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Abstract: Evaluating the sustainability of sanitation systems is essential in achieving the sixth
sustainable development goal. However, there are only limited number of available evaluation indexes,
which are utilized to macroscopically determine a community’s sanitation coverage. Consequently,
an index is required, which can evaluate different sanitation options for a specific community.
In this paper, the sanitation sustainability index (SSI) is suggested as an indicator for evaluating
the sustainability of sanitation systems. The SSI has sub-indexes that consider the technical, social,
and economic aspects of the sanitation system, and all the variables are dimensionless and heavily
dependent on the current state of the community where the sanitation system is going to be
implemented. The applicability of the SSI was demonstrated by evaluating the implementation of
two onsite sanitation systems, including one septic tank system and one resource-oriented sanitation
(ROS) system in South Korea. A sensitivity analysis defined the variables that have significant impact,
and the statistical distribution of the SSI for both systems was forecasted. The results showed that
for South Korea, which has a profound history of utilizing human waste as fertilizer, utilizing the
resource-oriented sanitation system is more sustainable, although it has a lower social sub-index
score compared to the septic tank system.

Keywords: resource-oriented sanitation; sanitation sustainability index; SDG6; sustainability
assessment; sustainable development goals; sustainable sanitation

1. Introduction

According to UNICEF and WHO [1], the population that utilize safely managed sanitation services
increased from 28% to 45% from 2000 up to 2017. Accordingly, 2.1 billion people gained access to at
least basic sanitation services. Despite that, 2 billion people still have no access to safe and sustainable
sanitation system, 673 million people are practicing open defecation, and 3 billion people still lack
basic sanitation; consequently, the sanitation crisis remains a global concern.

The sixth sustainable development goal (SDG6) is designed to solve these global issues before the
year 2030 [2]. The objective of SDG6-2 is to provide full coverage of adequate and sustainable sanitation
for the entire population. Following this objective, innovative approaches have been applied on new
disciplinary understandings of sanitation, to provide sustainable sanitation for low-income regions [3].
Recently, national-scaled programs have been conducted to improve the notion of equity in sanitation
to end critical challenges like open defecation [4]. Meanwhile, there are several indicators and indexes
that are defined to monitor or evaluate the progress [5–7]. One example is the water, sanitation,
and hygiene (WaSH) performance index suggested by Cronk et al. [8], which can be utilized to compare
the performances of countries in achieving universal water, sanitation, and hygiene. The elements of
this index include water and sanitation access and equity.
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The development of these indexes is essential in achieving SDG6, because they present a
comparative view of the progress of each country towards SDG6. Additionally, these indexes are
useful for undertaking general national-scaled decisions to further progress towards fulfilling SDG6.

In many cases, comparing two different countries based on such macroscopic indexes may be
misleading, particularly when there is a notable difference between the human development indexes
of those countries [9]. Nevertheless, the economic, social, and technical characteristics of each country
are different. Determining an appropriate index, which is flexible, suitable for every community,
and reliable for comparison of progress, is crucial. Consequently, the use of an index that is better
suited to evaluate sanitation systems for the implementation in a specific community is a suitable
approach, and the evaluation should be performed based on the current technical, social, and economic
status of the community.

An index proposed by Lundin et al. [10], which evaluates the sustainability of sanitation systems
included several technical considerations. However, waste recycling and utilization, along with
social and economic indicators, were not considered in that index. Another comprehensive index
was suggested by Iribarnegaray et al. [11], which assesses the sustainability of water and sanitation
management systems. This index is useful, as it considers the majority of relevant issues of sustainability.
However, by developing innovative sanitation systems which can recycle sanitary wastes to be utilized
as resources (e.g., fertilizers), there is an emerging need for providing innovative indexes, which can
consider the effect of ability for onsite waste recycling on the technical, economic, and social aspects
of the community [5]. In particular, economic indicators are required to consider a broader range of
issues influencing the cost and probable benefits of implementing sanitation systems in developing
countries [12]. Moreover, the insufficient evaluation process for the applicability of an index through
limited case studies and demonstration projects is another bottleneck on the way to finding an
appropriate sustainability index.

To provide sustainable sanitation for a community, understanding the technical, economic,
and social characteristics of the community is critical. Numerous technical approaches toward the
provision of sustainable sanitation have been studied [13–17]. These approaches provide a range of
options for sanitation, including onsite sanitation systems using water-saving toilets, septic tanks,
and resource-oriented sanitation (ROS) systems [18–25]. Moreover, some studies compare different
sanitation systems based on economic views [12,26]. Social approaches toward sustainable sanitation
were also considered in multiple studies [27–31]. However, there is still a need for a reliable index
that can be utilized to determine a suitable sanitation system for a community based on availability,
accessibility, and sustainability.

In this paper, the sanitation sustainability index (SSI) is proposed to evaluate the sanitation systems
for implementation in any community. The SSI indicates the technical, social, and economic aspects of
the sanitation system. The applicability of this index is demonstrated by utilizing it to evaluate the
implementation of one septic tank and one ROS system in South Korea.

2. Materials and Methods

2.1. Definition of SSI

Figure 1 presents the SSI structure, which contains technical, economic, and social sub-indexes.
Each sub-index has specific dimensionless variables, having values ranging from 0 to 1, with 0.2
intervals, indicating very low, low, medium, high, and very high criteria for evaluating the sustainability
of a sanitation system.

Technical and economic sub-indexes are analyzed by simple equations, containing a fraction.
The numerator of the fraction is the difference between the specific parameter describing a particular
feature of the sanitation system and the current norm of the community regarding the parameter.
This value is then divided by the current norm of the community regarding the parameter to indicate
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how significant this difference is. Hence, the fraction makes the sub-index dimensionless, making it
useful to compare two or more systems with each other in any community.Sustainability 2020, 12, x FOR PEER REVIEW 3 of 12 

 
Figure 1. Structure of the sanitation sustainability index and its evaluation criteria. 

Water efficiency (WE), energy efficiency (EE), and waste recycling efficiency (WRE) are 
dimensionless variables assigned to the technical sub-index. The WE variable is calculated by 
Equation (1), where VC is the typical amount of water consumption utilized for a single use of the 
sanitation system, including both water for flushing and other hygienic purposes like handwashing. 
VM is the mean of the volume of consumed water in the common sanitation system of the community. 
When VC ≥ VM, the value of WE should be considered zero. 

WE = ୚౉ି୚ి
୚౉

, (1)

The EE is calculated by Equation (2), where EC is the energy consumption for treating wastewater 
made from a single usage of the sanitation system, and EM is the mean energy consumption for 
wastewater treatment in common sanitation systems of the community. When EC ≥ EM, the value of 
EE should be considered zero. 

EE = ୉౉ି୉ి
୉౉

, (2)

WRE is the ratio of safely recycled waste to total waste production. This variable also evaluates 
the ability of a sanitation system to both treat and utilize produced waste. 

For the economic sub-index, capital cost index (CCI), maintenance cost index (MCI), and direct 
economic benefits (DEBs) are suggested as the dimensionless variables. CCI and MCI are calculated 
by Equations (3) and (4), respectively. In these equations, the CCE is the estimated capital cost, and 
CCM is the mean capital cost for the common sanitation systems of the community. Similarly, the MCE 
is the estimated maintenance cost for a year, and MCM is the mean maintenance cost for the common 
sanitation systems of the community. If CCE ≥ CCM, then the value of CCI should be considered as 
zero. Similarly, if MCE ≥ MCM, then the value of MCI should be considered as zero. 

CCI = େେ౉ିେେు
େେ౉

, (3)

MCI = ୑େ౉ି୑େు
୑େ౉

, (4)

Figure 1. Structure of the sanitation sustainability index and its evaluation criteria.

Water efficiency (WE), energy efficiency (EE), and waste recycling efficiency (WRE) are
dimensionless variables assigned to the technical sub-index. The WE variable is calculated by
Equation (1), where VC is the typical amount of water consumption utilized for a single use of the
sanitation system, including both water for flushing and other hygienic purposes like handwashing.
VM is the mean of the volume of consumed water in the common sanitation system of the community.
When VC ≥ VM, the value of WE should be considered zero.

WE =
VM −VC

VM
, (1)

The EE is calculated by Equation (2), where EC is the energy consumption for treating wastewater
made from a single usage of the sanitation system, and EM is the mean energy consumption for
wastewater treatment in common sanitation systems of the community. When EC ≥ EM, the value of
EE should be considered zero.

EE =
EM − EC

EM
, (2)

WRE is the ratio of safely recycled waste to total waste production. This variable also evaluates
the ability of a sanitation system to both treat and utilize produced waste.

For the economic sub-index, capital cost index (CCI), maintenance cost index (MCI), and direct
economic benefits (DEBs) are suggested as the dimensionless variables. CCI and MCI are calculated by
Equations (3) and (4), respectively. In these equations, the CCE is the estimated capital cost, and CCM

is the mean capital cost for the common sanitation systems of the community. Similarly, the MCE is
the estimated maintenance cost for a year, and MCM is the mean maintenance cost for the common
sanitation systems of the community. If CCE ≥ CCM, then the value of CCI should be considered as
zero. Similarly, if MCE ≥MCM, then the value of MCI should be considered as zero.
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CCI =
CCM −CCE

CCM
, (3)

MCI =
MCM −MCE

MCM
, (4)

DEB is a binary variable. When a sanitation system can produce economic benefits or has the
potential that its economic benefit covers the capital and maintenance costs, then DEB should be 1,
otherwise, it is 0.

The social sub-index includes acceptability and public health indicators as its relative variables.
Both mentioned variables are qualitative, which must be turned into dimensionless quantitative
variables through onsite investigations, and acceptability should reflect the cultural sanitation actions
in the society. In this case, investigations should be performed by analyzing questionnaires that
reflect the opinion of the users after experiencing the system. Therefore, the acceptability variable can
be defined as the percentage of people who were satisfied after using the system and would use it
again. For newly developed sanitation systems like ROS, user training can significantly increase the
acceptability variable.

The public health indicator should reflect the hygiene aspects of the sanitation system. A wide
range of considerations including safe treatment, recycling process, reduction of risks of incidence
for sanitary diseases (e.g., diarrhea), total hygiene status of the system, especially where there is an
interface with users or maintenance technicians, and efficiency in controlling public health concerns, e.g.,
reducing open defecation cases, are required to define this variable. Although several studies have been
conducted on the social aspects of sanitation in different communities, there is no established standard
survey to evaluate the acceptability and public health aspects of a sanitation system [4,27–29,32].
Therefore, regardless of the method of investigation, a value of 0 to 1, representing the evaluation
criteria, should be assigned for the acceptability and public health variables.

Accordingly, for both acceptability and public health, the index is flexible for any appropriate
and possible local application. The scoring can be done by the decision-maker or technician who is
applying this index to the results of a local investigation as well as other appropriate data.

After evaluating all the described sub-indexes and variables, the SSI score is calculated as the
arithmetic mean of all the values. For a specific community, when two or more sanitation systems are
being compared, the system with the higher SSI is concluded to be more sustainable for implementation,
and an SSI value closer to 1 reflects higher sustainability for implementation.

2.2. Applicability of SSI for Sanitation System Implementation in South Korea

To demonstrate SSI applicability, the SSI is calculated to evaluate the implementation of two
onsite sanitation systems: a septic tank system and an ROS system. The systems are considered for
implementation in a suburban residential area of Nowon District, Seoul, Republic of Korea to offer
public hygiene services. For both sanitation systems, variables related to technical and economic
sub-indexes were assigned based on the characteristics and assumptions of these systems, which were
described in a previous study [12]. Table 1 presents the assumptions for calculating the SSI for both
sanitation systems, including references that were used for assigning specific values to each parameter.
A currency exchange rate of KRW 1100 for USD 1 is used, wherever applicable.

There is insufficient research on the social acceptability and public health issues for sanitation
systems in Korea. However, considering the ancient sanitation practices in Korea as described by Han
& Hashemi [5], along with other local pilot studies, it might be reasonable to consider a value of 0.7–0.8
for both social acceptability and public health indicators for the ROS system variables [20]. As using
septic tank systems is quite common in both urban and rural areas of South Korea, a value of 0.9 was
utilized for both the acceptability and public health variables.

A sensitivity analysis for the SSI scores calculated for both sanitation systems was conducted by
applying a ∆ = ±10% variation to each parameter. Additionally, to account for the lack of knowledge
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and availability of data, statistical distributions for each variable were utilized to forecast the statistical
distribution of the calculated SSI indexes through Monte Carlo simulation using Oracle Crystal Ball
version 11.1.2.4 with 1,000,000 trials. Details of the assumptions and results of this statistical analysis
are presented in the Supplementary Material.

Table 1. Assumptions for calculating sanitation sustainability index of septic tank and resource-oriented
sanitation systems in South Korea.

Sub-Index Variable Unit Sanitation
System

Value
(Range: min-max) References

Technical

VC Liter
Septic Tank 8 (4–13)

[5,12,33,34]

ROS 1 (0–2.5)
VM - 10

EC Wh
Septic Tank 5.2 (1.04–10.9)

ROS 0.65 (0–2.1)
EM - 6.5

WRE - Septic Tank 0.519 (0.135–0.519) [5,20,35]
ROS 0.9 (0.7–0.9)

Economic

CCE
†

US$

Septic Tank 3380.00 (3121.00–9436.00)

[12]

ROS 4668.18 (2899.22–5002.77)
CCM

† - 6061.00

MCE
†

Septic Tank 2240.16 (2118.18–3401.82)
ROS 2195.28 (1687.58–2702.92)

MCM
† - 2931.82

DEB - Septic Tank 0
ROS 1

Social

Acceptability - Septic Tank 0.9

[16,27,28]
ROS 0.75

Public Health - Septic Tank 0.9
ROS 0.75

† Including laboring costs for initialization and one-year maintenance services.

3. Results

3.1. SSI Applicability for Evaluating the Proposed Implementation of Sanitation Systems in South Korea

Figure 2 presents the results of the SSI sub-indexes evaluation for both mentioned sanitation
systems in South Korea. The SSI was quantified as 0.42 and 0.71 for septic tank and ROS systems,
respectively. Thus, notable differences between the calculated SSIs were observed, particularly
for the ROS system, which shows better sustainability in the technical and economic sub-indexes.
As described in previous studies, the ability of ROS systems to recycle waste and their economic
benefits is significant [12,20]. According to the Republic of Korea, Ministry of Environment, there is an
average recycling rate of 51.9% for wastewater generated from wastewater treatment facilities, such as
septic tanks, in South Korea [35]. The wastewater produced in septic tank sanitation systems includes
a mixture of urine, feces, hygienic materials (e.g., toilet paper), and flushing water. However, properly
designed ROS systems can have a significantly higher WRE, approximately 0.7–0.9, by storing and
treating urine and feces separately [5,20].
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Figure 2. Comparison of sanitation sustainability index for septic tank and resource-oriented sanitation
systems in South Korea.

The social sub-index of ROS systems is considered lower than that of a septic tank. Conducting
in-depth studies on the social acceptability of sanitation systems in South Korea can provide a better
assessment for this sub-index. Conducting safe, natural treatment methods for urine and feces,
and providing sustainable operation monitoring, regular maintenance and training for users are
beneficial actions for increasing the social sub-index scores of the ROS system.

3.2. Sensitivity Analysis for SSI

Figure 3 presents the sensitivity analysis for the studied sanitation systems. For the septic tank
system, after social sub-indexes, the following descending order of variables in terms of their impact
on SSI apply: EC, VC, MCE, CCE, and WRE. However, for the ROS system, DEBs and WRE have the
greatest impact, while CCE, acceptability, public health, and MCE indicators have notable impacts.
The sensitivity of other variables was negligible.
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Figure 3. Sensitivity analysis for sanitation sustainability index calculated for (a) septic tank and (b)
resource-oriented sanitation systems in South Korea.

These results indicate that for South Korea, which has a notably long history in recycling human
waste as fertilizer, the development of an ROS system for waste recycling and utilization can potentially
increase the SSI. Additionally, reducing the CCE and MCE by utilizing local labor and materials can
also significantly increase the ROS system sustainability.

3.3. Statistical Distribution Forecast for SSI

Figure 4 presents the results of forecasting the SSI statistical distributions for both sanitation
systems. Results for 1,000,000 trials yielded a mean of 0.36 (95% CI = 0.24–0.50) and 0.67 (95% CI =

0.55–0.75) for septic tank and ROS systems, respectively. The calculated SSI scores for both systems
(0.42 for septic tank system and 0.71 for ROS system) are within the 95% CI, and do not have a
significant difference in the forecasted mean. Similar trends were observed for the forecasted statistical
distributions of WE, EE, WRE, CCI, and MCI, and these results are presented as Supplementary Material.
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The results concluded that the SSI could be a reliable index as a means for evaluating
the sustainability of a sanitation system, as well as comparing the sustainability of different
sanitation systems.

4. Discussion

The proposed SSI can be considered a tool to evaluate the sustainability of any local sanitation
system and its associated infrastructure. It can be used to evaluate the sustainability of a single
sanitation system, as well as to compare two or more systems. The index includes sub-indexes,
which can provide technical, economic, and social evaluations. Overall, SSI can be a useful tool for
sanitation system designers, managers, and developers. Meanwhile, decision-makers can also use SSI
to compare different systems to choose the most sustainable one for implementation.
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The sub-indexes and their variables are based on the understanding of the sanitation status of
the community, where the system is going to be implemented. Accordingly, the scope of the index is
narrowed to one specific community. This means that the value of the index is specifically valid for a
particular community and may differ between communities. This feature gives sufficient flexibility
to the index, rendering it entirely replicable. Nevertheless, in case of availability of sufficient data
reflecting the nation-wide sanitation status, SSI can also be used to evaluate sanitation systems at a
national level.

The variables of all sub-indexes are also compatible with time. Community-based variables,
such as VM, EM, CCM, and MCM, can be defined based on the predicted changes to the community
(e.g., increase in population). Accordingly, the dimensionless index can also provide a vision about the
sustainability of the assessed system in the future.

The flexibility and applicability of this index can be compared with that of the one suggested by
Iribarnegaray et al., which also evaluates access to clean and safe water [36]. Most of the available
indexes proposed to evaluate water and sanitation sustainability are useful in evaluating systems that
are already implemented. Although all these indexes are defined with a similar objective, the SSI is
used to evaluate the sustainability of sanitation systems before implementation, which can save time,
money, and resources. Furthermore, its technical and economic sub-indexes are defined based on
logical and simple equations, reflecting differences between the evaluated systems and the current
norms of the community. Moreover, these sub-indexes can determine the potential of the system for
waste recycling and reuse as well as provisions for economic benefits.

SSI applicability was demonstrated for evaluating the implementation of a septic tank and an
ROS system in a suburban area of Seoul. Results indicated higher sustainability for the ROS system
compared to the more commonly used septic tank system. Implementations of ROS systems are limited
to the demonstration level through limited small projects.

A notable feature of the SSI is its use in determining the fate of wastes as well as the economic
and social aspects of a sanitation system. Considering the high potential of an ROS system for waste
recycling, it can be concluded that it is entirely sustainable in both technical and economic aspects.
The index clearly shows that the implementation of the ROS has a higher capital cost, with the potential
for providing direct economic benefits, which can cover both capital and maintenance costs.

With regard to social evaluation, the index assesses the acceptability and provision of public health
services for a sanitation system. South Korea, along with some other Asian countries, has a historical
background of using source-separated urine and feces as fertilizer [5]. Accordingly, ROS can be quite
acceptable if more of them are implemented. Meanwhile, more efficient and hygienic maintenance
and waste treatment processes can notably increase the social evaluation score of an ROS system.
In addition, conducting a sensitivity analysis can determine the target parameters or sub-indexes
of SSI for a specific sanitation system regarding a specific community. Accordingly, giving priority
to these parameters might be useful to increase the sustainability of the sanitation system in the
specific community.

The reliability of the SSI was examined through Monte Carlo simulation to forecast the statistical
distribution of the calculated SSI scores. It became clear that the results were within the 95% CI.
Accordingly, the index can be reliably applied to any other community with different settings when the
only requirement for the SSI input is relevant local data.

5. Limitations of SSI

Although SSI is proposed to improve sanitation in communities worldwide, the approach
described in this study may not be the ideal one.

For example, the economic sub-indexes are based on specific estimations that rely on the current
financial status of the community. However, the economic situation of a community can be profoundly
affected by unpredicted social events such as a pandemic.
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Moreover, the social sub-indexes are heavily dependent on the availability of related studies and
databases. Especially for newly developed sanitation systems, there is a demand for previous pilot
projects that investigated the acceptability and efficiency of the system in improving public health by
reducing the risk of sanitation-related illnesses. The investigation methods depend on the community
culture and available resources for the investigation. The role of SSI is to reflect and simplify the results
of these investigations. Accordingly, to use SSI, prior local studies on economic and social perspectives
of the community are crucial.

6. Conclusions

In this paper, the SSI is proposed as an index to evaluate the sustainability of sanitation systems
intended to be implemented in a community. The SSI is simple to calculate, and its variables are flexible,
time compatible, and entirely dependent on the characteristics of the community where the system
will be implemented. It considers the technical, economic, and social aspects of the system. Therefore,
the SSI is a reliable indicator to evaluate different sanitation systems, compare their sustainability,
and choose the most suitable type for a specific community.

The applicability of the SSI has been demonstrated for South Korea by evaluating the
implementation of a septic tank and an ROS system. A sensitivity analysis was performed to
determine the variables that had significant impact. Statistical distribution was forecasted for the SSI
of both systems and proved that the calculated SSI is within the 95% confidence interval.

The SSI can evaluate the sustainability of any sanitation system, considering the current water
and sanitation condition of the community before implementation. This feature of SSI can make it
useful for choosing the best sanitation system for a community, especially in remote and rural areas
where access to clean water and sanitation is limited and inadequate.

The index applies to any community, and its prerequisite is relevant technical, economic, and social
data. Accordingly, the provision of comprehensive, relevant databases for the community is essential.
The lack of such databases causes limitations, especially for calculating the SSI social sub-index.
Consequently, the development of a standard survey to determine social acceptability, cultural
sanitation aspects, and public health indicators will be advantageous to further develop the SSI. Thus,
studies on customizing the SSI and defining new variables or sub-indexes for specific communities
will make this index more beneficial.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/17/6937/s1:
Sustainability Evaluation Results for Implementation of Septic Tank and Resource-Oriented Sanitation Systems in
South Korea.
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