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Abstract

An adequate water supply is essential for the continued and sustainable growth of the Balinese economy. In
addition to mounting water demand, Bali’s water supply has been constrained by high levels of water pollution.
Despite being paid great attention, Bali’s earlier efforts to control water pollution yet to prove effective, mainly
owing to their reliance on traditional methods and regulations that focus on water pollution being linked to
discrete sets of economic activity (e.g., processing industries, livestock farming, and hotels). However, an economy
of a region/country comprises a set of sectoral activities, which are interconnected through supply chains; thus,
water pollution could be well explained by examining the entire sectoral economic activities and their
environmental performance. Therefore, determining the structural relationships between water pollution and
economic activity serves as an important basis for more effective forms of pollution control for the Balinese
economy. In this study, accordingly, we employed an environmentally extended input–output model to establish
the links between water pollution and the production processes of the entire economy. Using biochemical oxygen
demand (BOD) as a proxy for water quality in our analysis, we estimated that 246.9 kt of BOD were produced from
Bali’s economic activity in 2007. Further, we identified the chief BOD-emitting sectors and found that intermediate
demand and household demand were the major causes of BOD discharge in the economy. We also accounted for
the indirect role of each sector in total BOD emissions. Moreover, we categorized the sectors into four groups
based on their direct and indirect BOD emission characteristics and offered appropriate policy measures for each
group. Managing demand (i.e., lowering household consumption and exports) and shifting input suppliers (i.e., from
polluters to non-polluters) are effective measures to control pollution for Categories I and II, respectively; clean
production and abatement is advised for Category III; and a hybrid approach (i.e., demand management and
abatement technology) is recommended for Category IV.

Keywords: Biochemical oxygen demand (BOD), Bali, Environmentally extended input–output (EEIO) modeling,
Direct pollution, Water policy, Water pollution
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1 Introduction
Global water resources are under immense pressure
owing to increases in water demand that are due to
population growth and expanded industrial and eco-
nomic activity. The stress has been further exacerbated
by increasing water pollution [1]. Florke et al. [2] re-
ported that the global withdrawal of domestic and indus-
trial water increased by 77.7% with 300–1345 km3

withdrawn over the last six decades (1950–2010); of the
extracted water, 88% was ultimately returned to the sys-
tem as wastewater with limited treatment. The situation
is a serious concern in the Asia–Pacific region, which is
undergoing rapid economic growth. Consequently, the
region’s natural environment is being distressed by the
consumption of huge amounts of water, the release of
waste and wastewater, and the expansion of pollution-
prone industries [3].
Bali, Indonesia, a famous global tourist destination in

the Asia–Pacific region [4, 5], has undergone rapid eco-
nomic growth over the last three decades [6]. The Bali-
nese economy is traditionally supported by agriculture;
however, it has recently become dominated by the tour-
ism sector [7]. In 2018, tourism (i.e., accommodation
and food services) accounted for 23.3% of Bali’s
gross regional domestic product (GRDP), while agri-
culture, forestry, and fisheries accounted for 13.8%
of its GRDP [5]. Bali’s population was reported to be
4,466,600 as of 2021 with an average annual growth
rate of 1.24% (2010–2018) [5, 8]. Rapid economic
growth, population growth, and poor water manage-
ment will likely cause more serious water shortages
in the future [9]. Despite its substantial potential for
natural renewable water, Bali’s water supply is com-
promised because of an elongated coastland, lower
groundwater potential, and a high population density
(FAO 2003 as cited in Strauß [4]). By 2025, water
consumption is projected to expand by 70% [4, 10].
Water shortages are reported to reduce food produc-
tion and employment on the island, while both tour-
ism and agriculture rely on an adequate water
supply [10, 11].
Environmental degradation and pollution have put

Bali’s water resources at significant risk [9, 10]. Water
quality has been affected by the recent socio-economic
development. For example, an increase in population
density leads to increased levels of water pollutants, such
as organic substances (biochemical oxygen demand
(BOD)) and fecal matter (Escherichia coli), in river water.
Similarly, built-up areas, which have been increasing re-
cently, have impacted the river water quality negatively
by elevating heavy metals (i.e., nickel and lead) and tur-
bidity [12]. Suteja et al. [13] reported that the two major
rivers—namely, the Badung and Mati Rivers—were the
primary source of chromium deposits in the river

estuary of Benoa Bay. A significant amount of water pol-
lutants is reportedly discharged in water bodies because
of intensive agricultural practices, including the exces-
sive use of fertilizers and plant protection chemicals
[14]. Nitrate and phosphate contamination prevails in all
the rivers, although the contamination levels vary de-
pending on the river and season. The highest loadings of
nitrates and phosphates were reported as 4.39 and 6.98 t
d− 1, respectively, in the Mati River, which drains into
Benoa Bay, in the dry season, thereby causing the water
quality to exceed the standard for marine biota [15].
River water, namely, that of the Ayung and Badung Riv-
ers, is the major source of drinking water and irrigation.
Meeting water quality standards, such as having a BOD
of 2 and 12 mg L− 1, respectively, for class I (i.e., potable
water supply) and class IV (i.e., irrigation use), as stipu-
lated in the water quality management and control mea-
sures of the Indonesian Government Regulations
number 22 of 2021 [16], is challenging.
The island of Bali operates two centralized wastewater

treatment plants with a total capacity of 61,000
(51,000 + 10,000) m3 d− 1 [9, 14] as well as some
community-based decentralized wastewater treatment
systems with limited capacities [17]. Since the current
treatment capacity is less than 10% of the total urban
wastewater production (642,000 m3 d− 1, as estimated in
2012) [9], a vast portion of wastewater from households,
industries, hotels, restaurants, business, and complexes,
and waste and runoff of agriculture and livestock directly
drains into nearby canals, rivers, and ocean [10, 14]. The
direct discharge of toxic industrial wastes into the river
system that ultimately reaches the beaches has drawn
significant attention [13]. Several initiatives have been
undertaken by government and private organizations but
have not been enough to yield significant outcomes. Be-
cause these employ the conventional approach focusing
on determining the water quality state, they have links
with particular sectoral or sub-sectoral economic activ-
ities (e.g., textile industries and hotel businesses) [13–
15]. However, the environmental performance of an
economy is governed by all sectors, which are interre-
lated through supply chains. Analyzing the relationship
between economic activity and water pollution is in-
creasingly considered a useful approach to managing
water resources [18, 19].
Generally, the pollution caused by economic activity is

positively related to output. The economy of a country
or region comprises several sectors, each of which re-
ceives inputs from its own and other sectors by deliver-
ing outputs. Analyzing the inter-sectoral relationships
along with resource use (inputs) and pollutant emissions
allows us to calculate resource use (e.g., energy, water,
and land) and manage the environment (e.g., waste) [20].
Such an analysis identifies sectors as either pollution
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sellers, buyers, or both, which is essential for prioritizing
pollution control policy [21]. To apply this approach, the
conventional input–output (I–O) table is extended to in-
clude environmental parameters (e.g., water pollutant
emission intensity), which are useful in evaluating the
impact of production process (i.e., in the present or the
future with changes in the economy) on the water envir-
onment [18, 22–24].
In this study, we employed the environmentally ex-

tended input–output (EEIO) model to tie water pollu-
tion together with Bali’s economic activity. Broadly, our
objective is to recommend policies for managing Bali’s
water pollution in context of its rising economy. The
specific research objectives are to analyze the links be-
tween various economic activities and BOD emissions,
estimate sectoral direct (as a source) and indirect (as a
cause) BOD emission, classify sectors into comprehen-
sive groups based on their BOD emission characteristics,
and provide pollution control management strategies.

2 Study area
Bali, a province of Indonesia (Fig. 1), covers a total area
of 5620 km2, or 0.3% of the total land area of the Indo-
nesian archipelago. The island lies entirely within the
tropics and possesses a tropical marine climate. The
average annual precipitation is approximately 17,411
mm [5]. Rivers, groundwater, and springs—the major
freshwater resources—are not uniformly distributed
across the region. Owing to the incidence of major rain-
fall (75–80%) during November through April,

maintaining an adequate water supply for the agriculture
and tourism sectors is a challenge during the dry season
[25].
In 2018, the Balinese economy reportedly grew by

6.35%. The contribution of various sectors to the GRDP
for 2018 is demonstrated in Fig. 2 [5]. The accommoda-
tion and food service sector’s activities under tourism
provide the dominant share of GRDP, followed by the
agricultural, forestry, and fishery sector. The contribu-
tion of the agricultural, forestry and fishery sector has
declined in recent years. The structure of Balinese econ-
omy has shifted from primary to tertiary economy with
the recent growth of the tourism sector [5]. Other sec-
tors, such as the transportation and construction indus-
tries, account for 9.5 and 9.4% of GRDP, respectively.
These sectors have reported increasing growth in the
GRDP owing to the expansion of the tourism sector. In
total, 382 companies representing large (100 or more
employees) and medium (20–99 employees) industries
were in operation in Bali in 2017; of these, the food and
beverage industry had the greatest share of the GRDP
[5].

3 Materials and methods
3.1 Conventional I–O table
In an economy’s production process, each sector re-
quires inputs from its own and other sectors to produce
goods and services. The concept of describing the inter-
linkages between sectors in an economic system was in-
troduced by the economist Wassily Leontief. His I–O

Fig. 1 Map depicting the location of Bali Province
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model is conventionally used to describe the intercon-
nections between sectors [26]. Table 1 presents an ex-
ample of an economy’s flow of goods and services,
visualizing the interdependence between the sectors.
The rows represent the proportion of output that each
sector sells (seller) to other sectors (purchaser); the col-
umns represent the proportion of products and services
required (purchased) by each sector from other sectors
as inputs to meet total output. Apart from intermediate
demand, an I–O table indicates the quantity of products
and services consumed by households, the government,
and exports (final demand) as well as the amount of
products and services that sectors import (imports) and
the compensation paid to labor (value added). I–O tables
are formulated based on the data for a particular eco-
nomic area, nation, or region [27].

An I–O table comprises a set of linear equations. The
basic equation of Leontief’s model describes the inter-
sectoral relationships in an economic system [28]. It de-
picts the fact that total output is equal to the amount
used internally used by the system as intermediate con-
sumption plus the amount consumed by the final cus-
tomers (Leontief as cited in Nguyen [18]).

xi ¼
Xn

j¼1

xij þ di ð1Þ

where xij is intermediate consumption [18], di is the final
demand for goods by each sector, and aij is the technical
coefficients of production, which are described as the
amount of products that the jth sector purchases from
the ith sector to produce one unit of (jth) output.

aij ¼ xij
x j

ð2Þ

Eq. (1) can be rewritten as follows after incorporating
aij:

xi ¼
Xn

j¼1

aijx j þ di ð3Þ

Converting the equation into matrix notation for the
entire economy yields the following:

x ¼ Axþ d ð4Þ
where A represents the n × n technical coefficient matrix
with the element (Table 1).
Solving for x, we obtain the total production delivered

to fulfill final demand as follows:

Fig. 2 Sectoral distribution of the gross regional domestic product (GRDP) of Bali, 2018

Table 1 Schematic representation of a conventional I–O table

Sector Intermediate sector Final
demand

Total
output(Buyer) j 1 … j … n

(Seller) i

1 x11 … x1j … x1n d1 x1

. . … …

. . … …

i xi1 … xij … xin di xi

. . … …

. . … …

n xn1 … xnj … xnn dn xn

Value added v1 … Vj … vn

Import m1 … mj … mn

Total input x1 … xj … xn
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x ¼ I−Að Þ−1d ð5Þ
where I denotes an identity matrix and (I −A)−1 is the
Leontief inverse matrix. Let αij represent the elements of
the Leontief matrix. Subsequently, the gross domestic
output of sector i, xi, can be expressed as follows:

xi ¼
Xn

j¼1

αijdi ð6Þ

3.2 EEIO model
I–O tables show the flows between sectors and frame
their interrelationships. An EEIO analysis, an extension
of Leontief’s I–O model [27], is a simple and robust
method for assessing the links between economic activ-
ity and environmental impact [29]. EEIO quantifies the
environmental pressure along the supply chain while as-
suming an unchanged production structure [30].
The release of water pollutants is usually expected to

be linearly proportional to the size of sectoral outputs
[18]. We assume PI as pollution intensity and define it
as the amount of water pollutants released to produce
one unit of output (in monetary terms) for a sector. Its
elements, PIyi , denote pollution intensity related to the
yth water quality parameter for sector i in a particular
year. The y × n matrix, PI, is the pollution intensity
matrix. The pollution load (PL) can then be computed
using Eq. (7).

PL ¼ PIx ð7Þ
The PL for the yth parameter for sector i, PLyi , is

expressed as follows:

PLyi ¼ PIyi xi ð8Þ
Substituting the value of xi from Eq. (6) into Eq. (8)

yields the following:

PLyi ¼ PIyi
X

j

αi jdi ð9Þ

The PL of sector i is the amount released to satisfy all
production in this sector (xi), including both the inter-

mediate (
X

j

aijx j) and final demand (di).

3.2.1 Water pollutant emissions
Each economic sector acts as both a supplier and re-
ceiver of inputs in the economy’s production process.
Based on their roles, the emissions of water pollutants
from sectoral activities can be distinguished into two
categories: direct (i.e., a source of emissions) and indirect
(i.e., a cause of emissions). Direct emissions (DiE) are
defined as the amount of water pollutants that are

directly discharged by a sector in producing the products
required to satisfy all forms of demand (i.e., intermediate
demand and final demand) [19]. By contrast, indirect
emissions (IDiE) are the amount of water pollutants that
are discharged by a sector and other sectors to produce
the inputs it requires. Unlike DiE, the amount of pollut-
ants indirectly emitted by a sector relies heavily on the
economic performance of several sectors. This form of
pollution is not accounted for by the traditional method;
however, pollution control management strategies have
recently started incorporating examinations of IDiE [19].
Despite being good indicators, direct and indirect

emissions still cannot express the flow of pollutants
within a single sector [18, 19, 26]. These indicators can-
not, for example, quantify the proportion of a sector’s
direct discharge that is required to meet its own sectoral
demand (i.e., sectoral self-pollution) or the level of dis-
charge equal to inter-sectoral demand. To overcome the
inherent limitations of direct and indirect emission, we
employed the vertical integrated coefficient method in
sectoral pollutants analysis [26] and disaggregated the
sectoral pollution loads into five components: (i) a sec-
tor’s own pollution (OWy

i ) (the amount of y pollutant
emitted by sector i to produce its own input); (ii) true
forward pollution (TFy

i ) (the amount of y pollutant emit-
ted by sector i to produce products used as inputs of
others’ intermediate demand); (iii) semi-own pollution (
SOWy

i ) (the amount of y pollutant generated by sector i
to produce the inputs for other sectors, which is re-
quired to produce inputs that sector i purchases to fulfill
final demand); (iv) true backward pollution (TBy

i ) (the
amount of y pollutant emitted by other sectors to pro-
vide inputs for a sector); and (v) final demand pollution
(FDy

i ); (the amount of y pollutant directly emitted by sec-
tor i to produce products in fulfilling the final demand
of a sector).

3.2.2 Data sources and EEIO preparation
Two datasets, namely, an I–O table and the sectoral
water pollutant emission intensity, are required to
perform EEIO modeling. We used a 2007 regional I–
O table that originally consisted of 52 economic sec-
tors. The I–O table was revised by removing the sec-
tors that lacked relevant data (such as mining, basic
metal industry and other metal goods industries) and
merging the detailed economic sub-sectors into a
major sector (e.g., agriculture, forestry and fishery).
Finally, we developed a 16 × 16 sector I–O table to
provide comprehensive results and overcome the limi-
tation of lacking detailed pollutant emission inten-
sities at the sub-sectoral level. The revised grouping
of sectors is provided in Table S1 of Supplemental
Materials.
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The revised I–O table was further extended by adding
the BOD emission intensity for each economic activity
as a proxy indicator of overall water quality [31]. The in-
tensity was defined as the amount of BOD (kg) dis-
charged per unit of monetary output in millions of
rupiah (IDR). The intensities were directly and indirectly
collected/derived from various sources. The intensity for
the manufacturing sector was obtained from a report on
wastewater disposal for Denpasar [32]. The intensities
were adjusted into 2007 prices (I–O table); price infla-
tion was overcome through the consumer price index
method. We derived the intensities for the selected sec-
tors by calculating the BOD load in kg and taking its
monetary output value in 2007. The pollutant load for
Sector 1 (agriculture, forestry and fishery) was derived
from the areas under each sub-sector [33] and the BOD
export coefficients for major land use [34–36]. Similarly,
the BOD load for Sector 2 (livestock and poultry) was
calculated by taking daily livestock’s load (BOD kg/d/
cattle) [31] and slaughtering activities (kg/t of meat) [37]
together with Bali’s total number of cattle head and
amount of meat produced in 2007 [33]. For hotels and
restaurants, we took the total number of visitors and res-
taurant seats in 2007 [33] and calculated the BOD load
per capita (visitor) per day and per restaurant seat [32].
In relation to the service sectors—namely, electricity and
drinking water, trading, transport, communication, and
financial institutions—that were not direct BOD emit-
ters, the intensities from Nguyen et al. [18] were used to
examine their role in indirect BOD emissions.
Table 2 presents the EEIO table developed for Bali.

Sectoral outputs are expressed in millions of IDR; BOD
emission intensity is expressed as kg per millions of IDR.

4 Results and discussion
4.1 Sources of and causes for BOD emissions
An estimated total of 246.9 kt of BOD was released in
the economy’s production process in 2007. Each sectoral
direct BOD load is shown in Fig. 3. Three sectors—live-
stock and poultry (Sector 2); agriculture, forestry and
fishery (Sector 1); and food, beverage, coffee and tobacco
(Sector 4)—accounted for 99.5% of the total BOD emis-
sions; of these, Sector 2 produced 96% of the total BOD
emissions. The BOD amount varied among the sectors
because of differences in BOD emission intensity and
total output. The results are consistent with earlier find-
ings that indicate livestock plays a major role in fresh-
water pollution in many parts of the world [31, 36]. The
increasing population and the prevalence of many head
of cattle—the reported increase in cattle and pig num-
bers was 3.62 and 11.73%, respectively, from 2017 to
2018 [5]—positioned this sector at the top in terms of
water pollution. Conversely, the agricultural land under
Sector 1 has recently been declining; however, the heavy

use of fertilizers in intensive agricultural farming has
kept the sector a leading cause of freshwater pollution.
Followed by these two sectors, Sector 4 (food, beverage,
coffee and tobacco) emitted BOD to a greater extent,
with a value of 1.9 kt, which caters consumable goods
for residents and tourist. This sector’s role in water pol-
lution has been notably increasing with increases of
population and visitors in recent years.
The release of water pollutants increases with sectoral

output, which is determined by a sector’s intermediate
and final demand. Intermediate demand reflects how
heavily a sector engages in supplying its products to
other sectors as inputs. Household consumption, gov-
ernment stock, and exports of a sectoral item determine
a sector’s final demand. Disaggregating the total PL as
per the demand for each sector (Fig. 4) is an effective
method of undertaking the appropriate policy measure
in controlling water pollution. This figure illustrates that
demand factors impact the BOD emissions differently
for the various sectors. For instance, intermediate de-
mand was the major cause of BOD emissions in four
major sectors, including the top two BOD emitters (Sec-
tors 1–3 and 12). This indicates that these sectors dis-
charged major BOD in producing their products or
services for other economic sectors. However, exports
were the major cause of BOD emissions (more than 60%
of BOD) in the sectors (Sectors 5–9 and 13) that mainly
comprise manufacturing industries. This is likely attrib-
utable to Bali’s adoption of an open economy as exports
that plays an important role in the regional economy [5].
Household demand was the primary cause of BOD
(nearly 50%) for Sector 4 (food, beverage, coffee and to-
bacco) and Sector 10 (electricity and drinking water),
which are both heavily consumed by residents. Gross
fixed capital had negative BOD values for Sectors 4 and
5, indicating that this portion (BOD) was not generated
for that year but fulfilled by the stock.
Apart from the direct BOD discharge, we determined

indirect BOD emissions by sector (Fig. 5). Sectors 2, 13, 1,
and 4 produced as much BOD from other sectors or from
themselves to satisfy their inputs. Sector 2 was the chief
indirect BOD emitter, accounting for 65% of total BOD
emissions; this is likely due to its reliance on its own sec-
tor, which is the top direct BOD emitter, for inputs (e.g.,
baby chicks, calves, fingerlings and animal feeds). Sector
13 (hotels and restaurants) is responsible for emitting 30%
of total BOD owing to its close connection with other sec-
tors—most likely the livestock and agricultural sectors,
both major BOD emitters—to operate their business. Im-
portantly, other service and trade sectors show a notice-
able contribution to indirect BOD emissions as opposed
to their role in direct BOD emissions. This is particularly
essential for pollution control planning because the indir-
ect emissions of these sectors are often overlooked.

Chapagain et al. Sustainable Environment Research            (2022) 32:5 Page 6 of 14



Ta
b
le

2
Ex
te
nd

ed
I-O

ta
bl
e

Se
ct
or

ID
In
te
rm

ed
ia
te

d
em

an
d

Fi
na

ld
em

an
d

To
ta
l

ou
tp
ut

1
2

3
4

5
6

7
8

9
10

11
12

13
14

15
16

H
H

G
FC

Ex

Ec
on

om
ic
se
ct
or

(M
ill
io
n

ID
R)

1
49
0,
06
9

70
,6
29

–
1,
60
5,
65
9

62
,8
33

10
76

–
27
1,
39
9

38
4

–
81
2

75
12
97
,2
37

–
–

23
15

3,
29
6,
67
7

23
6,
41
8

1,
40
5,
81
3

8,
74
1,
39
7

2
12
,2
30

2,
55
1,
91
4

–
25
,8
49

–
–

–
–

25
2

–
–

–
1,
40
3,
21
6

–
–

78
2,
69
6,
82
0

10
1,
99
9

17
0,
94
8

6,
96
3,
30
5

3
–

–
–

–
–

–
–

–
–

–
36
7,
00
7

–
–

–
–

46
–

22
7

50
,0
21

41
7,
30
0

4
14
,1
36

26
8,
64
3

–
75
,6
61

78
1

–
–

11
51

23
0

3
–

–
53
4,
10
5

85
8

–
52
5

1,
45
0,
35
5

− 24
8,
93
7

78
5,
35
3

2,
88
2,
86
5

5
12
,5
69

19
38

54
49
3,
56
7

21
03

–
20
31

84
1

–
–

90
5

12
9,
76
8

37
,7
78

12
97

55
,7
24

54
2,
99
6

−
48
,6
41

3,
34
2,
33
1

4,
57
3,
38
1

6
19
73

13
70

41
69

42
60

23
0

15
1,
88
7

–
–

27
60

–
20
0,
43
0

30
,9
09

92
,5
50

66
88

55
20
60

20
,3
24

55
31

1,
53
4,
66
3

2,
05
9,
85
8

7
10
71

83
38

11
5

98
1

11
10

27
13

22
88

71
9

16
0

57
9

11
77

57
67

12
25

25
45

29
40

41
,1
13

67
88
,9
51

15
3,
64
0

8
10
3,
68
4

12
,8
78

18
25

95
5

79
,1
55

18
,9
02

39
64

96
,9
83

18
96

42
9

21
,9
23

58
,7
26

15
,1
57

16
28

23
7

56
,6
88

51
,8
49

45
8

77
8,
49
3

13
05
,8
29

9
55
53

10
1

29
26
3

71
16

51
37

45
25
28

97
8

11
3

63
97

16
,1
64

58
16

38
97

54
8

53
10

49
06

35
11

14
7,
57
2

21
5,
98
4

10
10
77

15
,2
62

29
5

21
04

11
6,
30
2

11
,1
82

79
38

64
22

57
76

10
,4
51

68
34

17
,4
32

28
8,
25
0

17
,6
79

33
,7
91

39
,6
22

64
7,
80
5

–
–

1,
22
8,
22
2

11
64
,2
98

81
40

46
,6
43

14
24

12
60

41
44

3
30
09

71
26
23

24
8,
72
6

14
9,
94
5

10
5,
11
7

11
9,
52
4

80
,4
80

18
0,
05
6

–
4,
43
3,
70
6

–
5,
44
9,
17
2

12
19
9,
33
9

68
8,
77
2

24
66

19
6,
90
3

21
5,
09
8

69
,2
86

32
70

86
,1
22

41
91

35
3

28
8,
47
6

59
,6
60

1,
03
0,
81
3

22
,4
10

20
36

51
,6
60

2,
37
4,
23
0

12
,8
30

1,
60
3,
08
1

6,
91
0,
99
6

13
46
,8
52

40
42

23
0

13
,4
44

70
,6
75

29
87

–
–

14
16

61
73

11
,5
57

94
,0
23

21
5,
97
6

39
3,
57
7

18
,1
64

21
2,
15
1

1,
72
0,
02
6

–
12
,6
39
,8
12

15
,4
51
,1
07

14
62
,1
44

20
7,
97
4

21
99

56
,2
71

10
2,
86
1

21
,4
59

94
7

24
,6
55

24
77

81
43

92
,3
80

30
,9
60

32
2,
76
1

53
1,
30
0

24
,0
62

67
,6
50

1,
21
4,
24
7

36
27

4,
70
8,
39
7

7,
48
4,
51
3

15
76
4

11
03

57
18

11
42

48
,7
76

98
99

26
2

58
38

29
2

65
3

14
95
,0
58

64
,9
85

25
,0
62

35
,7
99

52
,6
83

25
4,
66
6

–
83
2,
19
4

1,
43
4,
90
8

16
30
6,
51
0

73
,5
14

28
65

22
,5
60

16
5,
61
6

54
,2
70

96
52

71
,3
26

67
68

26
,6
88

17
8,
05
2

80
2,
71
8

45
0,
10
0

28
6,
00
0

24
,7
83

46
4,
15
9

2,
56
3,
13
4

4,
27
6,
20
3

2,
69
9,
61
0

12
,4
84
,5
28

BO
D
[k
g
(m

ill
io
n
ID
R)

−
1 ]

0.
81
2

34
.0
10

0.
27
6

0.
65
7

0.
01
4

0.
01
5

0.
10
5

0.
27
7

0.
04
0

0.
00
0

0.
00
0

0.
00
0

0.
02
5

0.
00
0

0.
00
0

0.
00
5

Se
ct
or

D
es
cr
ip
tio

n

1
A
gr
ic
ul
tu
re
,f
or
es
tr
y
an
d
fis
he

ry
11

C
on

st
ru
ct
io
n

2
Li
ve
st
oc
k
an
d
po

ul
tr
y

12
Tr
ad
in
g

3
Pa
da
s
st
on

e
an
d
ot
he

r
m
in
er
al
s

13
H
ot
el
s
an
d
re
st
au
ra
nt
s

4
Fo
od

,b
ev
er
ag
e,
to
ba
cc
o
an
d

co
ffe
e
in
du

st
rie
s

14
Tr
an
sp
or
ta
tio

n,
tr
av
el
bu

re
au

an
d
ot
he

r
tr
an
sp
or
ta
tio

n
su
pp

or
t
se
rv
ic
es

5
Te
xt
ile
,a
pp

ar
el
an
d
le
at
he

r
go

od
s
in
du

st
rie
s

15
C
om

m
un

ic
at
io
ns
,p

os
t
an
d
gi
ro

6
Ti
m
be

r
in
du

st
ry

an
d
w
oo

d
pr
od

uc
ts

16
Fi
na
nc
ia
li
ns
tit
ut
io
ns

an
d

co
m
pa
ny

se
rv
ic
es

7
Pa
pe

r
in
du

st
ry
,p

ap
er

an
d

ca
rd
bo

ar
d
go

od
s

H
H

H
ou

se
ho

ld
co
ns
um

pt
io
n

8
Fu
el
s,
ch
em

ic
al
in
du

st
ry
,

ru
bb

er
an
d
pl
as
tic
s

G
FC

G
ro
ss

fix
ed

ca
pi
ta
lf
or
m
at
io
n

9
O
th
er

pr
oc
es
si
ng

in
du

st
rie
s

Ex
Ex
po

rt

10
El
ec
tr
ic
ity

an
d
dr
in
ki
ng

w
at
er

Chapagain et al. Sustainable Environment Research            (2022) 32:5 Page 7 of 14



4.2 Disaggregation of sectoral BOD emissions
An analysis of the sectoral roles in indirect water pollu-
tant emissions has added a new perspective to the con-
ventional approach of direct sectoral water pollution.
However, although these are good indicators, these as-
pects (i.e., direct and indirect pollution) remain unable
to fully depict the behavior of sectoral pollution in the
economy. To enrich our analysis, we demonstrate the
flow of BOD throughout the entire economic sector
(Table 3) and its various pollution components (Table 4).
In Table 3, the rows of the matrix indicate the BOD
amount that sector i produces to fulfill sector j’s de-
mand. The row sums represent the total BOD directly
emitted by sector i in producing products or services to
fulfill all forms of the economy’s demand (i.e., DiE). The
columns of matrix j indicate the purchases made by sec-
tor j from sector i during the production process, and
the column sums represent the total BOD indirectly
emitted by sector j from other sectors (i) in obtaining its
input requirements (i.e., IDiE). The absence of row data
for Sectors 10, 14, and 15 indicates that these sectors do
not directly emit BOD (row), while the column values
for the same sectors show their indirect role in produ-
cing BOD in the economy.
To further advance the sectoral pollution analysis, we

disaggregate sectoral BOD loads into five components:

(i) a sector’s own pollution (OWy
i ) (the amount of y pol-

lutant emitted by sector i to produce its own input); (ii)
semi-own pollution (SOWy

i ) (the amount of y pollutant
generated by sector i to produce the inputs for other
sectors, which is required to produce inputs that sector i
purchases to fulfill final demand); (iii) true forward pol-
lution (TFy

i ) (the amount of y pollutant emitted by sector
i to produce products used as inputs in others’ inter-
mediate demand); (iv) true backward pollution ( TBy

i )
(the amount of y pollutant emitted by other sectors to
provide inputs for a sector); and (v) final demand pollu-
tion (FDy

i ); (the amount of y pollutant directly emitted
by sector i to produce products in fulfilling the final de-
mand of a sector) (Table 4).
The values vary among the sectors according to their

different emission properties. For instance, a high value
of TFy

i for Sectors 1 and 2, pollution seller sectors, indi-
cates that these sectors produce considerable BOD in
satisfying intermediate demand. Similarly, Sector 2 is
also responsible for producing substantial BOD (24.7%
of the total BOD) in fulfilling its own inputs, highlight-
ing the internal dependence of the sector (for their own
inputs, i.e., OWy

i Þ. Other than Sectors 1, 2, and 3, a ma-
jority of sectors have a typically high range of TBy

i , char-
acterizing these sectors as pollution inducers that cause
other sectors to emit BOD to fulfill their input needs.
Among these, Sector 13 (hotels and restaurants) has an
exceptionally high value, indicating a close linkage be-
tween this sector and others and its responsibility for
producing a significant amount of the economy’s water
pollutants. Sector 4 (food, beverage, coffee and tobacco)
is a major pollution inducer because of its processing of
raw primary products (i.e., agricultural and livestock
products) into edible food items.

4.3 Grouping of sectors
To distinguish the sectoral BOD emission behavior and
appropriately identify the management plan, we grouped
sectors by plotting the percentage of BOD—true forward
pollution ( TFy

i )/direct emissions (DiE) and true back-
ward pollution (TBy

i Þ /indirect emissions (IDiE) (Fig. 6).
DiE is defined as the amount of water pollutants (herein
BOD) that are directly discharged by a sector while pro-
ducing the products required to satisfy all forms of de-
mand (i.e., intermediate demand and final demand) [19].
By contrast, IDiE is the amount of water pollutants
(herein BOD) that are discharged by a sector and other
sectors to produce the inputs that it requires. Generally,
high TFy

i /DiE values indicate that the sectors are liable
to produce more water pollutants for other sectors, so
the proportion of water pollutants produced for their
own sectoral inputs is lower. Conversely, sectors with

Fig. 3 Sectoral direct discharge of BOD in the 2007
Balinese economy

Fig. 4 Percentage of total BOD discharge attributable to each
component of each sector’s total output
Note: Sectors 11, 14 and 15 do not release significant BOD.
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high TBy
i /IDiE produce more water pollutants from

other sectors.
Figure 6 shows that most sectors fall under Categories

I and II. In contrast, there is only one sector in Category
III, and none of the sectors belong to Category IV. Cat-
egory I has less than 50% of both TFy

i /DiE and TBy
i

/IDiE, indicating that these sectors depend heavily on
their own sectoral input and produce more than 50% of
the total direct and indirect sectoral BOD discharge in
fulfilling their own sector’s input demands. As major
sources of pollution for their own input requirements,
these sectors are characterized as self-polluting sectors.
The pollution under this category could be better ad-
dressed by the product’s final demand. In this regard,
policy should focus on measures to lower household
consumption and reduce the exports of these sectors.
Category II is similar to Category I in that TFy

i /DiE <
50% but has a high TBy

i /IDiE (i.e., more than 50%). In
addition, by producing a large amount of BOD in fulfilling
their own input requirements, these sectors indirectly pro-
duce a higher amount of BOD (more than 50% of the total
sectoral indirect BOD emissions) from other sectors.
Apart from self-polluters, these sectors are characterized
as pollution inducers. Sectors such as Sectors 14 and 15
lie to the right bottom because of the lack of their own
direct BOD discharge (DiE is 0); however, these sectors in-
directly cause a significant amount of BOD from other
sectors. In terms of the pollution control perspective,
there is a need to examine input suppliers (seller sector)
under this category and possible measures for switching
the supplier sector from high- to low-polluting suppliers.

A single sector (Sector 3, i.e., padas stone and other
minerals) is found under Category III. This possesses a
high (over 50%) of TFy

i /DiE but has a TBy
i /IDiE value

of less than 50%, indicating that the sector emits consid-
erable BOD to fulfill intermediate demand and that it
does not cause other sectors to produce BOD for its in-
put requirements. In this case, it is best to consider pol-
lutant reduction measures within the sectoral self-
production process. Therefore, this category will be bet-
ter dealt with by implementing in-house clean produc-
tion technologies and wastewater treatment practices.
No sectors can be found under Category IV, which is
characterized by producing a huge amount of BOD in-
directly from the other sectors (i.e., TBy

i /IDiE > 50%)
and also by producing a significant amount of BOD dir-
ectly within the sector to fulfill other sectoral demands (
i:e:;TFy

i /DiE > 50%). The category demonstrates the
dual characteristics of Category II (as pollution pur-
chaser) and Category IV (as pollution seller), therefore,
hybrid pollution control measures of those two categor-
ies are applicable in Category IV. Although we did not
find any sectors in this category, two sectors (i.e., Sectors
10 and 12) were extremely close to this. This indicates
that Sectors 10 and 12 produce huge amount of BOD to
other sectors and equally liable to produce significant
portion of BOD from other sectors.

5 Policy implications and perspectives for
pollution control
The analysis herein of sectoral water pollution behavior
in the production process of the economy offers vital

Fig. 5 Indirect BOD discharged by each sector relative to total BOD discharge in the Balinese economy, 2007
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policy directives for controlling water pollution. In this
study, livestock and poultry sectors were categorized as
the chief BOD emitter; therefore, major attention should
be paid to this sector. The handling and treatment of
livestock waste is not common despite such waste con-
taining valuable ingredients that can be processed for
manure and biogas production. A typical BORDA biodi-
gester of a satisfactory performance [17] is already in use
in limited parts of Indonesia. By further improving the

performance, the biodigester can be promoted as an ef-
fective method to control animal waste-derived water
pollution. In relation to poultry waste, it is either com-
posted or used for animal feedstuffs. Studies conducted
globally and locally (i.e., in Indonesia) have demon-
strated the possibility of turning poultry waste into val-
ued feedstuffs for ruminants [38, 39]. Under the context
of increased poultry waste, the policy of recovering ani-
mal waste and turning it into a valuable product would

Table 4 Disaggregated sectoral pollution components with BOD loads (in tons)

Sector Own pollution
(OWy

i )
Semi-own
pollution ðSOWy

i )
True forward
pollution (TFyi )

True backward
pollution (TByi )

Final demand
pollution (FDy

i Þ
1. Agriculture, forestry and fishery 240 23 2830 611 4012

2. Livestock and poultry 58,506 134 77,181 265 101,002

3. Padas stone and other minerals – 0 101 1 14

4. Food, beverage, tobacco and coffee
industries

35 3 551 2182 1305

5. Textile, apparel and leather goods industries 6 0 4 514 53

6. Timber industry and wood products 2 0 6 39 24

7. Paper industry, paper and cardboard goods 0 0 2 3 14

8. Fuels, chemical industry, rubber and plastics 18 0 112 202 230

9. Other processing industries 0 0 2 18 6

10. Electricity and drinking water 0 0 0 20 0

11. Construction – 0 – 223 –

12. Trading 0 0 0 366 0

13. Hotels and restaurants 0 7 20 73,589 359

14. Transportation, travel bureau and other
transportation support services

– 0 – 1770 –

15. Communications, post and giro – 0 – 85 –

16. Financial institutions and company services 0 2 14 936 51

Fig. 6 Classification of sectors based on their BOD emissions characteristics
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be the best option. Technical and financial issues in
implementing related technologies should be supported
by offering incentives. The application of the technolo-
gies (i.e., the biodigester or drying poultry manure for
feedstuffs) would be more beneficial in terms of the
technical and economic aspects for large-scale farming;
therefore, policy encouraging the development of large-
scale livestock and poultry farming should be prioritized.
However, such change takes time and progress more
gradually. To minimize the pollutant loads from agricul-
ture, fertilizer usage, including doses, timing, and
methods, should be considered. Cleaner production and
wastewater treatment practices should focus on the safe
discharge of the wastewater produced, especially from
manufacturing industries such as Sectors 4 (food, bever-
age, coffee and tobacco) and 8 (fuels, chemical industry,
rubber and plastics).
Decreasing the total output of each sector by cutting

its demand is the best method to control water pollu-
tion. The total output consists of the intermediate and
final demands of the economy, while the final demand is
further directed by exports, households, and gross stock.
These components of demand should be carefully exam-
ined and considered in terms of pollution reduction. For
instance, exports are responsible for producing a signifi-
cant amount of BOD from major manufacturing indus-
tries such as Sectors 5 (textile, apparel and leather
goods), 6 (timber industry and wood products), 7 (paper
industry, paper and cardboard goods), 8 (fuels, chemical
industry, rubber and plastics), and 9 (other processing
industries). Curtailing the exports of these sectors based
on their pollution loads to minimize the water pollution
load could be an alternative. However, such policies
should be examined from an economic and social per-
spective to ensure the appropriate application, timing,
and sustainable implication. Household consumption is
the primary reason for BOD emissions by the top BOD
emitters—Sectors 4 (food, beverage, coffee and tobacco)
and 2 (livestock and poultry). Changes in household
consumption, including changes in dietary habits (e.g.,
shifting consumable food items toward environmentally
friendly products), could be the best approach to
minimize the PLs from these sectors. Although such
changes may take time, starting initiatives in this area
would significantly impact pollution control in the long
term. Considering indirect roles, Sector 13 (hotels and
restaurants) demonstrates significant impact on water
pollution by indirectly inducing BOD. The indirect BOD
discharge of Sector 13 is around 190 times higher than
the sector’s direct BOD emissions. This sends an import-
ant message—aside from focusing on pollution control
practices within the premises of hotels and restaurants,
policy should also seek and prioritize supply-side pollu-
tion (from associated sectors). This provides new

insights, such as offsetting the high investment cost for
Sector 2 to adopt a wastewater treatment plant, by mo-
bilizing the environmental fees/revenue collected from
another sector, for example, the tourism sector. Alterna-
tively, the possibility of decreasing the livestock and
poultry population and increasing the imports of such
products could be sought. Again, socioeconomic aspects
should be evaluated for such decision-making.
The classification of the sectors (Fig. 6) serves as a use-

ful tool in planning appropriate pollution control pol-
icies. Managing demand by lowering household
consumption, changing food habits (toward environ-
mentally friendly food), and curtailing exports are effect-
ive methods to inhibit the water pollution of the sectors
in Category I. Sectors under Category II are subject to
pollution control by seeking alternative input suppliers
(from high- to low-polluting suppliers) aside from the
measures suggested for Category I. Sectors under Cat-
egory III will be better managed by implementing clean
production technology and wastewater treatment
practices.

6 Conclusions
This study is the first to analyze the relationship be-
tween economic activity and the potential for water pol-
lution in Bali, Indonesia. Going beyond conventional
methods, potential water-polluting sectors were identi-
fied in this study based on their direct and indirect roles
in BOD emissions. This study recognizes significant
BOD emission drivers, guiding policymakers and practi-
tioners to target initiatives that reduce Bali’s water pollu-
tion. Certain sectors—namely, Sector 2 (livestock and
poultry), Sector 1 (agriculture, forestry and fishery), and
Sector 4 (food and beverage)—accounted for 99.5% of
the direct BOD discharge, among which Sector 2
accounted for 96% of the total BOD discharged. For dir-
ect BOD emissions, intermediate demand was a major
driver in Sectors 1–3 and Sector 12. Similarly, exports
were the cause of more than 60% of total BOD emis-
sions for the manufacturing sectors (Sectors 5–9 and
13). Household demand dominated the major portion of
BOD emissions in Sectors 4 (food, beverage, coffee and
tobacco) and 10 (electricity and drinking water).
In particular, we determined each sector’s indirect

BOD emissions. The livestock and poultry sector, the
top BOD emitter, produced more than 50% of its BOD
for its own sector demand, which was also recognized as
the most self-polluting sector. Hotels and restaurants
heavily rely on other sectors and were responsible for in-
directly emitting BOD from different sectors. Sectors
such as the trades, transportation, and service sectors,
whose direct BOD emissions are limited, still signifi-
cantly contributed to indirect BOD emissions.
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Moreover, we grouped the sectors into four categories.
Those in Category I emit considerable water pollutants
for their own input requirements; these sectors are
called self-polluters and are better addressed by demand
management and employing clean production technolo-
gies. Sectors in Category II directly emit a significant
portion of water pollutants for their own sector’s input
demand but heavily rely upon the total indirect water
pollutants from other sectors. This category’s pollution
control will be better managed by shifting from high- to
low-polluting suppliers in addition to the measures
employed in Category I. Category III emits water pollut-
ants to fulfill other (intermediate) sectoral demand;
therefore, clean production technology and wastewater
treatment should be encouraged. No sectors fall under
Category IV, which produces and causes more water
pollutants for and from other sectors, and for which a
hybrid of the measures suggest for Categories II and III
should be employed.

7 Limitations
For this research, we used an available 2007 I–O table;
however, using the latest I–O data would have enhanced
our analysis. The estimated BOD levels may vary with
the actual load but nonetheless, provide a clear trend
and structural relationship between water pollution and
economic activities, offering a good basis of pollution
control in the rising Balinese economy. The pollution in-
tensities of manufacturing industries are available for a
limited industry. In the future, establishing pollution in-
tensities for the subsectoral levels and adding new water
quality indicators will further strengthen the analysis.
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