table in Figure 6 (4 × 4) shown in Figure 7.

Heat Maps

Figure A5. The production-based and consumption-based inventories of the monetary input-output
table in Figure 4. See Figure 5 for the corresponding bar charts.
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Figure A6. The production-based and consumption-based inventories of the monetary input-output table in Figure 6. See Figure 7 for the corresponding bar chart.
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Appendix C. Supplementary Information on the Implications of Aggregation

Figure A7. (A) Production-based and consumption-based inventories of the input-output in Figure 4;
(B.1) Production-based and consumption-based inventories associated with the final demand of
Region A in the input-output in Figure 6; (B.2) Production-based and consumption-based inventories
associated with the final demand of Region B in the input-output table in Figure 6; (C) A comparison
of the sums of the contributions by the agricultural sectors (wheat and cotton) and manufacturing
sectors (textiles and agricultural machinery) in the inventories of the 4 × 4 dummy input-output table
(A) and the contributions of the agriculture and machinery sectors in the 2 × 2 dummy input-output
table (B.1,B.2). The background colours of the cells indicate which cells were used to calculate the
respective sums (see Section 3.4).
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Figure A8. (A) Comparison of the allocation of externalities from the consumption-based inventory
of the input-output table in Figure 4; (B) Consumption-based inventories associated with the final
demand of Region A and Region B in the input-output table in Figure 6; (C) A sectoral comparison
of the consumption-based inventories of the 2 × 2 and 4 × 4 input-output tables in Figures 4 and 6,
respectively. The background colours of the cells indicate which cells were used to calculate the
respective sums (see Section 3.4.2).

Appendix D. Non-Monetary Input-Output Table

In theory, monetary input-output tables can be derived from non-monetary input-
output tables based on the value of transferred goods and services. An example is given in
Figure A9, which is the non-monetary counterpart of the monetary input-output table in
Figure 6. The production-based and consumption-based inventories of the input-output
table in Figure A9 are the same as those of the input-output in Figure A6 (Figure A8).
A major advantage of non-monetary input-output tables is that they are not affected by
currency conversions, subsidies or taxation schemes [83]. However, large input-output
databases are the result of complex aggregation processes, and usually each sector covers a
heterogeneous range of products and services [84].
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Figure A9. A hypothetical non-monetary input-output table based on Figure 6 in the manuscript. The conversion factors for turning the monetary values in the
input-output in Figure 6 into non-monetary values are given in the bottom-right corner. The production-based and consumption-based inventories are shown in
Figure 7 in the manuscript.
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