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Abstract: The Croatian economy performs unfavorably in terms of the impact of production on
wastewater discharges, which is particularly pronounced in the industrial sectors. Each unit of gross
industrial value added produced in Croatia generates significantly more wastewater discharges than
in most European countries with a similar level of economic development. Moreover, in 2020, only
26.9% of the total industrial wastewater discharges of the Croatian economy were treated, while 76.2%
of the total industrial wastewater discharges were directly discharged into the environment. Since
most of the industrial production in the Croatian economy is destined to meet the intermediate needs
of other sectors, policy makers in Croatia must take into account that the level of industrial wastewater
discharges is also influenced by the production level of sectors that depend on the intermediate
products of wastewater-intensive industries. For this reason, we developed a wastewater extended
input–output model of the Croatian economy to determine and analyze the impact of intersectoral
linkages in Croatian production systems on the amount of untreated wastewater discharges. The
results of the study show that wastewater flows in the Croatian economy are largely generated by the
processes of production and consumption of intermediate products from the chemical and petroleum
refining sectors, which also account for the largest share of the calculated wastewater footprint of total
Croatian production. In light of the emerging empirical evidence, it can be concluded that targeting
market-based and regulation-based measures at wastewater-intensive producers is not sufficient to
reduce the relatively high level of untreated wastewater discharges in the Croatian economy. There
is also a need for appropriate integrated policy measures in sectors that have a large wastewater
footprint due to their established supply chains.

Keywords: Croatian economy; EEIO analysis; indirect wastewater intensity; cumulative wastewater
intensity; wastewater footprint; forward and backward linkages

1. Introduction

Wastewater streams discharged into water reservoirs are of great concern as they
contribute the most to inorganic, organic and thermal pollution of water resources [1].
By definition, wastewater is water used in households, industries or other economic and
social facilities that does not serve a useful purpose or does not meet physical, chemical,
biological or other water quality standards without adequate treatment [2] (p. 7). Since
raw wastewater streams contain pollutants, bacteria and viruses that can seriously damage
ecosystems and endanger human health, adequate wastewater treatment prior to discharge
into the environment is an important requirement for maintaining and improving the
quality of available water resources [3]. Domestic wastewater, service wastewater and man-
ufacturing wastewater are critical types of wastewater, of which manufacturing wastewater
is more difficult to treat due to its complex pollution components and high concentration of
pollution [4]. In order to reduce overall wastewater discharges, it is particularly important
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to have a comprehensive understanding of how they are caused by production activities in
the economy [5,6].

Wastewater generated in the economy is the result of the material and energetic
residues of production. In productions where water is used as a medium for technological
processes or for other purposes (e.g., cooling and cleaning of production equipment), un-
used production residues in the form of solid, liquid or gaseous pollutants are dissolved
or simply remain in the water. Since the discharge of polluted water into the environ-
ment negatively affects the characteristics of the water bodies that receive the wastewater,
increasing production in wastewater-intensive sectors further threatens the quality of wa-
ter resources [7]. However, identifying and monitoring sectors that directly pollute the
environment with untreated wastewater (hereafter wastewater) is not sufficient to fully
understand the incidence of total wastewater discharges in the national economy. In fact,
many studies have shown that wastewater pollution is transferred indirectly, i.e., virtually,
through economic activities, where virtual wastewater flows imply wastewater embodied
in intermediate and final products and services [8]. Understanding the mechanisms of
virtual wastewater transfer through economic activities is a complex research task. This is
because wastewater-intensive sectors are linked to other sectors in the economy’s produc-
tion system through a network of supply chains. The sectors involved in the processes of
production and distribution of the outputs of the wastewater-intensive sectors therefore
indirectly influence the total wastewater discharge in the economy. Considering that cer-
tain sectors discharge large amounts of wastewater directly into the environment to meet
the production needs of other sectors [9], an appropriate method of virtual wastewater
accounting plays an important role in the development of integrated wastewater policies.

When it comes to the relevance of using certain methodological procedures for account-
ing and analyzing virtual wastewater flows in economies, the most frequently mentioned in
the literature is the environmentally extended input–output analysis (EEIO). EEIO analysis
is a long-established input–output technique for quantifying environmental impacts that
occur along supply chains and analyzing their linkages to economic activities. Unlike
bottom-up methods that rely on more detailed data for environmental accounting, EEIO
analysis is a top-down method that can distinguish direct and indirect environmental
impacts caused by intermediate and final demand [10]. EEIO analysis is based on a system
of linear equations that describe the established intersectoral linkages in the production
structure of a given economy, including its links to sources of primary inputs and final
consumption. Assuming that the economic structure and relative prices are fixed, EEIO
models allow the calculation of the cumulative environmental impacts of meeting final
demand for a given sector’s output, regardless of the degree of complexity of the supply
chains that support that output. Because of their mathematical simplicity and clarity in
interpreting the results obtained, EEIO models have become a powerful tool in research
on the relationship between the economy and the environment and in information-based
policy making [11–13].

Given the strategic importance of Croatia’s renewable water resources [14,15], it is
particularly important for policy makers to understand the key drivers and impacts of
virtual wastewater flows in the Croatian national economy. According to Aquastat [16],
Croatia has 25,222 m3 of renewable water resources per capita per year, ranking fourth
in Europe and 31st in the world. Due to the low population density and modest water
demand for industry and agriculture, only 2% of the available renewable water resources
are withdrawn annually in Croatia. Along with the relative abundance of renewable water
resources, most of the water bodies on Croatian territory are of good quality [17].

However, due to insufficient development of public wastewater collection, treatment
and disposal systems, there is a significant risk for maintaining and improving the quality
status of water resources in Croatia. Therefore, with the support of EU funds, Croatia will
invest approximately USD 2.6 billion over the next three to five years in the construction
and development of infrastructure needed to improve water and wastewater services
within the national system boundary [18]. Since the access of households and producers
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to the public wastewater system is very low, the investment cycle will focus mainly on
the development of wastewater systems. Currently, centralized wastewater systems are
built only in large urban and industrial centers, so the capacity of industrial wastewater
treatment in the various production sectors of the Croatian economy is not at the same
level of development. Large companies generally have better wastewater treatment infras-
tructure, but the majority of wastewater producers still lack modern equipment to reduce
and properly treat their wastewater discharges [19] (p. 37). As a result of underdeveloped
industrial wastewater systems and low capacity of industrial wastewater treatment, only
26.9% of total industrial wastewater discharges in the Croatian economy were treated in
2020, while 76.2% of total industrial wastewater discharges were discharged directly into
natural receiving environmental elements—watercourses, sea, soil, lakes and reservoirs [20].
Moreover, Croatian industry has a relatively low value added per unit of untreated wastew-
ater discharge compared to industry in European countries for which recent Eurostat data
on wastewater discharges were available (see Figure 1) [21,22].
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see Table A1).

Although industry is the largest contributor of wastewater in EU economies [21], the
values presented in Figure 1 show that industrial production in Croatia is more wastewater-
intensive than in countries with a similar level of economic development. This means that
each unit of gross industrial value added produced in Croatia generates more wastewater
discharges than in comparable countries. However, the wastewater productivity or intensity
indicators do not provide a complete picture of the nature of the impact of different
production sectors on wastewater discharges in the Croatian economy. This is mainly
because a significant part of industrial production is consumed as intermediate products in
other sectors [23], so the level of industrial wastewater discharges in the Croatian economy
is determined by the production level of other sectors. Therefore, when considering an
appropriate approach to wastewater reduction in the Croatian economy, it must be taken
into account that part of the responsibility lies with the sectors involved in the intermediate
processes of production and consumption of wastewater-intensive goods and services. For
this very reason, it is necessary to better understand the interconnectedness of industry
and other sectors within the Croatian production system in terms of cross-sectoral virtual
wastewater flows. This is also the main objective of this study, and our empirical strategy
is presented in Figure 2.
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Figure 2. Empirical strategy of the study.

Based on an extended input–output model for wastewater, we calculate and analyze
the cumulative, direct and indirect wastewater intensity of the different production sectors
in the Croatian economy, as well as their multiplicative impact on the discharge of untreated
wastewater. We also calculate and analyze the sectoral wastewater footprints in the Croatian
economy and the relative strength of sectoral forward and backward linkages in generating
virtual wastewater flows. Taking into account the peculiarities of the main objective of
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the research and the methodology applied, the results of this study, presented below, are
elaborated in four main sections. The literature review section provides an overview of the
wastewater extended input–output studies, based on which empirical gaps in the literature
on the Croatian economy are identified. The second section explains step by step the
development of the used input–output model for the Croatian economy and the model
data. In the empirical section, the newly obtained results are analyzed, interpreted and
discussed. Finally, the concluding section summarizes the main findings and empirical
results of the study and provides policy suggestions for minimizing wastewater discharge
in the Croatian economy. At the end of the conclusion, the main limitations of the study are
highlighted and recommendations for future research are provided.

2. Overview of the Literature

Wastewater pollution is considered one of the most serious global environmental prob-
lems, as pollution of water sources can limit and prohibit different types of water use [24,25].
In most countries, the majority of wastewater is discharged directly into the environment
without adequate treatment, negatively affecting human health, economic productivity, the
quality of surrounding freshwater resources and ecosystems. If current trends continue, wa-
ter quality will continue to deteriorate in the coming decades, contributing to water stress
and limiting sustainable economic development [26]. Therefore, the interdisciplinary field
of wastewater pollution research is of great importance for mitigating wastewater pollu-
tion, conserving water resources and protecting water-related ecosystems [27–29], which is
critical for achieving a balance between economic and environmental sustainability [30,31].

It is well known that input–output models are particularly well suited to fully describe
the complexity of intersectoral relationships in and across economies and to estimate how
changes in the components of final demand and various primary inputs affect different
economic, social or environmental variables. Although certain forms and segments of
the analysis of intersectoral relations can be found in the earlier literature [32], there is
a general consensus in the scientific and academic community that the main founder of
input–output analysis is Professor Wassily Leontief, who was awarded the Nobel Prize
in 1973 for his long-standing contribution to the study of input–output analysis. Since
traditional input–output models were theoretically extended in the 1960s to account for
the feedback between the economy and the environment by adding physical information
(in rows or columns) to monetary input–output tables [33–35], input–output analysis has
become a widely applicable empirical tool in the field of interdisciplinary environmental
studies [36]. EEIO models allow the quantification of direct and indirect resource use and
environmental pollution associated with meeting final demand. Therefore, these models
provide a universal methodological basis for identifying the key drivers and sources of the
environmental pressures embodied in demand supply chains [37].

Since the Statistical Office of UN published a manual on the System of Integrated Envi-
ronmental and Economic Accounts (SEEA) in 1993 [38]—which elaborated methodological
guidelines and examples for linking environmental statistics, including water statistics, to
the system of national accounts—statistical offices in many countries have begun to use
economic standards and classifications in the collection, organization and publication of
data on water issues. To date, the SEEA framework has been revised and expanded several
times and now includes a number of subsystems specifically designed to capture and mon-
itor typical areas of interaction between the economy and the environment. The System of
Environmental-Economic Accounts for Water (SEEA-Water) was published in 2012 as the
first international integrated accounting standard for water [39]. This spurred the adoption
and development of integrated water accounting in many countries and set the stage for
more frequent use of input–output analysis in the study of virtual water, water pollution
and wastewater flows within and across economies at different territorial scales [40].

Through the application of the EEIO method, numerous scientists have uncovered a
wide range of wastewater discharge problems. For example, in the context of river pollution
in Indonesia, a study published in 2003 identified pollution control sectors and pollution
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prevention sectors [41]. The study concluded that sectors with high parameters for effective
pollution control should be given high incentives to eliminate their pollution as much as
possible because it is relatively inexpensive to do so (e.g., subsidies for pollution control
and strict control of wastewater discharge, high progressive wastewater tax). Similarly, con-
sumers should be strongly discouraged (e.g., by a relatively high sales tax) from increasing
their demand for products from sectors with high effective pollution control parameters,
since increasing demand for these sectors results in relatively large amounts of river water
pollution that is relatively expensive to clean up.

Another study in 2005 analyzed the relationships between production processes and
water pollution based on satellite water accounts and input–output tables for the Spanish
economy [42]. The objective was to identify the role of different sectoral blocks as producers
and consumers of different types of pollution and to examine how water pollution responds
to changes in final demand. A similar research approach was used in a study of the Indian
economy in 2012 [43]. By extending the traditional input–output model with a matrix
of coefficients for various pollutants in wastewater discharges, the study analyzed the
intensity and pattern of direct and indirect pollution of individual industries in the Indian
economy. It was found that the production of textiles, leather goods, paper products and
chemicals cumulatively contribute the most to water pollution in the Indian economy, while
among final demand categories, private consumption expenditure has the largest impact
on almost all pollutants.

Based on the assumption that it is important for sustainable river basin development
to consider not only direct but also indirect impacts on water demand and pollution, a 2013
study from China applied a hybrid input–output model to analyze water consumption and
wastewater discharge in the Haihe River Basin [44]. The results of the study show that water
consumption and pollution can be reduced if the structure of production, consumption and
trade in the Haihe River Basin is adjusted to its carrying capacity.

To determine the dynamics of water pollution in an international context, a group of
authors in 2017 analyzed the main global drivers of graywater discharge and efforts to
reduce graywater [45]. Using the structural decomposition analysis method and data from
the World Input–output Database, the authors assessed the impact of changes in interme-
diate industrial flows, domestic final demand, exports and water demand on graywater
production. In their study, the authors concluded that increases in income and population
in developing countries put pressure on graywater production in primary sectors to meet
increasing population demands. On the other hand, industries that are significant graywa-
ter producers are being relocated from developed countries to developing countries, where
inadequate technological development and pollution regulation are leading to even higher
graywater production than before. Therefore, secondary sector policies must pay special
attention to key industries in global value chains that contribute most to water pollution.

The most recent EEIO study on direct and indirect relationships between water pollu-
tion and production of different sectors was conducted in 2020 using the Nepalese economy
as an example [46]. The study identified key water pollution control industries (i.e., heavy
polluters that incur relatively low cleanup costs) and water pollution prevention industries
(i.e., polluters that accelerate pollution by inducing the release of pollutants from other
related sectors). The results suggest that incentives to comply with wastewater standards
are more effective for industries that reduce pollution, while penalties are more effective
for industries that avoid pollution because they support Nepal’s economy.

In order to systematically analyze wastewater discharge in the process of industrial-
ization and urbanization of Guangdong Province in China, a group of authors developed
a dynamic wastewater-induced input–output model in 2020 [47]. By combining input–
output analysis, ecological network analysis and structural decomposition analysis, the
authors found that paper, computer and machinery manufacturing and services are the
key industries responsible for large amounts of wastewater discharges and unhealthy
source–discharge relationships. In addition, final demand was found to be the largest
driver of wastewater discharge.
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Summarizing the literature on wastewater- and water pollution-based EEIO analyses,
one can conclude that the intensity of the impact of individual production sectors on
total wastewater and pollution discharge depends primarily on the complexity of their
supply chains and the importance of wastewater-intensive production in the national or
regional economies to which they belong. Therefore, empirical results vary from country to
country. As far as the authors of this study are aware, no empirical study on input–output
analysis of wastewater flows or water pollution flows in the Croatian economy has been
published at the time of writing. Previous studies have relied exclusively on analyses of
direct wastewater discharges, mostly as part of the development of the national strategy
and key planning documents for water protection and management in Croatia [48]. To
date, only two published studies from 2020 have conducted an EEIO analysis of sectoral
water consumption in the Croatian economy [49,50]. Therefore, this study develops the
first wastewater-based EEIO model for the Croatian economy.

3. Methodological Framework

In this section, the wastewater extended input–output model of the Croatian economy
is presented and the origin of its indicators is explained. It also critically examines the
assumptions and limitations of using this model as an analytical and simulation tool and
describes the data sources used in the model.

3.1. Basic Input–Output Model

The following explanation of the basic input–output model is based on various
literature sources ([51] (p. 274), [52] (pp. 22–27), [53] (pp. 14–23), [54] (pp. 486–489),
[55] (pp. 10–34)).

When the national economy is divided into n sectors, the structural relationships in
the production and distribution of the total annual value of national output, as well as
the relationship between the total output of each sector and its total direct wastewater
discharge, can be illustrated as in Figure 3.
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Since in the biproportional matrix of intermediate consumption, sector i supplies part
of its output to other sectors and sector j uses it as a production input, xij denotes the
part of the value of sector i’s annual output that goes into sector j’s production. Thus,
if Xi is the gross output value of sector i and fi is the total final use of sector i’s output,
then the total annual output of sector i from a demand perspective can be defined by the
following equation:

Xi= ∑n
j=1 xij+ fi, for each i = 1, 2, . . . , n (1)
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The intensity of direct intersectoral dependencies in production processes is expressed
by the technical coefficients of production, which are calculated as follows:

aij =
xij

Xj
(2)

Since the technical coefficient aij reflects the value of sector i’s output expended by
sector j to produce one unit of its own output, sector i’s share in sector j’s total intermediate
consumption can be replaced by the function xij = aijXj. Accordingly, the system of
Equation (1) can be transformed into an equivalent system:

Xi= ∑n
j=1 aijXj+ fi, for each i = 1, 2, . . . , n (3)

When aij are constants and f1, . . . , fn are given values, the newly obtained system
of Equation (3) consists essentially of n linear equations with n unknowns describing the
direct relationship between the outputs of all sectors into which the economy is divided.
Calculating the multiplicative or cumulative effect of the unit change in the output of
each sector on the level of the output of the other sectors therefore implies solving the
mathematical problem of finding new values X1, . . . , Xn resulting from the change in the
value of any fi. Accordingly, this problem can be solved with the help of matrices:

x = Ax + f (4)

where:

• x is the vector column of the total output (Xi);
• A is the matrix (n × n) of the technical coefficients (aij); and
• f is the vector column of final demand ( fi).

The solution of Equation (4) is in fact the basic Leontief input–output model of production,
linking the total output of each sector and the final demand for the output of each sector in
the economy:

x = (I − A)−1f (5)

where:

• I is unit matrix (n × n); and
• (I − A)−1 is the inverse Leontief matrix (L, n × n).

Thus, the elements of the matrix L(lij) measure the cumulative (direct and indirect)
impact of the unit change in the level of demand for final products and services of sector j
on the total output of sector i.

lij=
∂Xi
∂ f j

(6)

When interpreting the results obtained on the basis of the derived model, the following
assumptions must be taken into account ([56] (p. 4), [57] (pp. 635–637)):

1. All sectors are characterized by perfect homogeneity of production, which means
that all firms within a given sector have the same technological production base and
produce exactly the same products;

2. All sectoral inputs are perfect complements in production and cannot be substituted,
i.e., the production structure of all sectors is fixed and therefore they have constant
returns in the volume of production; and

3. The production capacities of all sectors are absolutely sufficient, which allows a
proportional increase in their production in relation to the increase in final demand.

Although the assumptions of Leontief’s input–output model do not accurately reflect how
the production systems of economies operate in reality, the model can still be a very useful
tool for analyzing sectoral interdependencies in the economy. This is mainly because the
technical structure the production system of the economy in a given period is authentically
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reflected by the A-matrix, which allows the calculation and analysis of direct and indirect
linkages within the economy as a complex system. It is a fact that the sudden emergence
of new activities in the economy, changes in relative prices or, for example, changes in
the size and structure of the capital stock can lead to significant changes in the technical
basis of the production processes in the economy, but in reality, the technical coefficients
generally do not change so rapidly [58,59]. Thus, different variants of this model can also
be useful for simulations and forecasts. However, they are not used to precisely quantify
the multiplicative effects of endogenous or exogenous factors on the production system
of the economy, but to determine the direction and magnitude of these effects. Therefore,
extending the model to include wastewater data can definitely help us to better understand
the impact of intersectoral production dependencies on wastewater discharges.

3.2. Wastewater Extended Input–Output Model and Wastewater Multipliers

The derivation and interpretation of the wastewater extended input–output model
presented below is based on several different literature sources [9,60–62].

Although discharged wastewaters are residues of production processes, they can be
interpreted in technological terms as the amount of environmental impact required to
produce one unit of a given product. Therefore, wastewater discharges are presented as
production inputs in Figure 3. In this way, the coefficient of direct wastewater discharge
can be calculated, i.e., the coefficient of direct wastewater intensity of sector j (dj):

dj =
wj

Xj
(7)

where:

• wj is the total direct wastewater discharge from sector j; and
• Xj is the value of the total input to sector j.

In the extended version of the model, the diagonal matrix of order n (d̂) contains
the coefficients of direct wastewater discharge. Thus, by multiplying the matrix d̂ by the
matrix L, one can specify, for any given sector, how much wastewater must be discharged
throughout the economy to produce one unit of sectoral output:

T = d̂(I − A)−1 (8)

The elements of the square matrix T (tij) of order n measure the cumulative wastewater
discharges of sector i that are directly and indirectly associated with the production of
one unit of output in sector j. The cumulative wastewater intensity of sector j is therefore
calculated by summing all the elements in the jth column of the matrix. Considering the
flows of virtual wastewater under the intermediate supply of sector i, the cumulative
wastewater discharge of sector i required for all sectors to produce one unit of output is
calculated as the sum of the elements in the ith row of matrix T.

mj =
tj

dj
(9)

mind
j = md

j − 1 (10)

The multiplier mj indicates the increase in sector j’s cumulative wastewater discharge
associated with the increase in its direct wastewater discharge by 1 m3. Similarly, the
multiplier mind

j indicates the increase in sector j’s indirect wastewater discharge associated

with the increase in its direct wastewater discharge by 1 m3.
The matrix of intersectoral wastewater flows (W) is obtained by subtracting the

matrix of direct wastewater discharge coefficients (d̂) from the cumulative wastewater
intensity matrix (T):

W = T − d̂ (11)
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The columns of the square matrix W of order n reflect the structure of indirect wastew-
ater discharge associated with the unit of production of each sector. Therefore, the total
indirect wastewater discharge of sector j per its unit of production is the sum of all elements
in the jth column of matrix W (winter

ij ).
Based on the elements of the matrix W, a matrix of the technical coefficients of indirect

wastewater discharge Q (qij) can be derived:

qij=
winter

ij

dj
(12)

The technical coefficient qij indicates the amount of cumulative wastewater discharge
of sector i that relates to 1 m3 of direct wastewater discharge of sector j. Thus, by summing
the elements in the jth column of matrix Q, a multiplier of indirect wastewater discharge is
obtained (see Equation (10)).

3.3. Wastewater Footprint

The wastewater footprint is a more complex indicator compared to the previously
derived indicators for direct, indirect and cumulative wastewater discharges. This is
because it also includes international virtual wastewater flows that are included in foreign
trade exchanges [63,64]. In this context, the import of virtual wastewater represents a part
of the total wastewater footprint of the importing economy, as it is an indirect impact on
the environment abroad. In contrast, the export of virtual wastewater is an indirect impact
of foreign economies on the domestic environment and therefore does not contribute to the
total wastewater footprint of the exporting economy. This means that the total wastewater
footprint of the economy’s production sectors in a given year can be defined as the sum
of the volume of their total annual domestic wastewater discharges (i.e., the domestic
wastewater footprint) and the volume of embodied virtual wastewater in their total annual
net import (i.e., the net imported wastewater footprint).

Since it is possible to quantify the direct and indirect environmental impacts of foreign
trade within the EEIO model, the extended input–output model for wastewater presented
earlier allows the calculation of the imported, exported, domestic and total wastewater
footprint of all production sectors in a given economy.

The domestic wastewater footprint (DWF) is the difference between the total amount
of wastewater discharged to the environment by domestic producers due to production for
domestic consumption and the total amount of wastewater discharged to the environment
by domestic producers due to exported production. Domestic producers are natural or
legal persons established in the territory of Croatia who produce goods and services in this
territory in raw, semi-processed or processed form:

DWF = d̂1 (I − A)−1 f̂dom (13)

where:

• d̂1 is the diagonal matrix of the coefficients for direct wastewater discharge;
• (I − A)−1 is the inverse Leontief matrix; and
• f̂dom is the diagonal matrix of domestic demand (domestic demand = the value of final

demand—the value of exports, see Figure A1).

Given the limitations of the EEIO model, the imported wastewater footprint calcu-
lation assumes that domestic producers have the same intensity of direct and indirect
wastewater discharges as foreign producers [65]. It is important to emphasize that this
assumption differs considerably from reality, since different economies, especially those
that differ in their development and international competitiveness, are characterized by
different technological equipment of production and, consequently, by different intensity of
wastewater discharge on sector and company levels. Nevertheless, the imported wastew-
ater footprint calculated in this way has analytical value because it indicates the extent
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to which the environment would be further polluted by wastewater discharges from the
national economy if some of the imports were replaced by domestic production. Under this
assumption, the net imported wastewater footprint (NIWF) can be calculated as follows:

NIWF = d̂1 (I − A)−1(x̂ − m̂) (14)

where x̂ and m̂ are diagonal matrices of exports and imports.
Finally, the total wastewater footprint (TWF) can be derived by adding the footprints

of domestic and net imported wastewater:

TWF = DWF + NIWF (15)

3.4. Pull and Push Wastewater Discharge Indices

The relative strength of cross-sectoral linkages of production sectors in a given econ-
omy can be measured with so-called pull and push indices. From the perspective of
wastewater discharges, backward linkages mean the effect of a change in final demand
for sector j’s output on wastewater discharges within sectors that directly or indirectly
serve sector j’s demand for intermediate products and services. Forward linkages, on the
other hand, are the extent to which wastewater discharges in sector i respond to changes in
demand for final products and services from sectors whose production depends directly or
indirectly on intermediate supplies from sector i [66] (p. 1143).

To calculate the relative strength of cross-sectoral linkages, one must first determine
their absolute strength. The value of the absolute strength of the backward linkage of sector
j (Bj) is equal to the sum of the elements in the jth column of the matrix of cumulative
wastewater discharge coefficients (T) (see Equation (8)):

Bj =
n

∑
i=1

tij (16)

To calculate the absolute strength of forward linkage, one must use an alternative
supply-driven input–output model, called the Ghosh input–output model by its author. Un-
like Leontief’s demand-driven model, Ghosh’s model links total output (X) and primary
inputs (p) [67,68]:

x = (I − B)−1 p (17)

where:

• B is the matrix (n × n) of technical allocation coefficients (bij = xij/Xi); and
• (I − B)−1 is the inverse matrix of Ghosh (G, n × n).

The values in matrix G (gij) quantify the total effect of the unit change in sector i’s
primary inputs on sector j’s total output. Consequently, the absolute strength of sector i’s
forward linkage with respect to wastewater discharge (Fi) is calculated by summing the
elements in the ith row of the matrix of cumulative wastewater supply coefficients (V). The
matrix V is a product of the Ghosh inverse and the diagonal matrix of coefficients for direct
wastewater discharge (d̂):

V = d̂(I − B)−1 (18)

Fi =
n

∑
j=1

vij (19)

As mentioned at the beginning of this section, the relative strength of cross-sectoral
linkages in a given economy is measured by pull and push indices, which essentially
represent the deviations of sectoral forward and backward linkages relative to their average
value at the level of all production sectors within the observed economy [61,66,69–71]:

PLIj =
Bj

1
n ∑n

j=1 Bj
(20)
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PSIi =
Fi

1
n ∑n

i=1 Fi
(21)

If sector j has a pull index (PLIj) value greater than 1, a unit increase/decrease in
demand for its final products and services leads to an above-average increase/decrease in
wastewater discharge in all domestic production sectors. In contrast, a sector i push index
value greater than 1 indicates that a unit increase/decrease in the demand for final products
and services of all domestic production sectors leads to an above-average increase/decrease
in wastewater discharge in sector i.

3.5. Data Sources

The EEIO model used in this study is based on the latest official input–output table for
the Croatian economy for 2010, published in 2015 [72] (see Table A1). In order to align the
monetary input–output data with the available data on wastewater discharges, the original
65 × 65 version of the input–output table was reduced to a 24 × 24 format, i.e., the national
production system was divided into 24 sectors (see Table 1).

Table 1. Classification of production sectors.

Labels Sectors Labels Sectors

1 Primary sector (agriculture, forestry and fisheries) 13 Metallic sector

2 Mining and quarrying 14 Manufacture of computer, electronic and optical
products and electrical equipment

3 Food sector 1 15 Manufacture of machinery and equipment

4 Textile sector 2 16 Manufacture of motor vehicles, trailers, semi-trailers
and their transport equipment

5 Wood-processing sector 3 17 Manufacturing of furniture and other manufacturing

6 Manufacture of paper and paper products 18 Machinery and equipment repair and installation

7 Printing and reproduction of recorded media 19 Power sector 5

8 Petroleum refining sector 4 20 Water supply 6

9 Chemical sector 21 Environmental and waste sector 7

10 Pharmaceutical sector 22 Construction

11 Manufacture of rubber and plastic products 23 Hospitality sector

12 Non-metallic sector 24 Other services

Notes: 1 Includes also the manufacture of beverages and tobacco products. 2 Includes also the manufacture of
wearing apparel and leather products. 3 Manufacture of wood and of products of wood and cork, except furniture;
manufacture of articles of straw and plaiting materials. 4 Includes also the manufacture of coke. 5 Supply of
electricity, gas, steam and air-conditioning. 6 Includes also water collection and treatment. 7 Sewerage, waste
management and environmental remediation activities.

A row was added to the reduced input–output table to include data on direct sectoral
wastewater discharges to wastewater tanks on Croatian territory without prior treatment
(e.g., public sewers, watercourses, sea, soil, etc.) (see Figure A1). In order to achieve
the highest possible reliability and credibility of the analysis, wastewater data from the
same year to which the input–output table refers were considered. Quantities of direct
wastewater discharges from industrial sectors were calculated based on data published in
the CBS (Croatian Bureau of Statistics) statistical publication on water use and pollution
control in industry in 2010 (see Table 1, Sectors 2–21) [73]. Wastewater quantities for all
other sectors were estimated using data from the Croatian Environmental Pollution Register
(ROO) [74] and the CBS statistical report Public sewage system, 2010 [75] (see Table A1).

In the assessment of direct wastewater discharges in the service sectors of the Croatian
economy, only the hospitality industry was subdivided as a single sector, since it usually
stands out as a significant wastewater discharger. Although a part of wastewater discharges
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from households related to renting rooms and apartments can also be attributed to the
hospitality sector, the quantities of these wastewater discharges are not considered in this
study because there is no objective data base for their evaluation. Assuming that all service
providers discharge their wastewater primarily into the public sewerage system, all other
trade and service activities are grouped into a single other services sector.

Wastewater discharge data used in this study are expressed in cubic meters (m3),
while sectoral production values are expressed in Croatian kuna (HRK) based on monetary
values in the official Croatian input–output table (according to the middle exchange rate
of Croatian National Bank on 20 January 2022, 1 EUR = 7.52 HRK [76]). Therefore, the
values of the calculated indicators of wastewater discharge intensity are expressed as a
combination of these units of measurement.

It is important to emphasize that the wastewater discharge data used in this study
correspond to what many other studies refer to as graywater discharges, conservatively
assuming that water pollution in all production sectors has a dilution factor of 1 [77]. The
graywater footprint is generally defined as the amount of freshwater required to assimilate
pollutants to meet specified water quality standards [78]. Thus, assuming a dilution factor
of 1 means that the volume of wastewater return flow discharged to the environment
without prior treatment can be used as a surrogate measure of graywater. The main reason
this assumption is often used in EEIO studies is that it is difficult to determine a dilution
factor that represents sectors well at a higher level of aggregation due to their internal
production diversity. In addition, the wastewater quality, i.e., the pollutant concentration
in the wastewater discharges of the different sectors in the different countries, is not known
in the literature. However, in the empirical part of this study, the original “untreated
wastewater context” is used, so that the interpretation of the obtained results can be more
understandable for a wider readership.

4. Empirical Results and Analysis

In accordance with the previously described methodology and the data sources
used, in this section, we discuss an input–output analysis of wastewater discharge in
the Croatian economy.

4.1. Intensity of Direct and Indirect Wastewater Flows in the Croatian Economy

Table 2 shows the sectoral structure of wastewater discharged directly into the environ-
ment of the Republic of Croatia, then the sectoral values of direct, indirect and cumulative
wastewater discharge intensity and the values of indirect and cumulative multipliers of
wastewater discharge in the Croatian economy.

According to the data in Table 2, the Croatian economy discharged a total of
96.47 million m3 of wastewater into the environment, with the largest share of the dis-
charged wastewater occurring in the industrial sectors (79.85%, sectors 2–21). The most
significant water polluters in the Croatian economy are the petroleum refining sector and
the chemical sector, which together accounted for 55.92% of the total direct wastewater
discharge. The hospitality sector (9.36%) and the food sector (8.85%) also accounted for a
significant share of direct wastewater discharges. Although the agricultural and construction
sectors discharged relatively small amounts of wastewater compared to the aforementioned
sectors, it is important to emphasize that they are one of the main sources of nonpoint
source water pollution [79].

Comparing sectoral wastewater discharges per unit of output produced, it can be found
that the chemical and petroleum refining sectors have significantly higher direct wastewater
intensity compared to other sectors. The direct wastewater intensity of the chemical sector was
1802.13 m3/million HRK, and in the petroleum refining sector, 1313.32 m3/million HRK. The
water supply sector recorded the third-highest direct wastewater intensity (763.05 m3/million
HRK), which indicates the ecological inefficiency of the water supply systems in the Republic
of Croatia. In addition to the mentioned sectors, the non-metallic sector (458.36 m3/million
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HRK) and the hospitality sector (278.44 m3/million HRK) also had relatively high direct
wastewater intensity.

Table 2. Absolute and intensity indicators of wastewater discharge and wastewater multipliers
(authors’ calculation based on data shown in Figure A1).

Sector
Labels

Total Direct
Wastewater

Discharge (m3)
%

Direct
Wastewater

Intensity
(m3/mil. HRK)

Indirect
Wastewater

Intensity
(m3/mil. HRK)

Cumulative
Wastewater

Intensity
(m3/mil. HRK)

Cumulative
Wastewater
Multiplier

Indirect
Wastewater
Multiplier

1 2,596,000.00 2.69 94.11 265.92 360.04 3.83 2.83

2 2,041,000.00 2.12 101.11 36.05 137.17 1.36 0.36

3 8,540,000.00 8.85 205.76 172.7 378.47 1.84 0.84

4 1,300,000.00 1.35 95.3 171.97 267.27 2.8 1.8

5 436,000.00 0.45 115.54 137.48 253.03 2.19 1.19

6 1,065,000.00 1.1 171.43 102.64 274.08 1.6 0.6

7 93,000.00 0.1 27.76 265.38 293.15 10.56 9.56

8 25,411,000.00 26.34 1313.32 85.65 1398.96 1.07 0.07

9 28,536,000.00 29.58 1802.13 287.02 2089.16 1.16 0.16

10 57,000.00 0.06 7.14 88.19 95.33 13.35 12.35

11 95,000.00 0.1 13.97 127.72 141.68 10.14 9.14

12 3,332,000.00 3.45 458.36 153.41 611.77 1.33 0.33

13 981,000.00 1.02 54.37 50.57 104.93 1.93 0.93

14 222,000.00 0.23 10.99 48.96 59.95 5.46 4.46

15 139,000.00 0.14 12.25 25.52 37.77 3.08 2.08

16 744,000.00 0.77 46.41 43.38 89.79 1.93 0.93

17 293,000.00 0.3 41.71 87.07 128.78 3.09 2.09

18 66,000.00 0.07 7.9 167.06 174.96 22.14 21.14

19 1,167,000.00 1.21 85.59 317.05 402.64 4.7 3.7

20 2,361,000.00 2.45 763.05 119.32 882.36 1.16 0.16

21 148,000.00 0.15 25.42 268.44 293.86 11.56 10.56

22 286,000.00 0.3 5.9 140.49 146.39 24.8 23.8

23 9,034,000.00 9.36 278.44 124.32 402.76 1.45 0.45

24 7,525,000.00 7.8 23.24 79.4 102.64 4.42 3.42

The sectors with the highest direct wastewater intensity of production also generate the
highest cumulative intensity of wastewater discharge per unit of production (see Figure 4).

From the quantities shown in Figure 4, it is clear that the Croatian economy pollutes
the environment far less with wastewater generated from the production of inputs needed
to produce a unit of output in the chemical, petroleum refining, water supply, non-metallic
and hospitality sectors than with direct wastewater discharges in these sectors. This is best
explained by the wastewater multipliers, whose values show the following (see Table 2):

• For every 1 m3 of wastewater discharged in the chemical sector, the rest of the economy
must discharge 0.16 m3 of wastewater;

• For every 1 m3 of wastewater discharged in the petroleum refining sector, the rest of the
economy must discharge 0.07 m3 of wastewater;

• For every 1 m3 of wastewater discharged in the water supply sector, the rest of the
economy must discharge 0.07 m3 of wastewater;
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• For every 1 m3 of wastewater discharged in the non-metallic sector, the rest of the
economy must discharge 0.33 m3 of wastewater; and

• For every 1 m3 of wastewater discharged in the hospitality sector, the rest of the economy
must discharge 0.45 m3 of wastewater.

The previously presented characteristics of the cumulative wastewater intensity of the
chemical and petroleum refining sectors, as well as other sectors that dominate the structure of
the total direct wastewater discharge in the Croatian economy, show that their discharges
are largely determined by the sectors involved in the intermediate distribution of their
production. In other words, the sectors that have the highest indirect wastewater intensity
values have a significant impact on the wastewater load in the Croatian environment
(see Figure 5).
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Figure 4. Structure of cumulative intensity of wastewater discharge in the main sectors (in
1000 m3/million HRK, made by authors based on data shown in Table 2).
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According to the results of the model, the power sector has the highest indirect wastew-
ater intensity (317.05 m3/million HRK), and 83.86% of its indirect discharges are associated
with the use of the output of the petroleum refining sector (see Figure A2). The chemical sector
also has a high indirect wastewater intensity (287.02 m3/million HRK). However, it is
important to emphasize that most of the indirect discharges are due to the use of own
products (88.56%), which de facto further increases the direct wastewater intensity of the
chemical sector. The third largest indirect wastewater intensity in the Croatian economy was
achieved by the environmental and waste sector (268.44 m3/million HRK). This is because
the products of the chemical industry are widely used in activities related to the cleaning
and remediation of contaminated areas, the mitigation of environmental hazards and the
reuse and disposal of waste. Therefore, 71.92% of the indirectly discharged wastewater
generated per unit of production in the environmental and waste sector is due to the use of
inputs from the chemical sector (see Figure A2). The results of the model show that the
primary sector (265.92 m3/million HRK) and the printing and reproduction of recorded media
sector (265.38 m3/million HRK) also have a relatively high indirect wastewater intensity.

Looking at the cross-sectoral flows of virtual wastewater (see Figure A2), it is clear
that the differences between sectors in indirect wastewater intensity are primarily due to
the different shares of the chemical sector and the petroleum refining sector in the structure of
their intermediate inputs. On the other hand, although the hospitality and food sectors have a
significant share in the total amount of wastewater discharged directly into the environment
(see Table 2), most of their production is destined for final consumption, so these sectors
are not so strongly represented in the indirect pollution of other production sectors in the
Croatian economy. For example, more than half of the total output of the chemical and
petroleum refining sector was spent on production in other sectors, while intermediate goods
accounted for 13.31% of the total value of food sector output and 11.83% of the total value of
hospitality sector output (see Figure A1).

In addition to the largest direct, indirect and cumulative sectoral wastewater intensities,
it is necessary to determine which sectors have the greatest potential to generate wastewater
discharge flows. The higher the share of indirect wastewater in the cumulative wastewater
intensity of an individual sector, the greater its potential to trigger wastewater discharges in
the Croatian economy, regardless of the current level of its direct and cumulative wastewater
discharges. In other words, production sectors whose demand for production inputs is
met through supply chains that are environmentally inefficient in terms of wastewater
discharge have the greatest potential to increase it (see Figure 6).

The extent to which a rapid increase in production activities in the sectors shown in
the previous graph can potentially influence the increase in total wastewater discharges
in the Croatian economy can best be seen in the values of their wastewater multipliers
(see Table 2):

• For every 1 m3 of wastewater discharged in the construction sector, the rest of the
economy must discharge 23.80 m3 of wastewater;

• For every 1 m3 of wastewater discharged in the machinery and equipment repair and
installation sector, the rest of the economy must discharge 21.14 m3 of wastewater;

• For every 1 m3 of wastewater discharged in the pharmaceutical sector, the rest of the
economy must discharge 12.35 m3 of wastewater;

• For every 1 m3 of wastewater discharged in the environmental and waste sector, the rest
of the economy must discharge 10.56 m3 of wastewater;

• For every 1 m3 of wastewater discharged in the printing and reproduction of recorded
media sector, the rest of the economy must discharge 9.56 m3 of wastewater; and

• For every 1 m3 of wastewater discharged in the rubber and plastic products manufacturing
sector, the rest of the economy must discharge 9.14 m3 of wastewater.

For example, if the multiplier effects of the construction sector, which has the highest
value of the indirect wastewater multiplier, are decomposed, the petroleum refining sector
must discharge 7.34 m3 of wastewater for every 1 m3 of wastewater directly discharged
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in the construction sector, the non-metallic sector must discharge 6.38 m3 of wastewater, the
chemical sector must discharge 4.67 m3 of wastewater, while all other sectors together must
discharge 5.40 m3 of wastewater to meet the total direct and indirect input needs of the
construction sector. On the other hand, using the matrix of technical coefficients of indirect
wastewater discharge (Q), it is possible to break down the direct wastewater discharges
according to the structure of the intermediate demand of each sector. For example, for
every 1 m3 of wastewater discharged in the machinery and equipment repair and installation,
construction and power sectors, the petroleum refining sector must discharge 13.04 m3, 7.34 m3

and 3.11 m3 of wastewater into the environment, respectively (see Figure A3).
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4.2. Sectoral Wastewater Footprints

International trade is also an important factor in the production and allocation of
national output, meaning that sectors indirectly contribute to the discharge of wastewater
into the economies of other countries through the importation of goods and services,
while their production for export contributes to the discharge of wastewater into the
national economy. Therefore, to understand the extent to which wastewater pollutes
the global environment to meet the demand for Croatian final goods and services, it is
necessary to examine the flows of virtual wastewater in trade between Croatia and other
countries. Using Equations (13)–(15) and the data in Figure A1, it is possible to calculate
the wastewater footprint for all sectors of the Croatian production system (see Table 3).

The summarized sectoral results of the applied model show that the total wastewater
footprint of Croatian producers is 85.2 million m3 of wastewater. To meet domestic demand,
domestic producers discharged 67.9 million m3 of wastewater into the environment, while
the net imported volume of virtual wastewater was 17.3 million m3. According to the
calculated foreign trade balance of virtual wastewater, the wastewater footprint of export of
the Croatian economy was 28.5 million m3 (i.e., the amount of indirect wastewater discharge
of foreign producers into the Croatian environment), while the wastewater footprint of
import was 45.8 million m3 (i.e., the amount of indirect wastewater discharge of domestic
producers into the foreign environment).



Water 2022, 14, 2122 18 of 26

Table 3. Sectoral wastewater footprints (in m3, authors’ calculation based on data shown in Figure A1).

Sector
Labels

Domestic
Wastewater

Footprint

Net
Imported

Wastewater
Footprint

Total
Wastewater

Footprint

Sector
Labels

Domestic
Wastewater

Footprint

Net
Imported

Wastewater
Footprint

Total
Wastewater

Footprint

1 2,191,987.1 247,779.4 2,439,766.5 13 620,601.0 467,824.4 1,088,425.5

2 1,479,607.4 1,644,294.8 3,123,902.3 14 153,798.8 78,052.9 231,851.8

3 7,398,057.2 883,421.3 8,281,478.5 15 108,317.1 80,633.6 188,950.7

4 1,075,912.9 423,960.2 1,499,873.0 16 436,705.0 102,298.3 539,003.2

5 141,916.9 −73,650.2 68,266.6 17 195,953.4 72,671.9 268,625.3

6 777,364.6 417,984.9 1,195,349.5 18 38,711.0 −11,763.5 26,947.6

7 91,769.5 876.9 92,646.4 19 972,827.7 181,163.3 1,153,990.9

8 15,495,497.0 −636,377.9 14,859,119.1 20 2,225,971.2 −3138.7 2,222,832.5

9 16,528,705.7 12,714,475.5 29,243,181.2 21 93,455.6 −36,820.0 56,635.6

10 39,692.3 18,182.4 57,874.7 22 277,632.6 −5559.2 272,073.5

11 66,859.2 55,404.5 122,263.7 23 8,868,437.9 688,388.1 9,556,826.0

12 2,367,976.9 324,700.2 2,692,677.0 24 6,294,098.7 −354,081.5 5,940,017.2

The following sectors have the largest share in the total domestic wastewater footprint
of Croatia’s gross production: the chemical sector (24.33%), the petroleum refining sector
(22.81%), the hospitality sector (13.05%) and the food sector (10.89%). The non-metallic sector
(3.49%), the water supply sector (3.28%) and the primary sector (3.23%) also have relatively
large wastewater footprints. Except for the primary sector, most of the domestic wastewater
footprint of all the above sectors relates to direct wastewater discharge, while about 74%
of the primary sector’s domestic wastewater footprint is indirect, i.e., through intermediate
consumption (see Table 2, Figure A2).

Assuming that the intensity of wastewater discharge in domestic and foreign produc-
tion is the same, Figure 7 shows the wastewater footprints of net imports and net exports
of Croatian production sectors. Net importers have positive values and net exporters have
negative values for the wastewater footprint of their international trade flows.
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Figure 7. Net imported/exported wastewater footprints of Croatian production sectors (in
1,000,000 m3, made by authors based on data shown in Table 3).
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By far the largest net importer of virtual wastewater is the chemical sector (12.7 million
m3), while among the other sectors, only mining and quarrying has a wastewater footprint of
net imports of more than 1 million m3 of wastewater (see Table 3). On the other hand, the
largest net exporters of virtual wastewater in the Croatian economy are the petroleum refining
sector and the other services sector, which together account for 88.3% of the total net exports
of virtual wastewater (0.99 million m3, see Table 3). This indicates that the substitution
of imports from the chemical sector with domestic production, while maintaining the same
technological basis of production, can significantly increase wastewater discharge in the
Croatian economy. In contrast, an increase in net exports from the petroleum refining sector
and other services sector would not have such a large impact on the increase in wastewater
discharges within the territorial boundaries of the Republic of Croatia.

By summing the sectoral domestic and net imported wastewater footprints, the struc-
ture of the total wastewater footprint of Croatia’s gross production was determined, which
is shown in Figure 8.
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Figure 8. Structure of the total wastewater footprint of the Croatian production system by key sectors
(made by authors based on data shown in Table 3).

In terms of wastewater pollution, the largest footprints were generated by the chemical
sector (29.2 million m3), the petroleum refining sector (14.9 million m3), the hospitality sector
(9.6 million m3) and the food sector (8.3 million m3). In relative terms, as much as 72.7% of
the total wastewater footprint of national production is due to the use of the products and
services of these sectors.

4.3. Sectoral Pull and Push Indices of Wastewater Discharge

To fully understand the impact of each sector on wastewater discharges in the Croatian
economy, the relative strength of their forward and backward linkages in the process of
gross production is analyzed below. Accordingly, the following table shows the values of
the pull and push indices of wastewater discharges for all observed sectors.

According to the data presented in Table 4, the values of both indices for the petroleum
refining sector, the chemical sector, the non-metallic sector and the water supply sector are greater
than 1, which means that these sectors occupy a central position in the intermediate
generation and discharge of wastewater in the Croatian economy. Therefore, a one-unit
change in the demand for their final products and services leads to an above-average change
in wastewater discharges in the Croatian economy. On the other hand, a one-unit change in
the total demand for Croatian final products and services leads to an above-average change
in wastewater discharges in the mentioned sectors. Among the other sectors, only the power
sector and the hospitality sector have a pull index value of more than 1. This means that
the process of procurement and consumption of intermediate goods and services in these
sectors has an above-average impact on wastewater discharges in the Croatian economy. In
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contrast, direct wastewater discharges in the mining and quarrying and paper manufacturing
sectors are more responsive than average to a change in total final demand, which means
that their wastewater-intensive production has a more pronounced forward strength.

Table 4. Sectoral pull and push indices of wastewater discharge (authors’ calculation based on data
shown in Figure A1).

Sector
Labels Pull Indices Push Indices Sector

Labels Pull Indices Push Indices

1 0.95 0.50 13 0.28 0.29

2 0.36 2.96 14 0.16 0.11

3 1.00 0.47 15 0.10 0.09

4 0.70 0.17 16 0.24 0.08

5 0.67 0.23 17 0.34 0.10

6 0.72 0.80 18 0.46 0.43

7 0.77 0.04 19 1.06 6.15

8 3.68 5.02 20 2.32 0.42

9 5.49 3.85 21 0.77 0.27

10 0.25 0.16 22 0.38 0.04

11 0.37 0.37 23 1.06 0.29

12 1.61 0.91 24 0.27 0.22

5. Conclusions

In order to better understand the impact of intersectoral dependencies in the process
of national production on the discharge of untreated wastewater of economic origin in the
Republic of Croatia, in this study, we examined an extended input–output analysis of the
Croatian economy. The analysis identified the characteristics of cumulative, direct and
indirect wastewater intensity of the production sectors in the Croatian economy, as well
as the multiplicative effects of their production activities on wastewater discharge. The
analysis also included an assessment of the total, domestic and net imported wastewater
footprint of Croatian production sectors, including the relative strength of their backward
and forward linkages in terms of wastewater discharges.

The results of the analysis show that industrial activities are the main dischargers of
wastewater in the Croatian economy, with the chemical and petroleum industries account-
ing for the largest share of total direct wastewater discharges. Since a significant part of the
output of these industries is used by other sectors in the processes of intermediate consump-
tion, the total volume of direct wastewater discharges from the chemical and petroleum
refining sectors is largely determined by the share of other sectors in the structure of their
intermediate supply and thus by changes in their final demand. The hospitality and food
processing sectors are also important direct polluters of water resources, but these sectors
are generally the last links in production value chains, so their wastewater discharges do
not affect the intensity of indirect wastewater flows in the rest of the economy.

Because the results of this study are more positive rather than normative, they are not
suitable for proposing precise policy measures to reduce wastewater discharges. However,
the previously described cross-sectoral linkages in the Croatian economy show that it is not
sufficient to use market-based instruments or regulations only for the sectors that account
for the largest share of direct wastewater discharges. There is also a need to focus on sectors
that have a large wastewater footprint due to their established supply chains. For example,
encouraging investment in the construction of efficient wastewater treatment plants and
improving management control and innovation capacity in industrial supply chains could
significantly reduce the overall volume of untreated wastewater discharges in the Croatian
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economy. This, of course, requires coordination between wastewater reduction and other
public policies such as industrial, agricultural and trade policies.

The main limitation of this study concerns the degree of aggregation of the production
sectors, which reduced the level of detail of the results obtained. This is mainly due to
the lack of correspondence between the available monetary input–output data and the
data on the discharge of untreated wastewater into the Croatian economy. Therefore,
the production sectors in the model are determined by aggregating a number of related
activities, which in reality do not have the same production technology and structure of
production inputs. This is especially true for the other services sector. Moreover, due to
data gaps for the analyzed year, the total direct discharges of untreated wastewater in the
primary sector, construction, hospitality sector and other services were estimated using
different sources, which also affected the quality of the obtained results.

When considering proposals for future research on direct and indirect economic
impacts on water pollution in the Republic of Croatia, it is important to emphasize that
industrial wastewater generally has a less favorable composition than wastewater from
other sectors, as it contains higher concentrations of harmful and toxic substances such as
organic and inorganic chemicals, chlorides, nitrogen and phosphorus compounds, heavy
metals and oils. It is also important to consider that diffuse pollution, which is concentrated
in water bodies through runoff from precipitation, also contributes significantly to water
pollution. The problem with the flow of diffuse pollutants is that they are difficult to
control in the environment. Aside from a small amount of stormwater captured by the
sewer system, there are no effective techniques to capture and clean up diffuse pollutants.
Therefore, future EEIO research on water pollution in the Croatian economy should focus
more on material flows, i.e., flows of priority pollutants concentrated in the waters of the
Republic of Croatia, while complying with EU water quality standards. Future research
may also include complementing the EEIO with the LCA framework so that water pollution-
based endpoint indicators can also be assessed in relation to human and ecosystem well-
being in the Republic of Croatia.
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gation, S.Č., N.D.B. and A.J.; resources, S.Č., N.D.B. and A.J.; data curation, S.Č., N.D.B. and A.J.;
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Appendix A

Table A1. Sources of collected data.

Data Source Website Address and
References

Discharge of untreated
industrial wastewater in

EU countries
Eurostat database

https://appsso.eurostat.ec.europa.
eu/nui/show.do?dataset=env_

ww_genv&lang=en [21]
(accessed on 10 December 2021).

Gross value added in
current prices of industry

in EU economies
Eurostat database

http://appsso.eurostat.ec.europa.
eu/nui/show.do?dataset=nama_10

_a10 [22]
(accessed on 10 December 2021).

Symmetric input–output
table of the Croatian

economy for 2010

Croatian Bureau
of Statistics

https://www.dzs.hr/Hrv_Eng/
publication/2015/12-01-04_01_201

5.htm [72]
(accessed on 1 December 2021).

Untreated sectoral
wastewater discharges in

the Croatian economy

Utilization of waters
and protection

of waters from pollution
in industry, 2010, Croatian

Bureau of Statistics

https://www.dzs.hr/Hrv_Eng/
publication/2011/06-01-01_01_201

1.htm [73]
(accessed on 1 December 2021).

Public sewage system, 2010,
Croatian Bureau

of Statistics

https://www.dzs.hr/Hrv_Eng/
publication/2011/06-01-06_01_201

1.htm [75]
(accessed on 1 December 2021).

Croatian Environmental
Pollution Register

http://roo.azo.hr/rpt.html [74]
(accessed on 1 December 2021).
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Sector 

labels
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Final 

demand (f)
Export (x)

Total 

output (X)

1 4358.68 0.12 6562.56 164.27 325.87 148.68 46.55 0.03 161.08 123.24 122.40 5.78 2.15 0.31 1.23 28.65 141.23 2.18 14.29 0.91 24.03 43.37 697.28 2053.25 12,555.53 1.88 27,583.64

2 11.32 3105.10 1350.34 0.91 20.76 20.78 18.63 7406.10 97.85 23.07 24.89 242.09 58.24 6.81 14.34 3.72 25.16 540.37 1536.03 35.17 39.92 964.18 993.19 3265.17 380.84 0.37 20,184.97

3 888.36 0.06 972.56 153.86 15.41 16.96 3.80 0.07 129.37 34.87 18.82 2.79 0.60 0.30 0.20 0.34 35.76 0.37 1.92 5.78 36.43 22.14 2296.25 885.16 35,982.02 4.95 41,504.20

4 2.84 2.27 13.53 726.69 2.16 6.04 8.52 0.15 1.26 1.01 11.11 44.75 3.64 3.15 3.47 9.89 88.47 6.38 0.18 1.83 7.97 34.10 29.92 535.51 12,096.77 2.07 13,641.61

5 1.73 3.30 249.59 301.98 427.00 12.51 11.51 5.67 13.78 2.16 19.44 48.89 43.70 24.12 12.22 26.39 90.64 15.18 15.20 2.38 3.96 160.14 9.95 252.42 2019.65 2.01 3773.49

6 4.33 4.49 738.27 99.98 54.25 372.25 276.18 3.96 280.91 54.95 43.71 65.24 34.55 36.64 12.79 27.13 34.52 17.88 3.86 5.15 77.17 55.77 308.44 1780.57 1819.33 0.87 6212.34

7 0.00 0.16 19.23 3.48 0.77 33.93 60.45 0.24 3.02 1.62 3.52 1.63 1.53 1.38 0.71 3.97 1.33 1.61 1.68 0.40 0.71 0.87 1.71 104.00 3101.78 0.01 3349.73

8 468.99 104.14 355.86 24.46 9.35 8.16 9.50 239.83 33.67 3.90 5.88 65.48 47.47 23.00 7.19 8.71 8.92 519.10 2425.31 32.68 88.92 875.04 372.74 3946.97 9663.46 5.89 19,348.74

9 1987.85 20.19 969.40 764.66 72.21 139.85 263.44 42.57 1904.49 217.70 287.88 234.10 129.17 196.18 29.56 28.17 141.15 62.32 5.13 21.99 496.84 238.00 258.46 1208.83 6114.41 4.37 15,834.56

10 10.60 0.00 239.70 0.00 1.67 0.00 0.70 0.00 17.10 416.62 2.63 0.08 0.04 0.00 0.01 0.00 2.04 0.00 1.23 0.25 1.38 4.03 9.02 2972.15 4302.54 1.77 7981.78

11 35.50 34.69 998.01 169.22 45.00 39.72 358.49 9.88 120.01 104.18 455.81 604.66 107.92 217.44 88.82 279.45 96.97 131.66 6.66 35.97 47.18 529.85 147.30 1197.38 939.60 0.83 6801.41

12 30.99 15.06 248.32 34.49 21.58 0.43 2.33 5.84 22.75 23.91 6.63 214.40 58.26 91.79 20.31 53.71 17.59 47.93 10.79 82.28 16.03 3555.26 123.28 765.57 1799.93 1.61 7269.45

13 112.57 29.36 561.82 144.91 91.41 10.77 240.93 84.16 188.56 44.75 239.63 189.22 2132.86 822.76 399.44 922.39 387.08 405.27 21.51 67.40 460.56 2362.10 493.60 3429.70 4201.77 3.57 18,044.52

14 4.89 2.23 37.82 9.73 6.01 1.09 17.94 1.26 4.06 0.99 8.18 41.11 67.21 1620.98 97.38 390.40 65.75 480.67 51.01 25.73 9.45 517.03 28.56 1357.86 15,361.21 5.00 20,208.54

15 19.75 7.15 165.49 39.25 9.51 8.56 16.05 13.60 16.76 13.03 13.10 29.41 82.51 167.47 286.30 549.49 15.68 142.39 9.11 9.51 10.20 410.11 309.81 1502.58 7500.19 1.73 11,347.01

16 8.30 0.86 2.70 14.83 0.44 10.62 0.07 0.06 0.13 0.00 0.36 1.06 38.39 73.28 100.41 1342.62 2.54 175.24 0.35 5.19 122.27 132.44 4.51 1454.33 12,541.32 5.64 16,032.34

17 3.24 0.41 31.67 75.92 27.99 1.79 4.63 0.73 9.16 6.23 3.15 50.28 23.83 65.86 2.95 21.02 151.18 5.98 1.77 3.07 3.97 11.53 42.74 1636.55 4838.94 1.91 7024.58

18 689.46 14.57 285.93 33.01 17.35 33.94 26.95 36.29 80.57 23.60 15.61 45.01 143.99 172.74 75.38 125.66 18.39 325.37 234.80 111.83 59.27 214.55 312.31 2918.66 2337.40 2.33 8352.64

19 257.36 26.68 601.69 129.62 40.39 117.09 64.05 41.34 280.28 49.00 34.77 181.42 99.42 68.00 22.60 35.50 32.29 257.71 1050.17 91.42 133.49 511.72 1029.17 6880.36 1599.14 0.26 13,634.70

20 8.89 0.38 25.64 8.27 1.00 0.62 0.91 0.43 9.18 2.20 0.95 1.88 1.60 1.32 0.38 4.19 2.25 1.36 3.57 77.09 30.81 39.06 373.72 830.10 1668.40 0.00 3094.18

21 12.49 3.71 67.17 15.92 14.12 89.79 81.30 1.64 7.99 8.11 56.07 30.99 68.54 12.15 4.32 14.35 6.87 34.28 131.17 22.96 248.70 117.05 202.34 1343.22 3226.73 1.67 5822.00

22 18.19 5.46 102.34 20.76 8.94 4.94 6.76 7.24 18.17 6.43 5.48 28.99 18.69 13.75 6.00 8.20 6.51 20.80 25.76 73.99 53.04 2614.50 139.52 2223.61 43,011.89 0.87 48,449.96

23 47.88 0.38 27.18 3.90 1.05 2.29 0.66 0.54 3.18 1.64 0.94 2.37 3.37 2.53 1.67 5.14 1.79 3.13 4.03 3.82 13.84 50.53 231.71 3425.22 28,605.83 0.00 32,444.63

24 3116.68 756.87 6873.82 1458.46 442.23 626.09 678.39 1701.17 1180.86 600.55 514.65 1088.90 1617.41 1672.27 868.37 2060.36 668.26 1320.61 1682.33 572.57 905.38 15,492.03 4675.57 73,435.90 199,747.22 32.69 323,756.93

Import (m) 3.19 14.00 8.79 6.26 1.25 2.91 0.02 5.09 9.70 4.28 4.03 2.25 10.38 11.51 7.99 7.68 3.61 0.62 2.09 0.00 0.18 0.02 2.60 15.39

Total input 

(X)
27,583.64 20,184.97 41,504.20 13,641.61 3773.49 6212.34 3349.72 19,348.73 15,834.56 7981.78 6801.41 7269.45 18,044.52 20,208.54 11,347.01 16,032.34 7024.58 8352.64 13,634.70 3094.18 5822.00 48,449.96 32,444.63 323,756.93

Direct 

wastewater 

discharges 

(w, in mil. 

m³)

2.60 2.04 8.54 1.30 0.44 1.07 0.09 25.41 28.54 0.06 0.10 3.33 0.98 0.22 0.14 0.74 0.29 0.07 1.17 2.36 0.15 0.29 9.03 7.53

Sector 

labels
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1 18.72 0.07 18.75 2.25 11.41 3.19 2.65 0.15 1.70 2.14 2.50 0.73 0.23 0.21 0.17 0.51 2.82 0.39 0.37 0.44 1.10 0.69 4.06 1.19

2 2.56 18.89 6.08 1.13 2.18 1.65 2.80 46.91 1.99 1.06 1.23 6.10 1.29 0.77 0.69 0.91 1.29 12.72 24.45 4.20 3.39 5.53 6.32 3.44

3 8.52 0.06 6.66 2.99 2.08 1.07 1.07 0.13 2.22 1.31 1.04 0.52 0.18 0.17 0.13 0.25 1.55 0.31 0.27 0.75 1.92 0.61 15.57 1.13

4 0.06 0.03 0.11 5.41 0.13 0.14 0.37 0.03 0.04 0.04 0.21 0.71 0.06 0.06 0.06 0.12 1.34 0.15 0.05 0.15 0.21 0.22 0.15 0.24

5 0.11 0.04 0.90 3.13 14.84 0.33 0.65 0.08 0.18 0.08 0.46 1.04 0.40 0.23 0.19 0.32 1.83 0.36 0.22 0.23 0.22 0.65 0.18 0.20

6 0.78 0.13 3.94 2.02 3.44 11.40 16.35 0.24 3.92 1.64 1.67 2.31 0.65 0.63 0.41 0.70 1.34 0.89 0.39 0.85 3.30 1.04 2.40 1.51

7 0.00 0.00 0.02 0.01 0.01 0.17 0.53 0.00 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

8 39.88 10.19 30.15 11.80 17.31 13.62 22.26 24.18 13.40 6.97 8.08 27.50 10.55 7.55 5.41 8.41 9.09 103.05 265.89 35.37 37.80 43.35 34.42 32.09

9 183.46 3.73 88.34 131.97 70.36 61.63 195.13 7.91 254.17 66.76 102.37 84.58 21.37 26.88 9.52 12.38 54.68 26.63 8.41 26.73 193.06 27.57 33.77 17.63

10 0.02 0.00 0.07 0.01 0.02 0.01 0.03 0.01 0.02 0.40 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.04 0.02 0.09

11 0.08 0.04 0.43 0.24 0.25 0.14 1.71 0.03 0.15 0.23 1.03 1.33 0.13 0.21 0.14 0.33 0.25 0.31 0.04 0.27 0.20 0.33 0.14 0.10

12 1.35 0.54 3.79 1.88 3.76 0.49 1.43 0.58 1.17 1.83 0.94 14.76 2.10 2.75 1.22 2.38 1.79 3.78 1.07 14.55 2.62 37.68 2.93 2.12

13 0.75 0.18 1.39 1.07 2.11 0.48 5.43 0.46 1.05 0.59 2.59 2.27 7.56 3.00 2.46 4.34 3.79 3.80 0.53 2.06 5.67 3.92 1.44 1.14

14 0.04 0.01 0.04 0.03 0.05 0.02 0.11 0.01 0.02 0.01 0.03 0.10 0.07 0.98 0.12 0.35 0.13 0.75 0.08 0.16 0.06 0.18 0.04 0.09

15 0.04 0.01 0.08 0.06 0.06 0.04 0.10 0.02 0.03 0.03 0.04 0.08 0.08 0.13 0.34 0.50 0.05 0.27 0.03 0.08 0.07 0.16 0.15 0.09

16 0.11 0.02 0.10 0.12 0.09 0.16 0.16 0.04 0.05 0.04 0.06 0.10 0.18 0.26 0.51 4.34 0.08 1.21 0.09 0.23 1.21 0.30 0.10 0.34

17 0.06 0.02 0.11 0.30 0.41 0.05 0.15 0.04 0.06 0.07 0.06 0.37 0.10 0.19 0.04 0.12 0.97 0.11 0.06 0.13 0.10 0.15 0.12 0.29

18 0.28 0.01 0.13 0.05 0.10 0.08 0.13 0.03 0.07 0.05 0.05 0.09 0.09 0.10 0.07 0.10 0.05 0.36 0.18 0.35 0.13 0.10 0.13 0.11

19 1.85 0.29 2.40 1.57 1.90 2.40 3.14 0.59 2.28 1.01 1.00 3.16 0.98 0.75 0.52 0.81 0.98 3.73 7.80 3.76 3.19 2.40 3.82 2.84

20 0.87 0.15 1.23 0.97 0.81 0.55 1.18 0.34 0.83 0.53 0.49 0.82 0.43 0.38 0.30 0.71 0.66 0.78 0.77 20.25 5.02 1.79 9.72 2.86

21 0.06 0.02 0.11 0.08 0.16 0.45 0.78 0.03 0.05 0.06 0.27 0.19 0.14 0.05 0.04 0.07 0.07 0.17 0.31 0.27 1.20 0.16 0.23 0.17

22 0.02 0.00 0.03 0.02 0.03 0.01 0.03 0.01 0.02 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.17 0.08 0.36 0.04 0.06

23 1.25 0.19 1.16 0.65 0.82 0.65 1.15 0.44 0.48 0.45 0.47 0.85 0.51 0.46 0.40 0.75 0.58 0.94 0.78 1.29 1.54 1.80 2.80 3.97

24 5.05 1.43 6.68 4.21 5.14 3.90 8.04 3.37 3.10 2.86 3.09 5.73 3.43 3.20 2.75 4.95 3.71 6.29 5.21 7.02 6.29 11.44 5.75 7.67

Figure A1. Extended input–output table of the Republic of Croatia (24 × 24, in million HRK) with
data on direct wastewater discharge (in million m3, authors’ calculation based on data described
in Section 3.5).

https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_genv&lang=en
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_genv&lang=en
https://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=env_ww_genv&lang=en
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nama_10_a10
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nama_10_a10
http://appsso.eurostat.ec.europa.eu/nui/show.do?dataset=nama_10_a10
https://www.dzs.hr/Hrv_Eng/publication/2015/12-01-04_01_2015.htm
https://www.dzs.hr/Hrv_Eng/publication/2015/12-01-04_01_2015.htm
https://www.dzs.hr/Hrv_Eng/publication/2015/12-01-04_01_2015.htm
https://www.dzs.hr/Hrv_Eng/publication/2011/06-01-01_01_2011.htm
https://www.dzs.hr/Hrv_Eng/publication/2011/06-01-01_01_2011.htm
https://www.dzs.hr/Hrv_Eng/publication/2011/06-01-01_01_2011.htm
https://www.dzs.hr/Hrv_Eng/publication/2011/06-01-06_01_2011.htm
https://www.dzs.hr/Hrv_Eng/publication/2011/06-01-06_01_2011.htm
https://www.dzs.hr/Hrv_Eng/publication/2011/06-01-06_01_2011.htm
http://roo.azo.hr/rpt.html
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Figure A2. Matrix of intersectoral virtual wastewater flows (W, authors’ calculation based on data 
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Sector 

labels
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Final 

demand (f)
Export (x)

Total 

output (X)

1 4358.68 0.12 6562.56 164.27 325.87 148.68 46.55 0.03 161.08 123.24 122.40 5.78 2.15 0.31 1.23 28.65 141.23 2.18 14.29 0.91 24.03 43.37 697.28 2053.25 12,555.53 1.88 27,583.64

2 11.32 3105.10 1350.34 0.91 20.76 20.78 18.63 7406.10 97.85 23.07 24.89 242.09 58.24 6.81 14.34 3.72 25.16 540.37 1536.03 35.17 39.92 964.18 993.19 3265.17 380.84 0.37 20,184.97

3 888.36 0.06 972.56 153.86 15.41 16.96 3.80 0.07 129.37 34.87 18.82 2.79 0.60 0.30 0.20 0.34 35.76 0.37 1.92 5.78 36.43 22.14 2296.25 885.16 35,982.02 4.95 41,504.20

4 2.84 2.27 13.53 726.69 2.16 6.04 8.52 0.15 1.26 1.01 11.11 44.75 3.64 3.15 3.47 9.89 88.47 6.38 0.18 1.83 7.97 34.10 29.92 535.51 12,096.77 2.07 13,641.61

5 1.73 3.30 249.59 301.98 427.00 12.51 11.51 5.67 13.78 2.16 19.44 48.89 43.70 24.12 12.22 26.39 90.64 15.18 15.20 2.38 3.96 160.14 9.95 252.42 2019.65 2.01 3773.49

6 4.33 4.49 738.27 99.98 54.25 372.25 276.18 3.96 280.91 54.95 43.71 65.24 34.55 36.64 12.79 27.13 34.52 17.88 3.86 5.15 77.17 55.77 308.44 1780.57 1819.33 0.87 6212.34

7 0.00 0.16 19.23 3.48 0.77 33.93 60.45 0.24 3.02 1.62 3.52 1.63 1.53 1.38 0.71 3.97 1.33 1.61 1.68 0.40 0.71 0.87 1.71 104.00 3101.78 0.01 3349.73

8 468.99 104.14 355.86 24.46 9.35 8.16 9.50 239.83 33.67 3.90 5.88 65.48 47.47 23.00 7.19 8.71 8.92 519.10 2425.31 32.68 88.92 875.04 372.74 3946.97 9663.46 5.89 19,348.74

9 1987.85 20.19 969.40 764.66 72.21 139.85 263.44 42.57 1904.49 217.70 287.88 234.10 129.17 196.18 29.56 28.17 141.15 62.32 5.13 21.99 496.84 238.00 258.46 1208.83 6114.41 4.37 15,834.56

10 10.60 0.00 239.70 0.00 1.67 0.00 0.70 0.00 17.10 416.62 2.63 0.08 0.04 0.00 0.01 0.00 2.04 0.00 1.23 0.25 1.38 4.03 9.02 2972.15 4302.54 1.77 7981.78

11 35.50 34.69 998.01 169.22 45.00 39.72 358.49 9.88 120.01 104.18 455.81 604.66 107.92 217.44 88.82 279.45 96.97 131.66 6.66 35.97 47.18 529.85 147.30 1197.38 939.60 0.83 6801.41

12 30.99 15.06 248.32 34.49 21.58 0.43 2.33 5.84 22.75 23.91 6.63 214.40 58.26 91.79 20.31 53.71 17.59 47.93 10.79 82.28 16.03 3555.26 123.28 765.57 1799.93 1.61 7269.45

13 112.57 29.36 561.82 144.91 91.41 10.77 240.93 84.16 188.56 44.75 239.63 189.22 2132.86 822.76 399.44 922.39 387.08 405.27 21.51 67.40 460.56 2362.10 493.60 3429.70 4201.77 3.57 18,044.52

14 4.89 2.23 37.82 9.73 6.01 1.09 17.94 1.26 4.06 0.99 8.18 41.11 67.21 1620.98 97.38 390.40 65.75 480.67 51.01 25.73 9.45 517.03 28.56 1357.86 15,361.21 5.00 20,208.54

15 19.75 7.15 165.49 39.25 9.51 8.56 16.05 13.60 16.76 13.03 13.10 29.41 82.51 167.47 286.30 549.49 15.68 142.39 9.11 9.51 10.20 410.11 309.81 1502.58 7500.19 1.73 11,347.01

16 8.30 0.86 2.70 14.83 0.44 10.62 0.07 0.06 0.13 0.00 0.36 1.06 38.39 73.28 100.41 1342.62 2.54 175.24 0.35 5.19 122.27 132.44 4.51 1454.33 12,541.32 5.64 16,032.34

17 3.24 0.41 31.67 75.92 27.99 1.79 4.63 0.73 9.16 6.23 3.15 50.28 23.83 65.86 2.95 21.02 151.18 5.98 1.77 3.07 3.97 11.53 42.74 1636.55 4838.94 1.91 7024.58

18 689.46 14.57 285.93 33.01 17.35 33.94 26.95 36.29 80.57 23.60 15.61 45.01 143.99 172.74 75.38 125.66 18.39 325.37 234.80 111.83 59.27 214.55 312.31 2918.66 2337.40 2.33 8352.64

19 257.36 26.68 601.69 129.62 40.39 117.09 64.05 41.34 280.28 49.00 34.77 181.42 99.42 68.00 22.60 35.50 32.29 257.71 1050.17 91.42 133.49 511.72 1029.17 6880.36 1599.14 0.26 13,634.70

20 8.89 0.38 25.64 8.27 1.00 0.62 0.91 0.43 9.18 2.20 0.95 1.88 1.60 1.32 0.38 4.19 2.25 1.36 3.57 77.09 30.81 39.06 373.72 830.10 1668.40 0.00 3094.18

21 12.49 3.71 67.17 15.92 14.12 89.79 81.30 1.64 7.99 8.11 56.07 30.99 68.54 12.15 4.32 14.35 6.87 34.28 131.17 22.96 248.70 117.05 202.34 1343.22 3226.73 1.67 5822.00

22 18.19 5.46 102.34 20.76 8.94 4.94 6.76 7.24 18.17 6.43 5.48 28.99 18.69 13.75 6.00 8.20 6.51 20.80 25.76 73.99 53.04 2614.50 139.52 2223.61 43,011.89 0.87 48,449.96

23 47.88 0.38 27.18 3.90 1.05 2.29 0.66 0.54 3.18 1.64 0.94 2.37 3.37 2.53 1.67 5.14 1.79 3.13 4.03 3.82 13.84 50.53 231.71 3425.22 28,605.83 0.00 32,444.63

24 3116.68 756.87 6873.82 1458.46 442.23 626.09 678.39 1701.17 1180.86 600.55 514.65 1088.90 1617.41 1672.27 868.37 2060.36 668.26 1320.61 1682.33 572.57 905.38 15,492.03 4675.57 73,435.90 199,747.22 32.69 323,756.93

Import (m) 3.19 14.00 8.79 6.26 1.25 2.91 0.02 5.09 9.70 4.28 4.03 2.25 10.38 11.51 7.99 7.68 3.61 0.62 2.09 0.00 0.18 0.02 2.60 15.39

Total input 

(X)
27,583.64 20,184.97 41,504.20 13,641.61 3773.49 6212.34 3349.72 19,348.73 15,834.56 7981.78 6801.41 7269.45 18,044.52 20,208.54 11,347.01 16,032.34 7024.58 8352.64 13,634.70 3094.18 5822.00 48,449.96 32,444.63 323,756.93

Direct 

wastewater 

discharges 

(w, in mil. 

m³)

2.60 2.04 8.54 1.30 0.44 1.07 0.09 25.41 28.54 0.06 0.10 3.33 0.98 0.22 0.14 0.74 0.29 0.07 1.17 2.36 0.15 0.29 9.03 7.53

Sector 

labels
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1 18.72 0.07 18.75 2.25 11.41 3.19 2.65 0.15 1.70 2.14 2.50 0.73 0.23 0.21 0.17 0.51 2.82 0.39 0.37 0.44 1.10 0.69 4.06 1.19

2 2.56 18.89 6.08 1.13 2.18 1.65 2.80 46.91 1.99 1.06 1.23 6.10 1.29 0.77 0.69 0.91 1.29 12.72 24.45 4.20 3.39 5.53 6.32 3.44

3 8.52 0.06 6.66 2.99 2.08 1.07 1.07 0.13 2.22 1.31 1.04 0.52 0.18 0.17 0.13 0.25 1.55 0.31 0.27 0.75 1.92 0.61 15.57 1.13

4 0.06 0.03 0.11 5.41 0.13 0.14 0.37 0.03 0.04 0.04 0.21 0.71 0.06 0.06 0.06 0.12 1.34 0.15 0.05 0.15 0.21 0.22 0.15 0.24

5 0.11 0.04 0.90 3.13 14.84 0.33 0.65 0.08 0.18 0.08 0.46 1.04 0.40 0.23 0.19 0.32 1.83 0.36 0.22 0.23 0.22 0.65 0.18 0.20

6 0.78 0.13 3.94 2.02 3.44 11.40 16.35 0.24 3.92 1.64 1.67 2.31 0.65 0.63 0.41 0.70 1.34 0.89 0.39 0.85 3.30 1.04 2.40 1.51

7 0.00 0.00 0.02 0.01 0.01 0.17 0.53 0.00 0.01 0.01 0.02 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

8 39.88 10.19 30.15 11.80 17.31 13.62 22.26 24.18 13.40 6.97 8.08 27.50 10.55 7.55 5.41 8.41 9.09 103.05 265.89 35.37 37.80 43.35 34.42 32.09

9 183.46 3.73 88.34 131.97 70.36 61.63 195.13 7.91 254.17 66.76 102.37 84.58 21.37 26.88 9.52 12.38 54.68 26.63 8.41 26.73 193.06 27.57 33.77 17.63

10 0.02 0.00 0.07 0.01 0.02 0.01 0.03 0.01 0.02 0.40 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.04 0.02 0.09

11 0.08 0.04 0.43 0.24 0.25 0.14 1.71 0.03 0.15 0.23 1.03 1.33 0.13 0.21 0.14 0.33 0.25 0.31 0.04 0.27 0.20 0.33 0.14 0.10

12 1.35 0.54 3.79 1.88 3.76 0.49 1.43 0.58 1.17 1.83 0.94 14.76 2.10 2.75 1.22 2.38 1.79 3.78 1.07 14.55 2.62 37.68 2.93 2.12

13 0.75 0.18 1.39 1.07 2.11 0.48 5.43 0.46 1.05 0.59 2.59 2.27 7.56 3.00 2.46 4.34 3.79 3.80 0.53 2.06 5.67 3.92 1.44 1.14

14 0.04 0.01 0.04 0.03 0.05 0.02 0.11 0.01 0.02 0.01 0.03 0.10 0.07 0.98 0.12 0.35 0.13 0.75 0.08 0.16 0.06 0.18 0.04 0.09

15 0.04 0.01 0.08 0.06 0.06 0.04 0.10 0.02 0.03 0.03 0.04 0.08 0.08 0.13 0.34 0.50 0.05 0.27 0.03 0.08 0.07 0.16 0.15 0.09

16 0.11 0.02 0.10 0.12 0.09 0.16 0.16 0.04 0.05 0.04 0.06 0.10 0.18 0.26 0.51 4.34 0.08 1.21 0.09 0.23 1.21 0.30 0.10 0.34

17 0.06 0.02 0.11 0.30 0.41 0.05 0.15 0.04 0.06 0.07 0.06 0.37 0.10 0.19 0.04 0.12 0.97 0.11 0.06 0.13 0.10 0.15 0.12 0.29

18 0.28 0.01 0.13 0.05 0.10 0.08 0.13 0.03 0.07 0.05 0.05 0.09 0.09 0.10 0.07 0.10 0.05 0.36 0.18 0.35 0.13 0.10 0.13 0.11

19 1.85 0.29 2.40 1.57 1.90 2.40 3.14 0.59 2.28 1.01 1.00 3.16 0.98 0.75 0.52 0.81 0.98 3.73 7.80 3.76 3.19 2.40 3.82 2.84

20 0.87 0.15 1.23 0.97 0.81 0.55 1.18 0.34 0.83 0.53 0.49 0.82 0.43 0.38 0.30 0.71 0.66 0.78 0.77 20.25 5.02 1.79 9.72 2.86

21 0.06 0.02 0.11 0.08 0.16 0.45 0.78 0.03 0.05 0.06 0.27 0.19 0.14 0.05 0.04 0.07 0.07 0.17 0.31 0.27 1.20 0.16 0.23 0.17

22 0.02 0.00 0.03 0.02 0.03 0.01 0.03 0.01 0.02 0.01 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.17 0.08 0.36 0.04 0.06

23 1.25 0.19 1.16 0.65 0.82 0.65 1.15 0.44 0.48 0.45 0.47 0.85 0.51 0.46 0.40 0.75 0.58 0.94 0.78 1.29 1.54 1.80 2.80 3.97

24 5.05 1.43 6.68 4.21 5.14 3.90 8.04 3.37 3.10 2.86 3.09 5.73 3.43 3.20 2.75 4.95 3.71 6.29 5.21 7.02 6.29 11.44 5.75 7.67

Figure A2. Matrix of intersectoral virtual wastewater flows (W, authors’ calculation based on data
shown in Figure A1).
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Sector 

labels
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1 0.20 0.00 0.09 0.02 0.10 0.02 0.10 0.00 0.00 0.30 0.18 0.00 0.00 0.02 0.01 0.01 0.07 0.05 0.00 0.00 0.04 0.12 0.01 0.05

2 0.03 0.19 0.03 0.01 0.02 0.01 0.10 0.04 0.00 0.15 0.09 0.01 0.02 0.07 0.06 0.02 0.03 1.61 0.29 0.01 0.13 0.94 0.02 0.15

3 0.09 0.00 0.03 0.03 0.02 0.01 0.04 0.00 0.00 0.18 0.07 0.00 0.00 0.02 0.01 0.01 0.04 0.04 0.00 0.00 0.08 0.10 0.06 0.05

4 0.00 0.00 0.00 0.06 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.03 0.02 0.00 0.00 0.01 0.04 0.00 0.01

5 0.00 0.00 0.00 0.03 0.13 0.00 0.02 0.00 0.00 0.01 0.03 0.00 0.01 0.02 0.02 0.01 0.04 0.05 0.00 0.00 0.01 0.11 0.00 0.01

6 0.01 0.00 0.02 0.02 0.03 0.07 0.59 0.00 0.00 0.23 0.12 0.01 0.01 0.06 0.03 0.02 0.03 0.11 0.00 0.00 0.13 0.18 0.01 0.06

7 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8 0.42 0.10 0.15 0.12 0.15 0.08 0.80 0.02 0.01 0.98 0.58 0.06 0.19 0.69 0.44 0.18 0.22 13.04 3.11 0.05 1.49 7.34 0.12 1.38

9 1.95 0.04 0.43 1.38 0.61 0.36 7.03 0.01 0.14 9.35 7.33 0.18 0.39 2.45 0.78 0.27 1.31 3.37 0.10 0.04 7.59 4.67 0.12 0.76

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00

11 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.03 0.07 0.00 0.00 0.02 0.01 0.01 0.01 0.04 0.00 0.00 0.01 0.06 0.00 0.00

12 0.01 0.01 0.02 0.02 0.03 0.00 0.05 0.00 0.00 0.26 0.07 0.03 0.04 0.25 0.10 0.05 0.04 0.48 0.01 0.02 0.10 6.38 0.01 0.09

13 0.01 0.00 0.01 0.01 0.02 0.00 0.20 0.00 0.00 0.08 0.19 0.00 0.14 0.27 0.20 0.09 0.09 0.48 0.01 0.00 0.22 0.66 0.01 0.05

14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.01 0.01 0.00 0.09 0.00 0.00 0.00 0.03 0.00 0.00

15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.01 0.00 0.03 0.00 0.00 0.00 0.03 0.00 0.00

16 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.04 0.09 0.00 0.15 0.00 0.00 0.05 0.05 0.00 0.01

17 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.03 0.00 0.01

18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.05 0.00 0.00 0.01 0.02 0.00 0.00

19 0.02 0.00 0.01 0.02 0.02 0.01 0.11 0.00 0.00 0.14 0.07 0.01 0.02 0.07 0.04 0.02 0.02 0.47 0.09 0.00 0.13 0.41 0.01 0.12

20 0.01 0.00 0.01 0.01 0.01 0.00 0.04 0.00 0.00 0.07 0.04 0.00 0.01 0.03 0.02 0.02 0.02 0.10 0.01 0.03 0.20 0.30 0.03 0.12

21 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.05 0.03 0.00 0.01

22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.00

23 0.01 0.00 0.01 0.01 0.01 0.00 0.04 0.00 0.00 0.06 0.03 0.00 0.01 0.04 0.03 0.02 0.01 0.12 0.01 0.00 0.06 0.31 0.01 0.17

24 0.05 0.01 0.03 0.04 0.04 0.02 0.29 0.00 0.00 0.40 0.22 0.01 0.06 0.29 0.22 0.11 0.09 0.80 0.06 0.01 0.25 1.94 0.02 0.33

Figure A3. Matrix of technical coefficients of indirect wastewater discharge (Q, authors’ calculation
based on data shown in Figure A1).
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38, 147–182. [CrossRef]
50. Gelo, T.; Knez, D. Primjena input-output modela u analizi potrošnje vode kao inputa u gospodarstvu Hrvatske. Ekon. Pregl. 2021,

72, 272–307. [CrossRef]
51. Frenger, P. Factor substitution in the interindustry model and the use of inconsistent aggregation. In Production Economics:

Approach to Theory and Applications; North-Holland Publishing Company: Amsterdam, The Netherlands, 1978; pp. 269–310.
Available online: https://eml.berkeley.edu/~{}mcfadden/prodecon/apps/ch17.pdf (accessed on 30 November 2021).

52. Leontief, W. Input-Output Economics, 2nd ed.; Oxford University Press: New York, NY, USA, 1986.
53. Ten Raa, T. The Economics of Input-Output Analysis; Cambridge University Press: Cambridge, UK, 2006. [CrossRef]
54. Eurostat. Eurostat Manual of Supply, Use and Input-Output Tables; Office for Official Publications of the European Communities:

Luxembourg, 2008. Available online: https://ec.europa.eu/eurostat/documents/3859598/5902113/KS-RA-07-013-EN.PDF/
b0b3d71e-3930-4442-94be-70b36cea9b39 (accessed on 28 November 2021).

55. Miller, R.E.; Blair, P.D. Input-Output Analysis—Foundations and Extensions, 2nd ed; Cambridge University Press: Cambridge, UK, 2009.
56. Gretton, P. On Input-Output Tables: Uses and Abuses—Productivity Commission Staff Research Note; Australian Government

Productivity Commission: Melbourne, Australia, 2013. Available online: https://www.pc.gov.au/research/supporting/input-
output-tables/input-output-tables.pdf (accessed on 27 November 2021).

57. Gupta, K.R. Economics of Development and Planning, 4th ed.; Atlantic Publishers & Distributors: New Delhi, India, 2009.
58. Sun, Y.Y.; Wong, K.F. Stability of input–output coefficients by capacity utilization for short-term tourism demand fluctuation.

Tour. Econ. 2014, 20, 509–526. [CrossRef]
59. Hermannsson, K.; Lisenkova, K.; McGregor, P.G.; Swales, J.K. An HEI-Disaggregated Input-Output Table for Scotland; Fraser of Al-

lander Institute, Department of Economics, University of Strathclyde: Glasgow, UK, 2010. Available online: https://ewds.strath.
ac.uk/Portals/8/HEI%20disaggregated%20IO%20table%20for%20Scotland%202006%20Discussion%20paper%2010-14.pdf (ac-
cessed on 3 December 2021).

60. Velazquez, E. An input–output model of water consumption: Analysing intersectoral water relationships in Andalusia. Ecol.
Econ. 2006, 56, 226–240. [CrossRef]

https://op.europa.eu/en/publication-detail/-/publication/1edb6271-5b07-40fa-ae6b-55bce1c1c220
https://op.europa.eu/en/publication-detail/-/publication/1edb6271-5b07-40fa-ae6b-55bce1c1c220
https://unstats.un.org/unsd/publication/SeriesF/SeriesF_61E.pdf
https://unstats.un.org/unsd/publication/SeriesF/SeriesF_61E.pdf
https://seea.un.org/content/seea-water
http://www.scar.ac.cn/CN/10.3724/SP.J.1226.2016.00156
http://doi.org/10.1504/IJESD.2003.002363
http://doi.org/10.1016/j.ecolecon.2004.09.013
http://www.iioa.org/conferences/20th/papers/files/780_20120518081_waterbratislaval.pdf
http://www.iioa.org/conferences/20th/papers/files/780_20120518081_waterbratislaval.pdf
http://doi.org/10.4028/www.scientific.net/AMR.864-867.1059
http://doi.org/10.1016/j.jclepro.2017.07.200
http://doi.org/10.1007/s11270-020-04940-0
http://doi.org/10.1016/j.envpol.2019.113502
https://www.voda.hr/hr
http://doi.org/10.18045/zbefri.2020.1.147
http://doi.org/10.32910/ep.72.2.6
https://eml.berkeley.edu/~{}mcfadden/prodecon/apps/ch17.pdf
http://doi.org/10.1017/CBO9780511610783
https://ec.europa.eu/eurostat/documents/3859598/5902113/KS-RA-07-013-EN.PDF/b0b3d71e-3930-4442-94be-70b36cea9b39
https://ec.europa.eu/eurostat/documents/3859598/5902113/KS-RA-07-013-EN.PDF/b0b3d71e-3930-4442-94be-70b36cea9b39
https://www.pc.gov.au/research/supporting/input-output-tables/input-output-tables.pdf
https://www.pc.gov.au/research/supporting/input-output-tables/input-output-tables.pdf
http://doi.org/10.5367/te.2013.0294
https://ewds.strath.ac.uk/Portals/8/HEI%20disaggregated%20IO%20table%20for%20Scotland%202006%20Discussion%20paper%2010-14.pdf
https://ewds.strath.ac.uk/Portals/8/HEI%20disaggregated%20IO%20table%20for%20Scotland%202006%20Discussion%20paper%2010-14.pdf
http://doi.org/10.1016/j.ecolecon.2004.09.026


Water 2022, 14, 2122 26 of 26

61. Qin, C. Mitigating China’s Water Scarcity and Pollution: Environmental and Economic Accounting, Modelling and Policy
Analysis. Ph.D. Thesis, University of Twente, Faculty of Geo-Information Science and Earth Observation, Enschede, The
Netherlands, 18 November 2011. Available online: https://webapps.itc.utwente.nl/librarywww/papers_2011/phd/qin.pdf
(accessed on 15 November 2021).

62. Hristov, J.; Martinovska-Stojceska, A.; Surry, Y. Input-Output Analysis for Water Consumption in Macedonia. Working Paper Sub-
mitted to the European Summer School in Resource and Environmental Economics: Management of International Water, Venice,
Italy, 1–7 July 2012. Available online: http://www.feem-web.it/ess/ess12/files/papers/hristov (accessed on 15 November 2021).

63. Sakhel, S.R.; Geissen, S.U.; Vogelpohl, A. Virtual industrial water usage and wastewater generation in the Middle East and North
Africa 2011–2015. Euro-Mediterr. J. Environ. Integr. 2017, 2, 7. [CrossRef]

64. Sun, H.; Ni, S.; Zhao, T.; Huang, C. The transfer and driving factors of industrial embodied wastewater in China’s interprovincial
trade. J. Clean. Prod. 2021, 317, 128298. [CrossRef]

65. Renault, D. Value of Virtual Water in Food: Principles and Virtues. In Proceedings of the International Expert Meeting on Virtual
Water Trade, Value of Water, Delft, The Netherlands, 12–13 December 2002; Hoekstra, A.Y., Ed.; Research Report Series No. 12.
IHE: Delft, The Netherlands; pp. 77–91. Available online: https://www.waterfootprint.org/media/downloads/Report12.pdf
(accessed on 15 November 2021).

66. Yu, Y.; Hubacek, K.; Feng, K.; Guan, D. Assessing regional and global water footprints for the UK. Ecol. Econ. 2010, 69, 1140–1147.
[CrossRef]

67. Davar, E. Input-Output System Models: Leontief versus Ghosh. In Proceedings of the 15th International Input-Output Conference,
Beijing, China, 27 June–1 July 2015. Available online: https://www.iioa.org/conferences/15th/pdf/ezra_davar.pdf (accessed on
21 November 2021).

68. Manresa, A.; Sancho, F. Leontief versus Ghosh: Two Faces of the Same Coin. Document de Treball. Xarxa de Referència en
Economia Aplicada 2012–18. 2012. Available online: https://ddd.uab.cat/pub/estudis/2012/hdl_2072_202153/XREAP2012-18
.pdf (accessed on 11 November 2021).

69. Duarte, R.; Sánchez-Chóliz, J. Regional Productive Strucure and Water Pollution: An Analysis using the Input-Output Model. In
Proceedings of the 38th Congress of The European Regional Science Association: “Europe Quo Vadis?-Regional Questions at the
Turn of the Century”, Vienna, Austria, 28 August–1 September 1998. Available online: https://www.econstor.eu/bitstream/1041
9/113438/1/ERSA1998_110.pdf (accessed on 17 November 2021).

70. Alonso, E.V. Impact Analysis and Extraction Method: Applications on Water Resources in Andalusia. 2004. Available online:
https://www.iioa.org/conferences/intermediate-2004/pdf/426.pdf (accessed on 11 November 2021).

71. Bekchanov, M.; Bhaduri, A.; Lenzen, M.; Lamers, J. Integrating input-output modeling with multi-criteria analysis to assess
options for sustainable economic transformation: The case of Uzbekistan. In The Global Water System in the Anthropocene; Bhaduri,
A., Bogardi, J., Leentvaar, J., Marx, S., Eds.; Springer: Cham, Switzerland, 2014; pp. 229–245. [CrossRef]

72. Input-Output Table for 2010. CBS. 2015. Available online: https://www.dzs.hr/Hrv_Eng/publication/2015/12-01-04_01_2015.
xlsx (accessed on 18 November 2021).

73. Utilisation of Water and Protection of Waters from Pollution in Industry, 2010. CBS. 2011. Available online: https://www.dzs.hr/
Hrv_Eng/publication/2011/06-01-01_01_2011.htm (accessed on 18 November 2021).
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