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Facing with global sanitation and resources crisis, developing and identifying optimal sustainable sanitation
system (SSS) is particularly challenging in most of global areas through conventional solution. A novel method by
coupling macro-environmental content analysis, compatibility assessment, and multi-criteria decision analysis
into structured decision-making is developed and applied to select the optimal SSS to improve the rural human
settlements environment of Beijing, China. A predictive model of weighting coefficient has been proposed to deal
with the interactions based on the data-driven method considering temporal (56-y time frame) and geographic
(87 countries) factors. The technologies space with mature technologies of SSS came from 402 demonstration
projects of the world. The results show that vacuum toilet + vacuum sewer + anaerobic digestion/composting
(for blackwater) + struvite crystallization (for yellowwater), and biogas/composting toilet + gravity sewer +
anaerobic digestion/composting is suitable for high and middle income Districts of Beijing, respectively, in the
coming 5–10 years. Although the novel method is the first application in SSS planning, the proposed method can
also be extended to apply to other complex infrastructure decision-making.
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1. Introduction
Water means everything for the global world, and water resources
crisis has become a challenge of global dimensions (Pahl-Wostl et al.,
2013). As of the end of 2015, there are still 4.5 billion people lacking
safely improved sanitation facilities, and over half of them still do not
have basic sanitation services (WHO/UNICEF, 2017; Trimmer et al.,
2020). Sustainable Development Goals (SDGs) (2015–2030) committed
to achieve access to adequate and equitable sanitation and hygiene for
all and end open defecation by 2030 (Kamau, 2018; Herrera, 2019). Yet
it is a challenge to reach SDG for water and sanitation in many countries,
especially Asian, African and Latin American. Furthermore, apart from
the water and sanitation crisis, resources crisis, such as energy (coal,
petroleum, natural gas, and other fossil energy), nutrient resources (e.g.,
phosphate rock, potash deposits), and other natural resources (soil,
forest), restricts the world development. How to realize the goal of SDG

6 (clean water and sanitation), which has become a global challenge
impeding the future development.
Sanitation is crucially important for human and environmental
health as well as social and economic development (Fuhrmeister et al.,
2015). A sanitation system, including five functional groups, is a set of
technologies which in combination treat and manage human waste from
the source of generation to the end of reuse or disposal (Spuhler et al.,
2018). Unfortunately, the world hardly provides adequate access to
basic sanitation facilities for everyone, let alone a fully functioning
sanitation system (Schoen et al., 2017). Incredibly, the abandonment or
breakdown of sanitation infrastructures in rural and developing urban
areas is a common phenomenon (Schoen et al., 2017), there are many
human factors resulting in the existing sanitation facilities failure with
high rates, such as supply-driven approaches (Starkl et al., 2013), poor
construction quality (Davis et al., 2019), lack of maintenance (Katukiza
et al., 2010), faulty designs (Sujaritpong and Nitivattananon, 2009),
high operation and maintenance (O&M) costs (Cronin et al., 2014; Xu
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Abbreviations

CLUES
Community-led urban environmental sanitation
DSS
Decision support system
FGs
Functional groups
GDP
Gross Domestic Product
GHG
Greenhouse-gas
GIZ
Gesellschaft für Internationale Zusammenarbeit
GNI
Gross National Income
MBR
Membrane bioreactor
MCDA
Multi-criteria decision analysis
MFA
Material flow analysis
NR
Nutrient recovery
OECD
Organization for Economic Co-operation and Development
O&M
Operation and maintenance
PEST
Political, Economic, Social, Technological
RTTC
Reinvent the Toilet Challenge
SBR
Submerged bed reactor
SDGs
Sustainable Development Goals
SDM
Structured decision-making
SSS
Sustainable sanitation system
STEEPLED Social, Technological, Economic, Environmental,
Political, Legal, Ethical, and Demographic
SuSanA Sustainable sanitation alliance
USEIA
US Energy Information Administration database, the
database of the
WDID
World Development Indicators Database

Abbreviation Definition
BDT
Blue Diversion Toilet
BT
Biogas toilet
CT
Composting toilet
CFT
Cistern flush toilet
DL
Dry latrine
DFT
Dual-urn funnel toilet
DPAT
Double pit alternate toilet
DUDLT Double-vault urine diversion low-flush toilet
DUDDT Double-vault urine diversion dehydration toilet
DUDPT Double-vault urine diversion pour-flush toilet
DVPFT Double-vault pour-flush toilet
LFT
Low-flush toilet
PFT
Pour-flush toilet
SUDDT Single-vault urine diversion dehydration toilet
SUDLT Single-vault urine diversion low-flush toilet
TCT
Three-chamber toilet
UDCT
Urine diversion composting toilet
UDDT
Urine diversion dehydration toilet
UDFT
Urine diversion flush toilet
VT
Vacuum toilet
VUDT
Vacuum urine diversion toilet
A2O
Anaerobic-Anoxic-Oxic
BMGF
Bill and Melinda Gates Foundation

et al., 2019) without ongoing support (Starkl et al., 2015), lack of user
acceptance (Bao et al., 2013), inadequate technical knowledge (Mal
ekpour et al., 2013), or inappropriate technologies (Tilley et al., 2014a).
Nonetheless, many developing countries inspire action to tackle the
sanitation crisis and close the gap, such as Swachh Bharat Mission (Clean
India Mission) (Sperling et al., 2016) and “toilet revolution” in China’s
rural areas (Cheng et al., 2018). In 2011, the Bill and Melinda Gates
Foundation (BMGF) launched a research program named “Reinvent the
Toilet Challenge (RTTC)”, which aimed to build sustainable and
financially-profitable sanitation services and businesses that operate in
poor, urban settings in both developed and developing nations (Zhou
et al., 2018). Developing economical, acceptable, technically flexible,
and environmentally-friendly sanitation technology is the only way to
accelerate the sanitation development (Hu et al., 2016).
In the process of water use of water-based sanitation system, waste is
produced in the form of wastewater, which also contains important re
sources, including water, organic matter, heat, and nutrients (Larsen
et al., 2016). With the transformation of the sanitation concept from
“improved sanitation” to “sustainable sanitation”, excreta and waste
water are not recognized as hazardous waste, but valuable resources
that can be reused and recycled under the requirements of environment
and human health (Zhou et al., 2018). In order to reuse the resources
and provide the access to sanitation system, sustainable sanitation sys
tems (SSS) have been proposed to protect and promote human health,
environmental and natural resources (Spuhler et al., 2018). It is now
widely accepted that sanitation planning should consider the entire
sanitation chain and rely on the principles of sustainability (Tilley et al.,
2014b; Zakaria et al., 2015). Each technology of sanitation chain should
be appropriate to the context-specific health (Katukiza et al., 2010),
environmental, economic and financial, socio-demographic, and insti
tutional conditions (Spuhler et al., 2018). Therefore, the design of
sanitation system not only highlights the multi-criteria aspect but also
the trade-offs and stakeholder or decision-maker (Willetts et al., 2013).
Several methods have been proposed to develop sanitation system,
such as structured decision-making frameworks based on CommunityLed Urban Environmental Sanitation (CLUES) for urban sanitation

system planning (Spuhler et al., 2018), multi-criteria decision analysis
(Borsuk et al., 2008; Katukiza et al., 2010), computer-based decision
support system for the provision of emergency sanitation (Zakaria et al.,
2015), formalized decision-support methodology based on STEEPLED
(Social, Technological, Economic, Environmental, Political, Legal,
Ethical, and Demographic) analysis for redesigning wastewater treat
ment technologies (Larsen et al., 2010; McConville et al., 2014),
compatibility assessment method for generating potential sanitation
system alternatives (Maurer et al., 2012), planning framework linking a
government policy to national process (Kerstens et al., 2016), and sto
chastic model (Schmitt et al., 2017). Existing sanitation planning
frameworks typically focus on specific population groups (Xue et al.,
2015), further differ in level of complexity, ranging from simple meth
odologies relying on guiding principles and check lists, like the CLUES
(Lüthi, 2011) and Sanitation 21-framework (Parkinson et al., 2014) to
more complex ones, including material flow analysis (MFA) or quanti
tative microbial risk assessment (Surinkul and Koottatep, 2009). No
matter simple or complex methods, most of them employed structured
decision-making in combination with multi-criteria decision analysis
(Marttunen et al., 2017). The primary problem we face is not the
availability of technology for sanitation system, but the lack of a
socio-technological planning and design methodology to identify and
deploy the optimal sustainable solution in a given geographic and cul
tural context (Ramôa et al., 2017). Therefore, the aim of this study is to
develop a methodology by coupling multi-criteria decision analysis
(MCDA) into structured decision-making (SDM) to select the optimal
SSS for relieving the sanitation and resource crisis. After this brief
introduction, the article is organized as follows. Section 2 develops the
methodology, and Section 3 presents the results and discussion. And
Section 4 lists conclusions and outlook of research needs to step into the
sustainable society.
2. Methodology
In this study, an expanded structured decision-making (SDM)
framework coupling multi-criteria decision analysis (MCDA) is designed
2
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to generate optimal SSS in different scenarios. The structured decisionmaking framework applied in this study is derived from CLUES (Lüthi,
2011) developed for generating potential SSS alternatives as an input
into the MCDA. A macro-environmental content analysis based on the
STEEPLED analysis is performed to select decision criteria which can be
quantified for evaluating potential SSS alternatives. In the MCDA, a
data-driven approach taking into account temporal and geographic
factor was developed for establishing metric weights predictive model
(Wang et al., 2015) to determine the metric weights and their
interactions.

6). A schematic representation of the methodology is found in Fig. 1.
Step 1. Processing objectives.
Considering the definition and requirements of sustainable devel
opment, the process engineering objectives of SSS can be identified as
substance circulation, resource-saving and environment-friendly based
on subjective choice. Substance circulation emphasizes the recirculation
of nutrients, water, and energy in the wastewater. Resource-saving re
quires the minimization of resources and energy consumption when
reusing the misplaced resources. Environment-friendly is required to
adopt technology that benefiting environment as much as possible
during the substance circulation, to establish a benign interaction be
tween humans and the environment, and to avoid the phenomenon of
pollution transfer or transformation in the conventional sanitation
system.

2.1. Expanded structured decision-making method
The method begins by listing processing objectives which describing
what matters to the decision-makers and stakeholders (Step 1)
(McConville et al., 2014). Setting up scenarios prepare for reducing the
decision-space and allows for an initial screening of the technologies
(Step 2). The clear processing objectives and special scenario are
employed to screen suitable technologies (Step 3). And then, the
STEEPLED analysis is proposed to select the quantitative decision
criteria and assess how external factors affect technology choice (Step
4). These technologies from different functional groups are presented to
construct SSS based on the compatibility assessment procedure (Maurer
et al., 2012) (Step 5). Suitable sustainable sanitation systems are then
evaluated based on decision criteria and critical macro-environmental
factors. Eventually, these sanitation systems are ranked originating
from the results of the MCDA with metric weights predictive model (Step

Step 2. Setting up scenario.
Economy and available water resource may be the driver and
restrictive factors for developing sanitation system. An affordable sani
tation system would be a promising and successful system, which has a
chance of global application owing to economic factor. The style of user
interface largely relies on whether can get the water resource. And the
user interface locates on the top of sanitation chain (Wirmer, 2014)
which directly impacts the selection of the following functional groups
in the sanitation chain. Therefore, economic entity can be classed into
three categories (high, middle and low) based on World Bank’s classi
fication of countries by income group according to 2015 GNI (Gross
National Income) per capita. Two extremes, Yes or No, have been

Fig. 1. Schematic illustration of constructing SSS.
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presented to describe the available water resource. Ultimately, six sce
narios, including high-yes, high-no, middle-yes, middle -no, low-yes and
low-no, have been generated for making scenario analysis.

important in aggregation of total score.
To estimate the weight set ωi taking into account temporal and
geographic factors, historical national data for 1962–2018 were
extracted from multiple global databases, including US Energy Infor
mation Administration (USEIA) database, the database of the Organi
zation for Economic Co-operation and Development (OECD).
Customized data for more than 80 individual countries were acquired
and divided into high-income, middle-income and low-income country
according to 2015 GNI per capita originating from World Bank Data
base.
To obtain updated weighting coefficients for each estimated category
and to forecast the expected scores, an analytical tool for time series, the
curve fitting was used to fit the calculated sets of weighting coefficients,
and to forecast updated values for the weights (Eq. (3)).

Step 3. Screening suitable technologies.
In this study, these technologies in functional groups originate from
the mature pilot engineering of sustainable sanitation systems. There are
many mature technologies in each functional group, which could
generate hundreds of sanitation systems perplexing the decision-maker.
Under the help of the processing objectives and special scenario, some
technologies would be screened because of recycling no resource or
depriving potential for reuse by experts’ subjective assessment. For
example, conventional denitrification and phosphorus removal tech
nologies, such as submerged bed reactor (SBR), membrane bioreactor
(MBR), and Anaerobic-Anoxic-Oxic (A2O), aren’t involved in the tech
nologies set.

ω(x) = a0 + a1 x + a2 x2 + ⋯ + an xn , n = 1, 2, 3, ⋯n

Step 4. Selecting quantitative criteria.
Many factors can influence the design of the collection, treatment
processes, and end product outputs of the proposed SSS. With the
STEEPLED analysis (originally known as PEST (Political, Economic,
Social, Technological) analysis (Wall, 2008), we develop a generic
description of scenarios that will allow plausible objectives to be iden
tified in actual scenarios, and list the corresponding quantitative criteria
based on existing studies.

(3)

where the parameters a0 , a1 , a2 , ⋯, an come from the fitting. The al
gorithm of the multivariate curve regression analysis provided in IBM
SPSS Statistics 21.0 (SPSS) was used to fit the historic trends of each
weighted set for high, middle and low income countries during different
study periods based on the available database. The detailed algorithm
for determining metric interactions can consult the introduction of the
Wang (Wang et al., 2015).

Step 5. Building feasible SSS.
Compatibility is the absence of incompatibility, two options are
incompatible if there is a violation of one or more of the basic laws of
nature or the technical capabilities of system. A compatible combination
of sanitation options is a combination in which no incompatibility arises
between any two options from the combination. Another indispensable
aspect for the compatibility evaluation of technological options is the
notion of products. Here, products refer to human wastes and their de
rivatives. Hence, the compatibility between two options is defined in the
sense that when the two options are put together, they allow the cor
responding products to be handled. The detailed compatibility assess
ment process can consult the introduction of the Maurer (Maurer et al.,
2012).

3. Results and discussion
To demonstrate the application, we selected a real case in Beijing,
China. However, the case is not presented in its entire complexity. There
is small difference between GNI and GDP (Gross Domestic Product) in
China, the GDP per capita would be used to determinate the economic
entity categories of different Districts of Beijing. Although Beijing has
entered a high-income economy as a whole (Peters et al., 2019), there
are still Districts in the middle-income economy according to the criteria
of 2015 GNI per capita originating from World Bank Data base. And the
wastewater treatment rate (Ministry of Housing and Urban-Rural
Development, 2020) of Built-up Area of Towns of Beijing is 60.96 %
in 2019, which a little higher than national average (54.43 %). There
fore, the rural area in Beijing can represent the general conditions. The
processing objectives (Step 1), based on the expert’s advice and the
demand of Beijing, also include substance circulation, resource-saving
and environment-friendly during developing SSS in the case study.
Combining the actual situation in Beijing (full coverage of water supply
and two economic categories), the Scenario 1 (High-Yes) and Scenario 2
(Middle-Yes) are proposed to make study (Step 2).

Step 6. Evaluating optimal SSS.
The decision criteria coming from the STEEPLED analysis would be
selected to make assessment on base of the MCDA. The metric weights of
different criteria originate from the metric weights predictive model.
With the decision criteria and metric weights, the MCDA can help rank
the SSS and prepare for making decision.
2.2. Metric weights predictive model

3.1. Potential technologies of case study

A data-driven method for quantifying the interactions among metrics
in a broader context was developed and expressed using weighting co
efficients. The weighting coefficients for all indices were assumed to
satisfy the “linear weighting sum” rule (Wang et al., 2015). Thus, the
assessment metrics can be weighting against each other in a given
context. The algorithm (Eq. (1)) for generating the weighting coefficient
(ωi ) of assessment metric i is as follows:
/
n
∑
absolute
ωi = ωi
ωabsolute
(1)
i

To make up the technologies space, this study collected 402
demonstration projects from 87 countries with timespans of 20 years
(1998–2018). The case, with the complete information, has the salient
features of material recycling, resource conservation, and environ
mental friendliness. Distinguished with past studies (Maurer et al., 2012;
Spuhler et al., 2020b), the functional groups of collection and storage,
and conveyance are merged into the collection & transport, and the total
functional group has no use and/or disposal involved in order to simply
the process of constructing SSS, but not impact the function of SSS.
Therefore, these collected technologies are divided into three functional
groups: user interface, collection & transport, and treatment (the
detailed information can be found in SI Text). Fig. 2 shows the distri
bution of projects, and detailed information of projects can be found in
Table S1. Fig. S1 shows the distribution of SSS cases with different scale
in different continent and country. The detailed technologies analysis of
functional groups can be found in Fig. S2.
The appropriateness of technologies is evaluated according to the
overall decision objectives of sustainable sanitation system (Fan et al.,

i

where n is the number of metric, and the operator ωabsolute
converts the
i

data subjected to the assessment metric (Dtarget
) to a dimensionless score
i

using the corresponding baseline data (Dbaseline
). The operator ωabsolute
i
i
(Eq. (2)) is defined as follows (Wang et al., 2015):
/ baseline
Di
ωabsolute
= Dtarget
(2)
i
i
A greater value of w indicates that the corresponding metric is more
4
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Fig. 2. Distribution of SSS cases over the world. Worldwide demonstration projects come from the SuSanA (sustainable sanitation alliance) (https://forum.susana.
org/), and Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH in Eschborn, Germany (https://www.giz.de/).

2017). Available treatment technologies were identified through a
detailed case analysis and communication with other research in
stitutions participating in the SuSanA. The different treatment technol
ogies were then categorized in decision matrices according to how they
fulfilled the different quality requirements. This method of character
ization allows for an initial screening of the technologies to see which
fulfill the objectives. Based on the process engineering objectives, de
cision matrices (referring to the McConville et al., 2014) were developed
for user interface, collection & transport, and resource recovery tech
nical, which make up the initial screening technologies space (Table S2).
These potential technologies of scenario 1 and scenario 2 (Table 1) have
been selected from the technologies space with the help of expert con
sultations, regional expertise and local knowledge, which would be
employed to construct the sanitation system.

factors may affect the construction of SSS, an overall objective hierarchy
has been established for sustainable sanitation systems planning. We
compiled the lower level objectives for each of the three main decision
objectives and listed the corresponding quantitative and qualitative at
tributes based on existing studies (Dunmade, 2002; Spuhler et al., 2018).
Attributes measure how well an option performs with respect to a de
cision objective. We then proposed a master list of screening criteria
(Table 2) by identifying decision objectives and corresponding attributes
that fulfil three requirements: objectivity, robustness and computability.
The remaining factors from Table 2 were carefully analyzed with regards
to their influence on process engineering and the strength of the po
tential impact. These selected quantitative decision criteria are single
flush volume, resident participation rate, methane production, invest
ment costs, energy consumption, nitrogen reuse, and greenhouse-gas
(GHG) emission. These factors would be presented to optimally select
the SSS. And the source of this data of the selected quantitative decision
criteria can be found in Section 3.5.

3.2. Quantitative evaluation criteria
Evaluation of technology has so far been done independent of
context. In order to access how particular macro-environmental context
Table 1
Potential technologies of Scenario 1 and Scenario 2.
User interface

Collection and storage

Treatment

Scenario 1

Scenario 2

Scenario 1

Scenario 2

Scenario 1

Scenario 2

DUDLT
VUDT
VT

DUDLT
BT
CT

Gravity sewer
Vacuum sewer
Vacuum truck

Gravity sewer
Urine collection tank
Motorized conveyance

Black-water treatment:
Biogas reactor
Anaerobic digestion
UV/ozone disinfection

Black-water treatment:
Biogas reactor
Anaerobic digestion
UV/ozone disinfection
Anaerobic/facultative/aerobic stabilization pond
Faecal treatment:
Aerobic composting
Anaerobic composting
UV/ozone disinfection
Urine treatment:
Struvite crystallization
Centralized urine storage
UV/ozone disinfection
Grey water treatment:
Constructed wetland
Soil filter
Soil percolation

Faecal treatment:
Aerobic composting
Anaerobic composting
UV/ozone disinfection
Urine treatment:
Struvite crystallization
Centralized urine storage
UV/ozone disinfection
Grey water treatment:
Constructed wetland
Soil filter
Soil percolation

Note: DUDLT (Double-vault urine diversion low-flush toilet), VUDT (Vacuum urine diversion toilet), VT (Vacuum toilet), BT (Biogas toilet), CT (Composting toilet), UV
(Ultraviolet).
5
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Table 2
Impact of macroeconomic environment factor on decision-making of SSS.
STEEPLED Factor

Social
Water resources
shortage
Incidence of
infectious
diseases
Local fertilizer
preferences
Public perception

Technological
Existing
infrastructure
Housing density
Resource recovery
technology
Economic
Availability of
credit &
financing
Availability of
fertilizers &
fertilizer
subsidies
Availability of
O&M resources
Per capita income
of population
Environmental
Climate
conditions
Local agricultural
conditions
Ecological
conditions
Political
Political support

Explaining remarks

The availability of
water resources
determines the type
of toilet
Association of
infectious diseases
with human excreta
Affects the
applicability of end
products
Public perception of
environmental
protection and new
things
Whether can use the
existing
infrastructure
Available land
resources
Maturity and
stability

Influence on the
importance of
decision criteria

Quantifiable

Affects the
potential and way
of resource reuse

Single flush
volume

Affects resource
investment
Affects the type
and yield of end
products

Operational costs

Affects biological
processes, energy
sources and outputs

Quality of outputs,
energy demand, &
robustness of
technology
Quality of output

Energy
consumption

Type of
atmospheric
emissions

Greenhousegas emission

Water/soil/air
pollution
control

Affects the
treatment
technology

Quality of
outputs &
costs
Type of
atmospheric
emissions

Demography
Population
growth

Investment
costs

Investment &
operation costs

Additional
treatment

Health &
environment

To develop metric weights predictive model, these selected quanti
tative decision criteria should find suitable objective response, which
contributes to collect historical national data considering the temporal
and geographic factors. Freshwater resources per capita, percentage of
population age 15+ with tertiary schooling (completed tertiary), GDP
per capita, electricity production from biomass and waste power, oil
equivalent per capita and CO2 (carbon dioxide) emissions per capital
have been selected as the representation to replace the single flush
volume, resident participation rate, investment costs, methane produc
tion, energy consumption, and GHG emission, respectively. The detailed
description of the representation can be found in SI Text. In order to find
the basic historical national data of objective responses for different
quantitative decision criteria, we integrate global relevant time series
databases with timespans of 56 years (1962–2018) from 83 countries,
which are also the same countries providing the application cases. The
relationship of the decision criteria with the available data were more
indirect. Based on the interval of statistics for different decision criteria,
the data sources and timespans would be determined according to the
need of data integrity and curve-fitting (from Table S3 to Table S5).
The study periods of different decision criteria are 1962–2012 for
freshwater resources (ωWR , the weight coefficient of freshwater re
sources), 1970–2005 for educational level (ωHE , the weight coefficient of
educational level), 1996–2017 for GDP per capita (ωGDP , the weight
coefficient of GDP per capita), 1996–2012 for energy consumption (ωEC ,
the weight coefficient of energy consumption), 1996–2013 for bio
energy recovery (ωBE , the weight coefficient of bioenergy recovery), and
1996–2013 for GHG emissions (ωGG , the weight coefficient of GHG
emissions), respectively. Subsequently, the best-fitting model parame
ters for each weighting coefficient would be searched for the prediction
model. The data originating from 1962, 1970, 1996, 1996, 1996, and
1996 were used as the baseline data for different decision criteria when
building model. Model validation was performed to evaluate the
generated models using observed data for 2014, 2010, 2018, 2013,
2014, and 2014 corresponding to different decision criteria. Table S6
shows the interdependency analysis of two random indictors. Table S7
describes the forecasting models of weighted coefficients for different
income countries. Fig. 3 presents the correlational analyses of indicators,
and Fig. 4 and Fig. 5 propose the historical trends and predicted values
of each indicator for different countries.

CH4

Affects operational
costs and feasibility
Affordability of
technology

Legal
Fertilizer
regulations

Quantifiable

Note: STEEPLED (Social, Technological, Economic, Environmental, Political,
Legal, Ethical, and Demographic), O&M (Operation and maintenance), CH4
(Methane).

Net revenue

Politicians’
preferences

Influence on the
importance of
decision criteria

changing treatment
loading

Resident
participation
rate

Investment costs

Costs

Explaining remarks

3.3. Metric weights predictive models of different income countries

Affects the
progress and
difficulty of project
implementation

Availability of
subsidies
Prefers immediate
or radical solutions

Ethics
Responsibility for
resident

STEEPLED Factor

Affects the
sanitation of
excreta reuse
Quality of end
products

Affects potential to
establish new
business
Affects revenue
potential

Degrade soils drives
recovery of carbon
& nutrients
Emissions to the
atmosphere are
relevant

Table 2 (continued )

3.4. Developing feasible SSS

Greenhouse-gas
emission

Preference for
complete fertilizers
for local farmers
Affects residents’
recognition of
technology

Quality of output

Nitrogen reuse

Type of
atmospheric
emissions

Greenhousegas emission

Potential
adaptability for

Scale

Potential sanitation systems are the organized arrangement of po
tential technologies of different functional groups by the compatibility
assessment. According to the potential technologies in Table 1, the
possible sanitation systems of scenario 1 and scenario 2 are 108 and 126
options, respectively, without the compatibility assessment. With the
help of the compatibility assessment, the number of the feasible alter
natives are only 9 and 11 options. Table 3 shows the feasible SSS of
scenario 1 and scenario 2, respectively. To select the most suitable ones,
the further evaluation needed to make under the help of MACD.
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Fig. 3. Correlational analyses of indicators. Red round represents the all countries, green round represents high income countries, blue round represents middle
income countries, and burgundy round represents low income countries. WR represents the weight coefficient of freshwater resources, HE represents the weight
coefficient of educational level, GDP represents the weight coefficient of GDP per capita, BE represents the weight coefficient of bioenergy recovery, EC represents the
weight coefficient of energy consumption, and GG represents the weight coefficient of GHG emissions. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

3.5. Data collection of case study

3.6. Optimal SSS based on evaluation

Rural sewage treatment of Beijing has been selected as the study area
to develop SSS in the scenario 1 and scenario 2. The data of these
quantifiable factors (Table 4) could be obtained by in-situ monitoring
(single flush volume, energy consumption and urine reuse), question
naire (resident participation rate), practical project case (investment
costs), and literature review (methane production and gaseous nitrogen
loss). The monitoring data of single flush volume, energy consumption
and urine reuse come from on-site monitoring in Lijiachang village
(middle-income), Daxing town, and Qiuzhuang village (high-income),
Tongzhou town of Beijing, during 2017–2019 (the fine-detail informa
tion can be found in SI Text). Resident participation rate originates from
the questionnaire survey in the two villages during 2017–2019. The
information of investment cost derived from the global cases and prac
tical project cases of rural sewage treatment in Beijing during the past
three years. The data of methane production and gaseous nitrogen loss
date from the literatures of Web of Science.

Fig. 6 shows the evaluation result of selecting the SSS. In 2020 year,
the scores of 1–9, 1–7, and 1–8 are among the top three, which have
been selected as the optimal SSS in scenario 1. And the 2–1 and 2–11
significantly outperform other SSS, which are the best suitable SSS in
scenario 2. With the help of the predictive model of weighting coeffi
cient, the appropriate sanitation system in the next 5–10 years can be
selected for the scenario 1 and scenario 2. For the scenario 1, the optimal
SSS in 2020 and 2025 year has the same selection, but the most suitable
SSS is the 1–3 in 2030 year, which different from the prior 10 years.
However, the scenario 2 has consistent options during 2020–2030,
which indicates the optimal SSS is feasible and robust for the future
sanitation system planning. These optimal sanitation systems of Beijing
are similar to the systems that the existing researches proposed. For
example, Xu et al. (2019, 2020) made spatial-temporal economic anal
ysis, material and energy flow analysis of modern sustainable sanitation
in rural China, showed that resource-separated system (based on vac
uum source-separated technology) has positive environment and social
effects. Spuhler et al. (2020a, 2020b) presented comparative analysis of
7
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Fig. 4. Historical trends and predicted values of WR, HE and GDP indicators for different economies. WR represents the weight coefficient of freshwater resources,
HE represents the weight coefficient of educational level, GDP represents the weight coefficient of GDP per capita.

sanitation systems for resource recovery, prioritized the sanitation sys
tems that close the loop at the lowest possible level, separate waste
streams systems as much as possible, and combine various reuse options
for different side streams.

vacuum network to collect the separated wastewater for reuse by recy
cling treatment technology. And the end-product of sanitation system
also is used to grow crops, which reduces or replaces the amount of
chemical fertilizers.
General, economic level determinates the user interface, which is the
initial section but the most important one of source separation. The
choice of user interface decides the following functional groups. In this
study, user interface only considers different toilet, which is the main
source of domestic pollutant, and also determines the following steps to
recycle the potential resources. Under the help of the “toilet revolution”
in China and the “Reinvent the Toilet Challenge (RTTC)”, a growing
number of original toilets come out to meet the booming need of sani
tation services which operating in all of the world. A Nano Membrane
Toilet (Hanak et al., 2016; Parker, 2014) is expected to make the system
self-sustainable by producing electricity and recovering water from
human excrement and urine, which is designed to dispose the human
excreta from a household of ten people. The net power output and water
recovery rate of the novel toilet is 23.1–69.2 Wh/kgsettledsolids and of
13.4 L/day respectively in the nominal operating mode. A Blue Diver
sion Toilet (BDT) (Tobias et al., 2017) was developed based on the UDDT
(Katukiza et al., 2010) by adding a separate water cycle (the ‘blue’
diversion) for personal hygiene and flushing. In addition to flushing
toilet, some dry toilets also attract the attentions. A prototype me
chanical dry toilet flush has been proposed to solve the sanitation, which
is activated by moving the toilet’s lid (Hennigs et al., 2019). Therefore,
the choice of user interface should consider the technical maturity and
economy, the recommended toilets of high and middle income districts

3.7. Policy recommendations and guidance for decision makers
The aim of this study is to develop SSS solving the sanitary crises
under the requirement of sustainable development. Rural sewage
treatment is different from urban sewage treatment because of disperse
distribution of inhabitation, lack of municipal infrastructure, and
affordable costs. Therefore, it is important and significant to select
suitable sanitation system which can obtain the chance to access sani
tation and reuse resources. The outstanding feature of the developed SSS
is source separation and treatment and disposal based on pollutant’s
ingredients. For the middle income groups, the SSS caters mainly to the
health services needs and demand. The biogas toilet and composting
toilet have been presented in functional group of user interface, which
can collect excrement and little flushing water for one household or
nearly households. And the end-product from functional toilet can be
recycled in farmland or landscaping. The sewage with little pollutant or
named grey water can be collected by gravity network, and treated by
constructed wetland for recycling. For the high income groups, the
automatic and up-to-date user interface, such as vacuum toilet, vacuum
urine diversion toilet, has been proposed to make source separation of
blackwater, yellowwater and greywater under the requirements of
comfort and convenience. Whereafter, sanitation system employs
8
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Fig. 5. Historical trends and predicted values of BE, EC and GG indicator for different economies. BE represents the weight coefficient of bioenergy recovery, EC
represents the weight coefficient of energy consumption, and GG represents the weight coefficient of GHG emissions.

of Beijing are vacuum toilet and composting toilet, respectively. Apart
from the user interface, there are various novel technologies in other
functional groups, which improve the technical space, but may
complicate the decision-making of sanitation planning.
Though there is no study to show how to determinate the degree of
source separation, separated collection is more benefit for recycling than
mixed collection. Municipal sewage treatment is a typical case, which
consumes large amounts of resources, energy and human-power to
collect sewage and then remove pollutants but not reuse (Larsen et al.,
2016). Therefore, the user interface with more separated collection is
preferably selected to reuse resources during SSS planning. With the
changing times, call for the sewage resources recovery more and more
voices. However, sewage resources recovery is not just only the reno
vation of wastewater treatment technology, but also the renovation of
wastewater treatment system. The urban sewage treatment has fell into
a vicious circle of “resources for resources”, “resources for environment”
and “resources for health” because of historical reasons. Nevertheless,
rural sewage treatment may provide a chance to break the vicious circle
and realize a real sense of sewage resources recovery by source sepa
ration and classified recycling independent of other resources. There
fore, the proposed recycling technologies are anaerobic
digestion/composting for blackwater, and struvite crystallization for
yellowwater. To realize sustainable development, the revolution of
recycling technology may be the way forward, but not the iterative
technology of sewage treatment.

3.8. Discussion of the key points
The process presented here systematizes the generation of a various
but tractable set of locally appropriate SSS options. The key purpose is to
decompose the typically fuzzy generation process into cleaner and more
exercisable elements. It is by no means intended to ignore the technical
know-how required for the construction of SSS but aims to link the
growing number of decision criteria and potential technologies into the
decision-making frame. Furthermore, some elements still need a degree
of judgment based on the specialty experience. Despite these sub
jectivities and the need for expert judgment, the developed approach
still provides substantial advance over the currently used approaches.
Decision criteria is one decisive element of constructing the SSS by
eliminating inappropriate technology options to reduce the decision
space. Obviously, optimal criteria has an impact on the outcome of the
screening procedure. For the social factors, the availability of water
resources and public perception have been presented to make up of the
decision criteria. However, some factors, such as infectious diseases, end
products and the current situation of the infrastructure may affect the
process (Cetrulo et al., 2019). For the economic factors, this study only
considered the investment costs, but not the net revenue or operational
costs. Generally, the aim of the sanitation system is to improve the living
environment but not economic benefit, most of them hardly obtain the
net revenue (Molinos-Senante et al., 2018). Because of the different way
of operation & management, there may be a big difference in the
operational costs, which is irrelevant to this sanitation planning in this
study (Bouabid and Louis, 2015). For the other factors, public percep
tion, political support (or lack of it), and local corruption levels can also
9
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How to select the representation of the screening criteria attribute,
which becomes a big challenge because of the restricted historical data
taking into account temporal and geographic factors. Single flush vol
ume reflects the dependence on water resources, and some water-saving
sanitation products have been recommended to reduce the freshwater
consumption. Therefore, the freshwater resources per capita (available
statistical data) has been selected to describe the importance of index
with logic and persuasion. Even so, it is debatable whether or not the
other statistic data replace the decision criteria. Many inner or outer
conditions can influence the action and mentality of the local resident,
which may determine acceptability and participation (Davis et al.,
2019). Methane is the main energy product of anaerobic digestion,
which is an effective way of resource recovery in the SSS. There are
many forms and carriers of energy reuse from pollutants, such as
hydrogen energy (Martin et al., 2020), fuel cells (Wang et al., 2020) and
water source heat pumps (Ahmad et al., 2018). However, the novel
energy and energy carriers are still in research stage and far from the
application, so that there is limited database for data mining.
Based on the developed best-fitting model, we predict the future
movement of each weighting coefficient, and compare with the histor
ical and current data for high, middle and low income countries (Fig. 7).
The weighting scores among the decision criteria varied geographically
and temporally and exhibited mutually reinforcing or offsetting effects
in varying contexts, often with nonlinear and unexpected effects.
Interestingly, the weight of the GHG emissions metric continuously
declined during the study period (high-income countries: 0.11 → 0.05;
middle-income countries: 0.10 → 0.006; low-income countries: 0.13 →
0.08), revealing that the GHG emissions metric had a lower value than
the other indexes considered. This trend appears to contradict the recent
substantial increases in global GHG emissions, implying potential tradeoffs between the GHG emissions metric and other indexes. For example,
much attention has been given to development of GHG mitigation
strategies such as generation of bioenergy as an alternative fuel, which
increased the weight of the bioenergy recovery metric over the same
time period (high-income countries: 0.23 → 0.39; middle-income
countries:0.29 → 0.68; low-income countries: 0.21 → 0.51). For the
fresh water resources metric, there is little variation in the high-income
countries, but the weighting scores in other countries obviously reduce
(middle-income countries: 0.10 → 0.006; low-income countries: 0.13 →
0.06). Yet surprisingly, the weight of the education level metric also
continuously declined during the study period (high-income countries:
0.13 → 0.08; middle-income countries: 0.11 → 0.008; low-income
countries: 0.13 → 0.009). The possible reason is that the high and
middle-income countries has little space to improve the education level,
and the low-income countries has no enough economic strength to
develop education (Nansubuga et al., 2016).

Table 3
Feasible SSS of scenario 1 and scenario 2.
Scenario

No.

User
interface

Collection and
storage

Treatment

1

1

DUDLT

Gravity sewer

2

DUDLT

Gravity sewer

3

DUDLT

Gravity sewer

4

DUDLT

Gravity sewer

5

VUDT

Vacuum sewer

6

VUDT

Vacuum sewer

7

VUDT

Vacuum sewer

8

VUDT

Vacuum sewer

9

VT

Vacuum sewer

1
2

BT
DUDLT

Gravity sewer
Urine collection
tank + truck

3

DUDLT

Urine collection
tank + truck

4

DUDLT

Urine collection
tank + truck

5

DUDLT

Urine collection
tank + truck

6

DUDLT

Gravity sewer +
truck

7

DUDLT

Gravity sewer +
truck

8

DUDLT

Gravity sewer +
truck

9

DUDLT

Gravity sewer +
truck

10
11

CT
CT

Truck
Truck

Black-water: Aerobic
composting
Yellow-water: Struvite
crystallization
Black-water: Aerobic
composting
Yellow-water: Storage
Black-water: Anaerobic
composting
Yellow-water: Struvite
crystallization
Black-water: Anaerobic
composting
Yellow-water: Storage
Black-water: Aerobic
composting
Yellow-water: Struvite
crystallization
Black-water: Aerobic
composting
Yellow-water: Storage
Black-water: Anaerobic
composting
Yellow-water: Struvite
crystallization
Black-water: Anaerobic
composting
Yellow-water: Storage
Black-water: Anaerobic
digestion
Anaerobic digestion
Feces: Aerobic
composting
Urine: Struvite
crystallization
Feces: Aerobic
composting
Urine: Storage
Feces: Anaerobic
composting
Urine: Struvite
crystallization
Feces: Anaerobic
composting
Urine: Storage
Feces: Aerobic
composting
Urine: Struvite
crystallization
Feces: Aerobic
composting
Urine: Storage
Feces: Anaerobic
composting
Urine: Struvite
crystallization
Feces: Anaerobic
composting
Urine: Storage
Aerobic composting
Anaerobic composting

2

4. Conclusions and future prospects
To relieve and solve the global sanitation and resources crisis, a novel
method by coupling STEEPLED analysis, compatibility assessment,
multi-criteria decision analysis (MCDA) into structured decision-making
(SDM) has been developed to select the optimal sustainable sanitation
system with the functions of protecting human health and environment
and resource recovery. A data-driven method considering temporal and
geographic factors has been presented to conform the weighting co
efficients of the decision-making criteria. A real case study in rural area
of Beijing, China, was selected to demonstrate the application of the
developed method, and solve the problems of rural domestic sewage and
waste disposal. With the help of the developed novel method and the
predictive model of weighting coefficient, the optimal alternatives of
high-income (scenario 1) and middle-income (scenario 2) rural areas in
Beijing have been proposed to improve the human settlements envi
ronment in the next 5–10 years. The procedure remains sensitive to
several parameters that should ideally be defined together with specialty
experts, decision-maker and local stakeholders: optimizing the key

Note: DUDLT (Double-vault urine diversion low-flush toilet), VUDT (Vacuum
urine diversion toilet), VT (Vacuum toilet), BT (Biogas toilet), CT (Composting
toilet).

have significant influence on the sanitation development (Garud and
Karnøe, 2003; McConville et al., 2014) but which are difficult to quan
tify. With the development of quantitative technique of qualitative
index, the key decision criteria would become more and more systematic
and meet the need of sanitation planning.
Following integrated quantitative assessment of sanitation system, it
is crucial to determine the weighting coefficient of the criteria attribute.
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Table 4
The data of quantifiable factors preparing for selecting SSS (Scenario 1 and Scenario 2).
Scenario

Mode

Flushing volume
a

Resident participation
rate b

CH4 (Methane)d

Total investment
c

3

Power consumption

NxO (Nitrogenoxide) f

Urine recovery

e

g

L/Flush

%

RMB/household

m /
household⋅year

kWh/
household⋅year

g/household⋅year

%

1

1
2
3
4
5
6
7
8
9

6
6
6
6
1
1
1
1
1

79
77
77
73
94
92
92
88
95

5760
5460
5260
4960
6640
6340
6140
5840
5300

/
/
5.29
5.29
/
/
5.29
5.29
7.48

4.34
4.34
2.19
2.19
62.15
62.15
60
60
60

1.6
2.08
1.6
2.08
0.32
0.8
0.32
0.8
0.32

80
80
80
80
85
85
85
85
60

2

1
2
3
4
5
6
7
8
9
10
11

3
3
3
3
3
3
3
3
3
3
3

75
75
73
71
69
77
75
73
71
70
66

2500
3700
3400
3200
2900
4100
3800
3600
3300
2400
1900

7.48
/
/
5.29
5.29
/
/
5.29
5.29
/
6.32

/
2.15
2.15
/
/
2.15
2.15
/
/
2.15
/

0.48
1.28
1.76
1.28
1.76
0.8
1.28
0.8
1.28
0.8
0.8

50
80
80
80
80
80
80
80
80
50
50

a

Flushing volume.
Resident participation rate.
c
Total investment.
e
Power consumption and.
g
Urine recovery data varied for the practical cases in Beijing.
d
Methane production date from the literatures (Remy, 2010; Wendland, 2009; Zeeman and Kujawaroeleveld, 2011), and gaseous nitrogen loss date from the lit
eratures (Dodd et al., 2016; Ishii and Boyer, 2015; Landry and Boyer, 2016; Maurer et al., 2006).
b

Fig. 6. The optimal SSS of scenario 1 and scenario 2. Combined the weighting coefficient and quantitative decision criteria, the total scores of different SSS can be
obtained with the help of the min-max normalization to dispose different dimensional, and positive or negative indicators. “a-b” represents the serial number of
feasible alternative, a shows the number of scenario, and b shows the number of SSS alternative.
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Fig. 7. Time trends for weighting coefficients for all assessment metrics during the studied time period for (A) high, (B) middle and (C) low income countries. WR
represents the weight coefficient of freshwater resources, HE represents the weight coefficient of educational level, GDP represents the weight coefficient of GDP per
capita, BE represents the weight coefficient of bioenergy recovery, EC represents the weight coefficient of energy consumption, and GG represents the weight co
efficient of GHG emissions, NR represents the weight coefficient of nutrient recovery.

Appendix A. Supplementary data

decision criteria, the representation of the screening criteria attributes,
interactions between the metrics.
The outstanding limitation of this developed method is excessively
dependent on subjective choices. Based on the subjective choices orig
inating from planner and decision-maker with special skills and
knowledge, these suitable technologies have been proposed to construct
the different functional groups. To assess the sanitation system, these
quantitative decision criteria have been selected from particular macroenvironmental factors with the help of the subjective choices. These
subjective choices hinder the popularization and application of the
developed procedure. In future, this study need to be developed deeply
from the following aspects. (1) Building a mature evaluation index
system. The big data mining, artificial intelligence and machine learning
method could be proposed to dig out the key factors affecting the con
struction of the sanitation system from massive case studies. (2) Material
flow analysis of sanitation system. Based on the material flow analysis of
C, N and P elements, it is benefit for grasping the flow direction and flow
of each element in each functional group. (3) Life cycle assessment of
sanitation system. Sustainability not only requires the recycling of ma
terials, but also clarifies the damage to the environment in the whole
process of recycling, which is the key to improving the technological
innovation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jclepro.2021.128598.
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