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Abstract 
Social impact as growing concern is becoming an important 
aspect of the design and operation of wastewater treatment 
processes. A need has arisen for the development of quantita-
tive indicators of social sustainability. Design and operation 
of wastewater treatment processes additionally require simple 
and effective methods to represent and understand the intercon-
nections between the indicators of social sustainability. This 
paper presents an approach for the development of quantitative 
social sustainability indicators, and introduces a novel method 
for defining and visualizing indicator interdependence. It out-
lines equations for quantitative evaluation of health, safety 
and security, and comfort. Weighting method of the bipartite 
network of the relations between the indicators and stakehold-
ers enables clear visualization of the interdependencies of the 
indicators and facilitates simplification of the set of social sus-
tainability criteria. It creates a basis for reduction of amount 
of data needed for performing the analysis and reducing the 
social sustainability assessment’s costs.
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1 Introduction
Reliable collection and treatment of wastewater contribute 

greatly to improvement in global health and sanitation, and a 
reduction in the spread of diseases [1]. Moreover, according 
to Palme et al. (2005, p. 294) [2] “treatment of wastewater are 
vital functions in any society”. Thus, sustainability – the design 
and operation of human and industrial systems such that they 
have minimal negative impact on society, environment and the 
economy [1] – has become a major goal. It means that success-
ful and sustainable wastewater utility shouldn’t only depend on 
adequate treatment, but it should also consider the impacts of 
their actions on the society and environment [3]. In that con-
text, the assessment of the possible impacts can help in deci-
sion-making and in process of moving toward sustainability. 
The crucial role in the impacts assessment have sustainability 
indicators, as they enable measurement of the impacts and can 
provide information about specific process [4]. Sustainability 
measures for wastewater treatment processes were studied 
by many authors, e.g. Balkema et al. (2002) [5], Muga and 
Mihelcic (2008) [1] and Molinos-Senante et al. (2014) [6]. 
Balkema et al. (2002) [5] presented an overview of indicators 
used for comparison of wastewater treatment systems, while 
Muga and Mihelcic (2008) [1] provided indicators for holistic 
assessment of the sustainability of wastewater treatment. They 
came up with an explanation that there should exist method 
which will enable evaluation of sustainability of wastewater 
treatment technologies [1]. Molinos-Senante et al. (2014) [6] 
attended assessment of wastewater treatment plants by using 
economic, environmental and social indicators. In case of 
Molinos-Senante et al. (2014) [6], social sustainability was 
addressed by using qualitative measures for indicators such as 
odors, noise, visual impact, public acceptance, and complexity. 

Even though there are several attempts to address sustain-
ability of wastewater treatment plant (WWTP), the social sus-
tainability remained underexplored and with lack of assessment 
methods as usual focus was on environmental and economic 
aspects [7]. That is also stated by the Veldhuizen et al. (2015) 
[8], where the authors claim that the methods and measurement 
of social sustainability are not well developed. Nevertheless, 
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there are some methods that gained a lot of attention, such as 
Social Life Cycle Assessment (S-LCA) and Global Reporting 
Initiative (GRI). For instance, S-LCA selects crucial stakehold-
ers in the life cycle of the product and evaluates the impact of 
production related processes on the chosen stakeholders [9]. 
The scope of GRI as monitoring framework is not the full life 
cycle, but rather it is a framework encompassing three pillars: 
social, environmental and economic, and development of per-
formance indicators suitable for evaluation of those pillars [10]. 
GRI indicators are mostly used for monitoring of the perfor-
mance of organizations, and they are not industry specific, i.e. 
any organization can use GRI indicators to make an evaluation.

The above-mentioned frameworks have been developed to 
assess process industry in general, without specifying the type 
of industry analyzed, i.e. chemical, pharmaceutical, petrochem-
ical etc. The general nature of the frameworks results in certain 
limitations, for example, the framework may not cover issues 
specific to a particular process, and thus exist a need for focus-
ing future research on developing process-specific indicators 
[11]. It looks that the crucial role in developing process-specific 
indicators have engineers. For instance, Bañares-Alcántara 
(2010) [12] states that the domain of engineers’ competence 
should be extended from the traditional areas of problem solv-
ing and the provision of technological advances to a normative 
role implicit in policy formulation. Apart from the normative 
role, “one of the most important tasks of the system engineer 
is to understand interactions and interdependencies and ways 
to manage them” claim Naser and Karmani (2012, p.4) [13]. 
Therefore the need for understanding interactions among social 
sustainability indicators starts to be evident as it contributes not 
only to deeper understanding of the phenomena of sustainabil-
ity but also enables reduction of the costs of its assessment by 
limiting amount of required data and information.

Consequently this research aims to address previously iden-
tified issues by introducing an approach that can be indus-
try-specific by presenting quantitative social sustainability 
indicators developed specifically for wastewater treatment pro-
cesses – a major element of water management, and by explor-
ing the interactions among the indicators.

Specifically, this paper will address three aims:
- First, the quantitative social sustainability indicators are 

proposed for the aspects of health, safety and security, 
and comfort.

- Second, the proposed indicators are applied to the WWTP.
- Third, novel approach in prioritizing the indicators is 

proposed based on their interactions.

Finally, the developed indicators should address individual 
as well as collective perspectives, enabling a comprehensive 
understanding of the influence of wastewater treatment pro-
cesses. Further visualization and analysis of interconnections 
between the indicators and stakeholders should facilitate 

identification of the indicators of social sustainability having 
the greatest impact among the whole set of indicators.

The authors such as Balkema et al. (2002) and Muga and 
Mihelcic (2008) propose social sustainability indicators by 
using approach where they first estimate the possible impacts 
of the wastewater treatment process on society and encom-
passed that with indicators. Similar approach is used in this 
work, and it will be presented in the following section.

2 Methodology
The methodology of this research was following steps pre-

sented in Fig. 1, while each step is explained more in details in 
next paragraphs.

Fig. 1 Overview of the methodology

Step 1
First step of methodology includes selection and develop-

ment of sustainability indicators. There is plethora of various 
methods that can be used for the selection and development of 
sustainability indicators. However, one of the most commonly 
used is the issue or theme-based framework [14]. Based on 
that methodology the indicators are classified according to the 
various issues that are related to sustainable development [14]. 
Thus this kind of approach includes identification and selection 
of sustainability issues (step 1a in Fig. 1) and further devel-
opment and selection of measurements/indicators (step 1b in 
Fig. 1) for issues identified in step 1a. The advantages of using 
this method are:

- Ability to link the indicators to policy process,
- Ability to provide clear message to decision-makers,
- Ability to monitor progress in achieving the goals of sus-

tainable development,
- Ability to be flexible, i.e. can be adjusted to new priori-

ties and policy targets [14].

Quality of life can be considered as an essential purpose 
of the concept of social sustainability [15], and according to 
Mitchell et al. (1995) [16] quality of life as sustainability goal 
can be comprised of the issues such as health, security, physi-
cal environment (comfort), personal development, community 
development, and natural resources goods and services [16]. 
Consequently, selection of issues for this work is primarily 
focused on those encompassed by quality of life. 

The second essential feature enabling incorporation of par-
ticular issues into the set defining social sustainability was its 
quantitative character. In this work quantitative character of the 

225



3 Period. Polytech. Chem. Eng. T. Popovic, A. Kraslawski

issues is reflected in the ability to be attributed and evaluated 
with indicators on the basis of technical and operational param-
eters of a wastewater treatment plant. It means that issues were 
chosen based on their ability to be evaluated in quantitative way.

Based on the two above mentioned criteria – composition 
of quality of life and quantitative character of the issues; the 
social issue that is considered is quality of life with subcatego-
ries health, safety and security, and comfort. That means that 
subcategories such as health, safety and security, and comfort 
have good ability to be evaluated in quantitative way.

Step 1b: The final results will address the impacts that 
a wastewater treatment plant can have on various aspects of 
social sustainability and the measures (indicators) developed 
for each of them. The indicators developed should be:

- Transparent, i.e. they should be understood even by 
non-experts [1],

- Quantifiable, i.e. it should be possible to calculate them 
and present them in quantitative way [1],

- Relevant, i.e. they should cover the identified social sus-
tainability issues [1],

- User oriented, i.e. the indicators should be able to match 
with different users (stakeholders) what further enables 
better communication of information [17].

Step 2
Validation of the proposed indicators is considered in the 

section 4.1 and it is done by applying the developed social sus-
tainability indicators to a wastewater treatment plant. Selection 
of the case study was based on the capacity of the plant. More 
than 80% from among 14,780 investigated facilities have 
capacity lower than 5 MGD (18.9 × 103 m3/day; 18.9 × 106 
L/day) [18]. Therefore due to the popularity of such facilities, 
this research focuses on the wastewater treatment plant with 
capacity < 5 MGD. Another criterion taken into consideration 
when choosing the case study was regular reporting. Especially 
interesting have been wastewater treatment plants with annual 
reports for the past 5 years. The systematic reports should allow 
periodic monitoring of social sustainability.

Keeping in mind the above-mentioned factors, North Toronto 
Wastewater Treatment Plant was chosen as a case study. It is 
one of the four wastewater treatment plants in City of Toronto, 
Canada with a capacity of 40 ML/day and it serves a population 
of about 55,000 [19].

Step 3
The increased need for reduction of data acquisition costs 

requires adequate choice of set of indicators for the assessment 
of sustainability. It means that there should exist a method that 
will help in choosing the most relevant indicators which can be 
matched with various stakeholders, i.e. the indicators which can 
be used by various stakeholders. One of the possible approaches 
can be bipartite network projection that was initially used in 

physics and in personal recommendation [20]. The idea relies on 
the fact that the indicators and stakeholders can be considered 
as two types of network nodes, wherein the edges are matching 
stakeholders with the indicators of their interest.

As mentioned above, identification of the stakeholders-in-
dicator match resulted in the creation of the bipartite network. 
That is actually the network where the nodes are divided into two 
partitions. The nodes from the different partitions are connected 
by the edges and nodes from the same partition cannot be con-
nected to each other [21]. As a member of the class of complex 
networks, bipartite networks can have directed and undirected 
edges [22]. An example of an undirected bipartite network is 
presented in Fig. 1a. A method proposed by Zhou et al. (2007) 
[22] based on studies of allocation dynamics of network-based 
resources can be used for analysis of this kind of network.

Fig. 2 Undirected bipartite network: a) undirected, unweighted bipartite net-
work; b) first step in the process of weighting (X→Y); c) second step in the 

process of weighting (Y→X)

The scheme of the proposed method is illustrated by the 
unweighted bipartite network presented in Fig. 2 [22]. The net-
work in Fig. 2a consist of two partitions, X and Y, and a set of 
edges (E) between the nodes in partitions X and Y. The nodes 
in X and Y are x1, x2, x3, x4, and x5 and y1, y2, y3, and y4 respec-
tively. The initial resource located on the ith X node is f(xi) ≥ 0. 

Before starting the weighting it should be noted that undi-
rected bipartite network (Fig. 2a) is unweighted, that is the 
resources from X nodes should be equally distributed to 
Y nodes. And vice versa, resources from Y nodes should be 
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equally distributed to X nodes [22]. This statement is perme-
ated through two main steps of the weighting method:

1. All resources in X are directed to Y (Fig. 2b), where the 
resource located on the yl node has value:
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The weighting can be presented as:
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The matrix (W={wij}n×n) is obtained after performing the 
above steps, Table 1. The matrix represents the weighted X 
projection [22].

Table 1 Weighted X projection of the bipartite network

x1 x2 x3 x4 x5

x1 1/3 1/9 0 0 1/6

x2 1/3 7/18 1/2 1/2 1/6

x3 0 1/6 1/2 1/2 1/6

x4 0 1/6 0 1/2 0

x5 1/3 1/6 0 0 4/6

Evaluation of the structural dependence among the X nodes 
(i.e. pair-wise dependence) is performed after obtaining the 
weights of the X projection. Structural dependence is deter-
mined by Eq. (6):

D
w
wij
ji

ii

=

Where:
Dij – dependence of i (X node) on j (X node) as a result of 

their ties with Y node 
wji – number of ties that X node (i) shares with another X 

node (j),
wii – amount of resources that return to the X node (i) at the end 

of the flow-based transformation (bold values in Table 1). 

The value 0 indicates complete independence and the value 
1 complete dependence [23].

Values of pair-wise dependency are presented in Table 2. 
The information given in Table 2 can be used for node-level 
assessment. This means that a score, i.e. an impact value for 
each indicator, can be determined. The impact value is calcu-
lated by summation of the columns of the pair-wise dependency 
(Table 2) and by dividing the obtained value by n-1, where n is 
the number of X nodes:

D
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≠∑
1

Where:
- Dc is dependency centrality
- wji is weight of a tie from X node j to X node i
- wii is weight of X node i’s self-loop
- n is total number of X nodes in the network [23].

Table 2 Results of pair-wise dependency and node-level 
assessment (score values)

x1 x2 x3 x4 x5

x1 0 0.28 0 0 0.25

x2 1 0 1 1 0.25

x3 0 0.43 0 0 0

x4 0 0.43 0 0 0

x5 1 0.43 0 0 0

Score 0.5 0.39 0.25 0.25 0.125

The information obtained by calculating the dependency 
centrality enables identification of key actors from the bipartite 
data [23]. Node x1 is considered to have the greatest impact and 
node x5 the lowest impact.

3 Social sustainability indicators
This section presents the social sustainability indicators 

developed for the specific aspects of quality of life.
Quality of life. Quality of life is a broad concept that includes 

the subcategories of health, safety and security, and comfort. 
Therefore, the indicators developed for quality of life assess-
ment are allocated to those three subcategories. 

Health. Various activities in a wastewater treatment plant, 
such as control of pollutants present in influents and effluents, 
detection of chemicals, release of volatile organic compounds 
(VOC), toxic air contaminants and disinfection by-products, 
etc., can have an impact on human health. Therefore, assess-
ment of health issues in wastewater management is of great 
importance [24]. Accordingly, health indicators were devel-
oped on the basis of technical and operational parameters of the 
wastewater treatment plant: pollution, volume of wastewater, 
cleaning properties, sewer connections, etc. The indicators of 
the health aspect are following:

(1)

(2)

(3)

(4)

(5)

(6)

(7)
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H1 Cleaning efficiency [25] - Cleaning efficiency evaluated 
as a ratio of the value of basic parameters (suspended solids, 
carbonaceous biological oxygen demand, total phosphorus, 
etc.) at the end of the process (in effluent) and the value of 
effluent basic parameters regulated by law:

H c
c
end

max

1=

Where H1 is cleaning efficiency indicator; cend is concen-
tration of pollutants at the end of the process; cmax is maximum 
allowed concentration of pollutants.

Preferred value for this indicator is < 1.
H2 Time lost - Number of hours lost per employee per year 

related to diseases and injuries that can occur during the perfor-
mance of a particular job:

H H Elost tot2 =

Where H2 is time lost indicator; Hlost is total number of hours 
lost per year; Etot is total number of employees.

Employees/operators in a wastewater treatment plant are 
exposed to various hazardous substances, such as vapors, 
odors, heat, dust, noise from motors, pumps and engines, etc. 
[26], thus the target value for this indicator is 0.

H3 Vision [25] - Percentage of annual plant budget devoted 
to vision. Vision presents the intention of the wastewater treat-
ment plant to achieve certain cleaning properties (e.g. reduce 
concentration of pollutants in effluent, improve sludge treat-
ment, etc.):

H I
B
vis

tot

3 100= ×

Where H3 is vision indicator; Ivis is investments for vision; 
Btot is total annual plant budget.

Investments in vision can improve wastewater treatment 
plant properties, thus reducing negative health impact on soci-
ety. Target value for this indicator is as high as possible, but 
maximum 100%. 

H4 Local affairs – Total number of audits per year that check 
and confirm the relevance and accuracy of wastewater treat-
ment plant measurement:

H NA
year

tot4 =

Where H4 is local affairs indicator; NAtot is total number of 
audits.

Performing audits can help companies to meet their obliga-
tions to respect laws that protect public health [27], thus target 
value for this indicator should be as high as possible, with a 
maximum regulated by law. 

H5 Public finances – Percentage of annual local budget 
devoted to audits:

H B
LB
aud

tot

5 100= ×

Where H5 is public finances indicator; Baud is amount of 
money devoted for wastewater treatment audits; LBtot is annual 
local budget for all types of audits.

The indicator shows the willingness of local institutions to 
make audits and thus ensure protection of public health.

H6 Sewer network [25] – Percentage of households/popula-
tion connected to wastewater treatment:

H HH
HH

con

tot

6 100= ×

Where H6 is sewer network indicator; HHcon is number of 
households/residents connected to the wastewater treatment; 
HHtot is total number of households/residents in community.

Lack of connections to public wastewater treatment can lead 
to waterborne diseases. Target value for this indicator is 100%.

H7 Continuous disposal – Ratio of volume of wastewater 
and plant capacity:

H V
Cap
ww7 =

Where H7 is continuous disposal indicator; Vww is volume of 
wastewater; Cap is plant capacity.

The indicator shows the capability of the wastewater treat-
ment plant to accept and treat all wastewater. Preferred level 
for this indicator is < 1.

H8 Problem handling – Ratio of the number of periodic 
analysis and maintenance of equipment and the number of 
analysis and maintenance required by the framework of the 
management plan:

H HA
HAfram

8 =

Where H8 is problem handling indicator; HA is the number 
of periodic analysis and equipment maintenance; HAfram is the 
number of analysis and equipment maintenance required by the 
framework of the management plan. 

The existing hazards can affect the health of employees and 
in a broader sense affect the health of society. Therefore, proper 
monitoring of hazards and their periodic analysis can reduce 
negative impacts on public health. The target value for this 
indicator is 1.

Safety and security. Safety and security can be compro-
mised by accidents, pollution, hazardous situations, etc. [28]. 
Good training, appropriate handling of plant operations and 
adequate monitoring are required to ensure safety and security. 
Consequently, indicators of safety and security were developed 
to evaluate operational aspects that may compromise safety 
and security and to audit mitigation actions:

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)
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SS1 Employee training [25] – Hours of training performed 
per employee per year:

SS T
E
tot

tot

1=

Where SS1 is employee training indicator; Ttot is total hours 
of training per year; Etot is total number of employees.

Employee training helps to workers to obtain required skills 
and thus ensure safe and secure performance of job. Target 
value for this indicator is as high as possible, with a maximum 
regulated by company’s strategy. 

SS2 National and supranational impacts – Ratio of the 
concentration of hazardous substances of major international 
concern (e.g. mercury, persistent organic pollutants - POPs) in 
effluent to the maximum allowed concentration of priority haz-
ardous substances in effluent:

SS
c
c

hp

hp max

2 =
,

Where SS2 is national and supranational impacts indicator; 
chp is concentration of hazardous substances of major interna-
tional concern in effluent; chp,max is maximum allowed concen-
tration of hazardous substances of major international concern 
in effluent.

Agenda 21 notes that the requirements of international law 
should support and promote sustainable development, such as 
regular sampling and evaluation of polluting components [29]. 
Therefore, compliance of results with international laws can 
show how the wastewater treatment plant is supporting sus-
tainable development. The target value for this indicator is ≤1.

SS3 Monitoring – Ratio between the number of effluent sam-
plings per month and number of effluent sampling per month 
required by law of wastewater treatment policy:

SS S
Slaw

3 =

Where SS3 is monitoring indicator; S is number of sampling 
per month; Slaw is number of sampling per month required by 
law or policy.

Safety and security can be ensured by regular monitoring of 
pollutant concentrations in water effluents. Sampling is usually 
done according to a sampling protocol and sampling plan giv-
ing the number of sampling locations, number and type of sam-
ples, and time intervals between sampling [24]. Target value 
for this indicator is 1. 

SS4 Safety improvement [25] – Ratio between successful 
safety improvements projects (stated goals achieved) in a cer-
tain time period and the total number of projects in the waste-
water treatment plant:

SS P
P
suc

tot

4 =

Where SS4 is safety improvement indicator; Psuc is number 
of successful projects; Ptot is total number of projects.

Fulfilling the stated goals of project concerning the safety 
improvements in wastewater treatment plants show commit-
ment for ensuring safer environment, thus target value for this 
indicator is 1. 

SS5 Employability – Percentage of local employees:

SS E
E
loc

tot

5 100= ×

Where SS5 is employability indicator; Eloc is number of local 
employees; Etot is total number of employees.

The indicator shows the financial security to local residents 
provided by the wastewater treatment plant. Target value for 
this indicator is 100%.

SS6 Labor union – Percentage of employees who are mem-
bers of a labor union:

SS E
E
lu

tot

6 100= ×

Where SS6 is labor union indicator; Elu is number of employ-
ees joined to labor union; Etot is total number of employees.

The aim of a labor union is to protect and promote the inter-
ests of employees, such as benefits, job security, and safety 
issues [30]. Thus the target value for this indicator is 100%.

Comfort. Discomfort can be caused by noise, malodors, pol-
lution, etc. [31]. Malodors, noise, etc. are serious concerns to 
the public, and they can become harmful following a difference 
in the distance between the plant and households or as a result 
of improper operation of the plant. The indicators developed 
for this subcategory evaluate possible violations of comfort:

C1 Environmental protection – Average levels of noise, mal-
odors, and light and air pollution:

C L
N
n

n

N1
1

=
=∑

Where C1 is environmental protection indicator; L is level of 
noise, malodors, light or air pollution and N is total number of 
measurements made for noise, malodors, and light or air pollution.

High levels of noise, malodors, and light or air pollution can 
cause discomfort, therefore target value for this indicator is as 
low as possible, with minimum 0.

C2 Operational discipline – Yearly average measured levels 
of noise, malodors, and light and air pollution:

C
L
N
meas nn

N

2 1= =∑ ,�

Where C2 is operational discipline indicator; Lmeas is mea-
sured levels of noise, smell, light pollution or air pollution; n is 
number of times of measuring noise, smell, light or air pollu-
tion; N is total number of times of measuring noise, smell, light 
or air pollution in year.

(16)

(17)

(18)

(19)

(23)

(20)

(21)

(22)
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Exceeding the legal limits of levels of noise, malodors, air 
and light pollution, etc. can have a negative impact on comfort. 
Calculation of the degree to which limits are exceeded is sig-
nificant for evaluation of the effect of the wastewater treatment 
plant on comfort. Target value for this indicator is ≤1.

C3 Improvement initiatives - Percentage of annual budget 
invested in new technology to improve working conditions 
(reduce noise, air pollution, work-related injuries, etc.):

C I
B
tec

tot

3 100= ×

Where C3 is improvement initiatives indicator; Itec (€) is 
investments in improving technology; Btot is total annual budget.

Hazardous factors existing in the working environment and 
having unfavorable impact on personnel can be noise generated 
by machinery, various gases, inadequate light, etc. These impacts 
can be reduced by investing in new modern technologies, thus 
evaluation of this indicator can be done by considering the level 
of investments. The target value for this indicator is as high as 
possible, with a maximum regulated by company’s strategy.

C4 Public perception – Number of complaints from local 
residents related to noise, malodors, light pollution, etc.:

C Compldd

D4 =∑

Where C4 is public perception indicator; Compl is number 
of complaints per year for all types of discomforts D (noise, 
malodors, light pollution, etc.).

Increased awareness leads to stronger personal perception 
of environmental issues [32]. So the number of complaints can 
illustrate the extent to which the wastewater treatment plant is 
moving toward social sustainability. Target value for this indi-
cator is 0 complaints per year.

C5 Onerousness [25] – Length (km) of public sewer pipes 
maintained, inspected or replaced per year:

C lsp n
N

n
5

1
=

=∑ ,

Where C5 is onerousness indicator; lsp (m) is length of sewer 
pipes maintained, inspected or replaced per year in total num-
ber of locations N. 

Regular maintenance, inspections or replacements of sewer 
pipes can reduce the risk of deterioration, blockage or collapses 
of sewer system [33]. Target value for this indicator is that all 
pipes that require maintenance, inspection or replacement are 
managed. 

C6 Shock loads– Ratio of the size of storage basin and vol-
ume of the shock loads: 

C SB
SLv

6 =

Where C6 is shock loads indicator; SB is size of storage 
basin (m3); SLv is volume of the shock loads.

Target value for this indicator is < 1. 
C7 Scope of sludge treatment [25] - Percentage of sludge 

that is treated in different ways, such as use in agriculture, ther-
mal disposal, landfills, etc.:

C S
S
tr

tot

7 100= ×

Where C7 is scope of sludge treatment indicator; Str is 
amount of treated sludge; Stot is total amount of sludge.

Treatment of sludge can be beneficial in various ways, such 
as improving agricultural productivity. Desired levels for this 
indicator are as high as possible, with maximum 100%.

C8 Location – Ratio between the distance of the wastewater 
treatment plant from the community and the distance regulated 
by law:

C D
Dlaw

8 =

Where C8 is location indicator; D is distance of the wastewa-
ter treatment plant from community; Dlaw is distance required 
by law.

Values higher than 1 can indicate possible increase in nui-
sance problems (e.g. odors, noise, etc.) [27]. Thus target value 
for this indicator is ≤ 1.

4 Results and discussion
The results are divided in two parts. First part (Section 4.1) 

includes validation of proposed indicators, which is calculation 
of the indicators by using a data from annual reports of North 
Toronto Wastewater Treatment Plant. Whereas the second part 
(Section 4.2) includes weighting the indicators with approach 
of bipartite network projection.

4.1 Application of the developed social sustainability 
indicators to a wastewater treatment plant

It was mentioned that the data for the validation and cal-
culation of indicators is obtained from the annual reports of 
the North Toronto Wastewater Treatment Plant. The period of 5 
years (2010-2014) is considered in order to illustrate the usage 
of the indicators for periodical monitoring. The values of indi-
cators for the period of 2010-2014 are shown in Table 3. The 
bold numbers indicate best result for a chosen period, while 
cells without values indicate lack of data. For indicators such 
as H8, SS3, and SS5 it was not possible to obtain all required 
data, so only total number of equipment maintenance events  
(for H8), total number of samplings (for SS3), and total number 
of employees (for SS5) are shown.

The obtained results show improvement of the indicators H1, 
H2, H7, H8, SS2, and SS3 in 2014. However, the indicators H3, 
C3 and C4 attained better values before 2014. Based on that it 

(24)

(25)

(26)

(27)

(28)

(29)
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can be observed that the proposed indicators can be used for peri-
odical monitoring of the social sustainability. The indicators can 
point out the aspects of sustainability needing an improvements.

The lack of data can indicate that the collection costs are 
high and therefore the needed information is omitted in the 
report. Consequently, the following section will try to address 
this issue by proposing the method which can weight indica-
tors and enable their prioritization, thus reducing the number 
of indicators that should be evaluated. Further, it can lead to 
the reduction of the data needed for calculation of the indica-
tors and therefore to the reduction of the cost of data collec-
tion.  The weighting of the indicators is based on the ‘indica-
tors-stakeholder’ relationship.

Table 3 Overall results of indicators’ calculation for 5-years period

 2010a 2011b 2012c 2013d 2014e

H1

SS (mg/l) 0.29 0.32 0.25 0.19 0.16

CBOD5 (mg/l) 0.09 0.16 0.10 0.11 0.09

TP (mg/l) 0.6 0.5 0.5 0.4 0.4

H2 211 11 0 1.45 0

H3 0.20 1.44 1.24 1.22 0.01

H4 - - - - -

H5 - - - - -

H6 2.10 2.10 2.10 2.10 2.10

H7 0.90 0.75 0.6575 0.61 0.58

H8 4 6 5 10 14

SS1 40 40 40 40 40

SS2 Hg 0.29 0.30 0.27 0.27 0.15

SS3 2880 2708 2568 2952 2967

SS4 1 1 1 1 1

SS5 12 12 12 11 11

SS6 - - - - -

C1 - - - - -

C2 - - - - -

C3 5.56 3.23 0.78 1.22 2.79

C4 0 0 0 0 1

C5 - - - - -

C6 0 0 0 0 0

C7 100 100 100 100 100

C8 - - - - -
aData from [19]; bData from [34]; cData from [35]; dData from [36]; eData 
from [37]

4.2 Weighting of bipartite network
As mentioned above, the weighting of the indicators is based 

on their relation with stakeholders. Namely it was considered 
that apart from the classification of the indicators according 
to the social sustainability aspects, one can also identify two 
types of indicators: internal and external. The internal indica-
tors are of high interest to internal stakeholders (e.g. company’s 

top management, employees), while external indicators are of 
interest to external stakeholders (e.g. local residents, NGOs, 
local authority, central authority). Nevertheless there are some 
indicators that are of interest for both groups of stakeholders, 
thus for creating ‘indicator-stakeholders’ network first were 
identified stakeholders:

1 – Local residents
2 – NGOs (non-governmental organizations) 
3 – Company (top management) 
4 – Employees 
5 – Local authority
6 – Central authority.

Further identification of the ‘indicator-stakeholder’ relation-
ship was based on identified issues that are of significant inter-
est for various stakeholders [7, 38]:

- Local residents usually have interest in the services pro-
vided by wastewater treatment plant, and having impact 
on their life such as the degree of wastewater cleaning.  
This issue could be closely related to efficiency of the 
process, cleaning properties and factors affecting the ef-
ficiency of the process.

- Typically, NGOs have interest in the issues related to 
broader social issues, e.g. worker rights, etc.

- The company, and more specifically its management, has 
strong interest in the social issues having a direct impact 
on the quality of the plant operation, e.g. working condi-
tions, health and safety aspects.

- The employees have interest in health and safety issues, 
training, working conditions, etc.

- The local authorities have interest in the issues related 
to the legal aspects of operation of the plant on their ter-
ritory e.g. law requirements related to use of land or ac-
ceptable  level of emissions.

- The central authorities usually take care of the aspects 
which could provoke the conflicts between the stakehold-
ers e.g. issues related to ensuring the acceptable by the 
population quality of life.

The matrix that resulted from the analysis of the interests of 
the particular groups of the stakeholders is presented in Table 4. 
It shows the typical indicators for a given group of stakehold-
ers while the network corresponding to the matrix presented in 
Table 4 is given in Fig. 3.

The resulting network was weighted by using the approach 
proposed by Zhou et al. (2007) [22] and presented in the meth-
odology part of this paper (Section 2).

The social sustainability indicators are considered as X 
nodes and stakeholders as Y nodes. The final result (matrix 
W={wij}n×n), presented in Appendixes section in Table A1, is 
obtained after applying Eq. (1), (2), (3), (4) and (5) (in the first 
and second step).Ascertaining values for the matrix W={wij}n×n 
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is followed by calculating the structural dependence between the 
social sustainability indicators. Equation (6) is used for this pur-
pose, where the values marked in green in Table A1 present the 
self-loop values (wii). The self-loop value (wii) means a number of 
resources that return to the indicator at the end of the flow-based 
transformation. The final result for the structural dependence is 
shown in Table A2, where the value of one cell represents the 
level of structural dependency of the indicator denoting row on 
indicator denoting column. Thus, for example, indicator H1 has 
0.77 structural dependency on H2, 0.38 on H3, 0.62 on H4, 0.62 
on H5, 0.15 on H6, etc. Values closer to 1 show stronger depen-
dency and values closer to 0 indicate greater independence.

The result of pair-wise dependencies, Table A2, is next used 
for calculation of the scores of the indicators (Eq. (7)), i.e. 
determination of the indicator with the greatest impact on the 
other indicators. The obtained results are presented in Table A2 
and marked with orange color. Hence it can be seen that indi-
cators H1, H2 and C8 have the greatest impact, while H4, H5, 
H6, SS4 and C6 are those with the lowest impact. Therefore 
prioritization of the indicators according to their impact (from 
the greatest to the lowest impact) is as follows: H1, C8, H2, 
H8, C5, SS3, C3, SS1, H3, C1, SS5, C7, C4, C2, SS2, SS6, H7, 
SS4, H6, C6, H5, H4. 

The objective of this prioritization is not directly linked to 
the importance of particular indicator. Rather it is related to 

impact that indicator has on each other, what further allows 
determination of the indicators that are most important for the 
assessment. The advantage of using this method is reflected in 
its ability to obtain the results for prioritization of the indicators 
even when the data for the calculation of the indicators is not 
available. It is because bipartite network projections relays on 
the relation between the nodes. Thus it is not directly related 
to the calculated values of the indicators after using proposed 
formulas from Section 2. However, the results obtained from 
bipartite network projection (Table A2) cannot be used to mea-
sure the performance of the wastewater treatment plant. 

The collection of data for the indicators’ calculation can be 
time-consuming and expensive. Therefore the main purpose of 
bipartite network projection is prioritization of the indicators 
for the purpose of cost optimization. Also if it is known that 
personal perceptions can have significant influence on the pro-
cess of choosing the indicators for the assessment [39], bipar-
tite network projection can help in avoiding that subjectivity. 

5 Conclusions
Quality of life, and its specific subcategories:  health, safety 

and security, and comfort, were selected as key themes for the 
identification and development of social sustainability indicators 
for a wastewater treatment process, as well as for identification of 
the interdependencies of the indicators. The main novelty of this 

Table 4 Matrix of relationship between social sustainability 
indicators and stakeholders

1 2 3 4 5 6

H1 X X X X

H2 X X X X

H3 X X X

H4 X X

H5 X X

H6 X

H7 X

H8 X X X X

SS1 X X X

SS2 X X X

SS3 X X X

SS4 X

SS5 X X X X

SS6 X X

C1 X X X

C2 X X

C3 X X X

C4 X X

C5 X X X

C6 X

C7 X X

C8 X X X X

Fig. 3 Bipartite network of social sustainability indicators and stakeholders
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paper consists in proposing social sustainability criteria specific 
to wastewater treatment processes, the formulation of indicators 
enabling their quantitative assessment, the creation of a network 
of their dependence with stakeholders, as well as determination 
of the impact of each indicator. The goal of the identified and 
developed indicators is to provide a more comprehensive defini-
tion of social sustainability and to enable the use of a quantitative 
approach to social sustainability evaluation.

Example of the use of the indicators in evaluation of waste-
water treatment plant processes are presented for North Toronto 
Wastewater Treatment Plant. The aim of applying the indica-
tors to the wastewater treatment plant was to show how social 
sustainability might be assessed in a quantitative way and to 
determine to what extent can it be applied to assessment of a 
wastewater treatment plant.

The approach demonstrated the feasibility of applying the 
social indicators introduced in this study to wastewater treat-
ment. The presented approach allows periodical monitoring 
(annually) of wastewater treatment plant operations. 

It should be noted that this paper does not limit evaluation of 
social sustainability of wastewater treatment plants just to the 
indicators presented in this study. Especially, as social sustain-
ability is a broad concept and its assessment can be influenced 
by cultural preferences, experience, personal perceptions, etc. 

The lack of availability of some data required for evaluation 
of some indicators may be due to the high costs of getting infor-
mation. The approach used in this research for weighting the 
network can assist in cost optimization. By prioritizing the indi-
cators on the basis of their impact (Table A2 – orange values) 
it is possible to see which indicators are absolutely essential 
for evaluation of social sustainability. Data acquisition costs 
can be reduced by obviating the need to evaluate all indicators.  

The results of the ranking are not obtained on the basis of 
the direct preferences of the stakeholders but are found thanks 
to analysis of the complex network of links between the stake-
holders and indicators. Thus it can help to avoid subjectivity in 
ranking the indicators. 

The proposed method for analysis of a set of indicators can 
be used in a broad range of industries. Every industry has dif-
ferent stakeholders and specific sets of indicators with specific 
connections to stakeholders. The connections can result from 
the different priorities expressed by the various stakeholders. 
The proposed method can help rank the indicators for a given 
industry, and the ranking could lead to determination of a set of 
the most essential social indicators for a given industry. Such a 
“critical set of indicators” may differ for different industries due 
to the varying topology of the complex network of stakeholders 
and indicators. Further detailed analysis is required to assess 
the precise characteristics of the networks of various industries.

Because of the complexity of the concept of social sustain-
ability, the future research should address the issue of its quan-
tification using fuzzy numbers or probability distribution.
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Appendixes
Table A1 Weighting of the bipartite network presented in Fig. 3

H1 H2 H3 H4 H5 H6 H7 H8 SS1 SS2 SS3 SS4 SS5 SS6 C1 C2 C3 C4 C5 C6 C7 C8

H1 0.09 0.07 0.05 0.11 0.11 0.06 0.06 0.03 0.05 0.1 0.09 0.06 0.05 0.03 0.05 0.07 0.09 0.07 0.08 0.06 0.07 0.09

H2 0.07 0.12 0.02 0.11 0.11 0.06 0.06 0.06 0.09 0.08 0.09 0.06 0.08 0.13 0.02 0.03 0.09 0.03 0.05 0.06 0.03 0.07

H3 0.03 0.01 0.13 0 0 0.06 0.06 0.1 0.05 0.03 0.02 0.06 0.08 0.03 0.13 0.07 0.02 0.07 0.05 0.06 0.07 0.03

H4 0.06 0.06 0 0.11 0.11 0 0 0 0 0.08 0.08 0 0.03 0 0 0 0.08 0 0.03 0 0 0.06

H5 0.06 0.06 0 0.11 0.11 0 0 0 0 0.08 0.08 0 0.03 0 0 0 0.08 0 0.03 0 0 0.06

H6 0.01 0.01 0.02 0 0 0.06 0.06 0.01 0.02 0 0.02 0.06 0 0.03 0.02 0.03 0.02 0.03 0.02 0.06 0.03 0.01

H7 0.01 0.01 0.02 0 0 0.06 0.06 0.01 0.02 0 0.02 0.06 0 0.03 0.02 0.03 0.02 0.03 0.02 0.06 0.03 0.01

H8 0.03 0.06 0.13 0 0 0.06 0.06 0.15 0.11 0.03 0.02 0.06 0.13 0.13 0.13 0.07 0.02 0.07 0.05 0.06 0.07 0.03

SS1 0.03 0.06 0.05 0 0 0.06 0.06 0.08 0.11 0.03 0.02 0.06 0.07 0.13 0.05 0.07 0.02 0.07 0.05 0.06 0.07 0.03

SS2 0.08 0.06 0.03 0.11 0.11 0 0 0.02 0.03 0.1 0.08 0 0.05 0 0.03 0.04 0.08 0.04 0.06 0 0.04 0.08

SS3 0.07 0.07 0.02 0.11 0.11 0.06 0.06 0.01 0.02 0.08 0.09 0.06 0.03 0.03 0.02 0.03 0.09 0.03 0.05 0.06 0.03 0.07

SS4 0.01 0.01 0.02 0 0 0.06 0.06 0.01 0.02 0 0.02 0.06 0 0.03 0.02 0.03 0.02 0.03 0.02 0.06 0.03 0.01

SS5 0.05 0.08 0.11 0.05 0.05 0 0 0.13 0.09 0.06 0.03 0 0.16 0.1 0.11 0.04 0.03 0.04 0.06 0 0.04 0.05

SS6 0.01 0.06 0.02 0 0 0.06 0.06 0.06 0.09 0 0.02 0.06 0.05 0.13 0.02 0.03 0.02 0.03 0.02 0.06 0.03 0.01

C1 0.03 0.01 0.13 0 0 0.06 0.06 0.1 0.05 0.03 0.02 0.06 0.08 0.03 0.13 0.07 0.02 0.07 0.05 0.06 0.07 0.03

C2 0.03 0.01 0.05 0 0 0.06 0.06 0.03 0.05 0.03 0.02 0.06 0.02 0.03 0.05 0.07 0.02 0.07 0.05 0.06 0.07 0.03

C3 0.07 0.07 0.02 0.11 0.11 0.06 0.06 0.01 0.02 0.08 0.09 0.06 0.03 0.03 0.02 0.03 0.09 0.03 0.05 0.06 0.03 0.07

C4 0.03 0.01 0.05 0 0 0.06 0.06 0.03 0.05 0.03 0.02 0.06 0.02 0.03 0.05 0.07 0.02 0.07 0.05 0.06 0.07 0.03

C5 0.06 0.04 0.05 0.05 0.05 0.06 0.06 0.03 0.05 0.06 0.05 0.06 0.05 0.03 0.05 0.07 0.05 0.07 0.08 0.06 0.07 0.06

C6 0.01 0.01 0.02 0 0 0.06 0.06 0.01 0.02 0 0.02 0.06 0 0.03 0.02 0.03 0.02 0.03 0.02 0.06 0.03 0.01

C7 0.03 0.01 0.05 0 0 0.06 0.06 0.03 0.05 0.03 0.02 0.06 0.02 0.03 0.05 0.07 0.02 0.07 0.05 0.06 0.07 0.03

C8 0.09 0.07 0.05 0.11 0.11 0.06 0.06 0.03 0.05 0.1 0.09 0.06 0.05 0.03 0.05 0.07 0.09 0.07 0.08 0.06 0.07 0.09

Table A2 Pair-wise dependencies among indicators

H1 H2 H3 H4 H5 H6 H7 H8 SS1 SS2 SS3 SS4 SS5 SS6 C1 C2 C3 C4 C5 C6 C7 C8

H1 0 0.77 0.38 0.62 0.62 0.15 0.15 0.38 0.38 0.85 0.77 0.15 0.50 0.15 0.38 0.38 0.77 0.38 0.66 0.15 0.38 1

H2 0.58 0 0.12 0.47 0.47 0.12 0.12 0.53 0.53 0.47 0.58 0.12 0.62 0.53 0.12 0.12 0.58 0.11 0.32 0.15 0.38 0.58

H3 0.36 0.14 0 0 0 0.14 0.14 1 0.36 0.21 0.14 0.14 0.86 0.14 1 0.38 0.14 0.36 0.36 0.14 0.36 0.36

H4 1 1 0 0 1 0 0 0 0 1 1 0 0.44 0 0 0 1 0 0.44 0 0 1

H5 1 1 0 1 0 0 0 0 0 1 1 0 0.44 0 0 0 1 0 0.44 0 0 1

H6 1 1 1 0 0 0 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1

H7 1 1 1 0 0 1 0 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1

H8 0.24 0.43 0.66 0 0 0.09 1 0 0.57 0.14 0.09 0.09 0.91 0.43 0.66 0.24 0.09 0.24 0.24 0.09 0.24 0.24

SS1 0.41 0.75 0.41 0 0 0.16 0.16 1 0 0.25 0.16 0.16 0.84 0.75 0.41 0.41 0.16 0.41 0.41 0.16 0.41 0.41

SS2 1 0.73 0.27 0.73 0.73 0 0 0.27 0.27 0 0.73 0 0.59 0 0.27 0.27 0.73 0.27 0.59 0 0.27 1

SS3 1 1 0.2 0.80 0.80 0.20 0.20 0.20 0.20 0.80 0 0.20 0.36 0.20 0.20 0.20 1 0.20 0.55 0.20 0.20 1

SS4 1 1 1 0 0 1 1 1 1 0 1 0 0 1 1 1 1 1 1 1 1 1

SS5 0.29 0.47 0.53 0.16 0.16 0 0 0.84 0.45 0.29 0.16 0 0 0.32 0.53 0.13 0.16 0.13 0.29 0 0.13 0.29

SS6 0.22 1 0.22 0 0 0.22 0.22 1 1 0 0.22 0.22 0.78 0 0.22 0.22 0.22 0.22 0.22 0.21 0.22 0.22

C1 0.36 1 1 0 0 0.14 0.14 1 0.36 0.21 0.14 0.14 0.86 0.14 0 0.36 0.14 0.36 0.36 0.14 0.36 0.36

C2 1 0.4 1 0 0 0.4 0.40 1 1 0.60 0.40 0.4 0.6 0.40 1 0 0.4 1 1 0.4 1 1

C3 1 1 0.2 0.80 0.80 0.20 0.20 0.20 0.20 0.80 1 0.20 0.36 0.20 0.20 0.20 0 0.20 0.55 0.20 0.20 1

C4 1 0.4 1 0 0 0.40 0.40 1 1 0.60 0.40 0.4 0.6 0.40 1 1 0.4 0 1 0.4 1 1

C5 1 0.65 0.58 0.42 0.42 0.23 0.23 0.58 0.58 0.77 0.65 0.23 0.77 0.23 0.58 0.58 0.65 0.58 0 0.23 0.58 1

C6 1 1 1 0 0 1 1 1 1 0 1 1 0 1 1 1 1 1 1 0 1 1

C7 1 0.4 1 0 0 0.40 0.40 1 1 0.60 0.40 0.40 0.6 0.40 1 1 0.4 1 1 0.4 0 1

C8 1 0.77 0.38 0.62 0.62 0.15 0.15 0.38 0.38 0.85 0.77 0.15 0.50 0.15 0.38 0.38 0.77 0.38 0.66 0.15 0.38 0

Score 0.78 0.76 0.57 0.27 0.27 0.29 0.33 0.68 0.58 0.45 0.60 0.29 0.51 0.40 0.57 0.47 0.60 0.47 0.62 0.29 0.48 0.78
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