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Abstract

The identification of appropriate sanitation systamparticularly challenging in developing urban
areas where local needs are not met by conventsohations. While structured decision-making
frameworks such as Community-Led Urban Environmeéamitation (CLUES) can help facilitate
this process, they require a set of sanitatioresystptions as input. Given the large number of
possible combinations of sanitation technologies,generation of a good set of sanitation system

options is far from trivial.

This paper presents a procedure for generatinga kecally appropriate sanitation system options,
which can then be used in a structured decisioringgkrocess. The systematic and partly automated
procedure was designed (i) to enhance the reproititycof option generation; (ii) to consider all

types of conventional and novel technologies; {@iprovide a set of sanitation systetinat is
technologically diverse; and (iv) to formally acobdor uncertainties linked to technology

specifications and local conditions.

We applied the procedure to an emerging small tovidepal. We assessed the appropriateness of 40

technologies and generated 17,955 appropriatersymidons. These were classified into 16 system
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templates including on-site, urine-diverting, bisgand blackwater templates. From these, a subset o
36 most appropriate sanitation system options welexted, which included both conventional and

novel options.

We performed a sensitivity analysis to evaluataitiygact of different elements on the diversity and
appropriateness of the set of selected sanitayisters options. We found that the use of system
templates is most important, followed by the use wfeighted multiplicative aggregation function to
guantify local appropriateness. We also show thebptimal size of the set of selected sanitation

system optiongs equal to or slightly greater than the numbesystem templates.

As novel technologies are developed and addedetaltkady large portfolio technology options, the
procedure presented in this work may become amgakm®ol for generating and exploring

appropriate sanitation system options.
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Structured decision making
Multi-criteria decision analysis
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Functional group. There exist five FGs: U: Us¢égrface; S: Collection and storage.

C: Conveyance; T: Treatment; and D: Reuse or Dalpbkygis a variation of U
System Template

Appropriateness Score for criteria ¢ dratht

Technology Appropriateness Score

System Appropriateness Score

Set of selected SanSys

Number

Supporting Information

1. Introduction

1.1. The global sanitation crisis

Sanitation is crucial for human and environmengalth as well as social and economic development

(WHO 2013). Its critical role for development wasognized in the Millennium Development Goals

(MDG, UN 2000) and was taken further in the Susthie Development Goals (SDGs) for 2030 (UN

2015). Despite these efforts, the world has fadleort of its MDG sanitation target, leaving 2.3

billion people without access to basic sanitatiacilities and even more (WHO and UNICEF 2017)
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without integration into a fully functioning sanitan system. The situation is particularly challewg
in the urban areas of developing countries, whearstcurrent population growth is taking place
(UNFPA 2007). These areas are characterized byguoghlation densities, the low financial power
of their citizens, and a predominantly informalitation sector (Dodman et al. 2013, Isunju et al.
2011, Ramoba et al. 2016, Tremolet et al. 201®afifitary facilities exist, they are often only lzasi
systems such as pit latrines and septic tanks (Matiat al. 2017). Systematic collection and safe
disposal of wastewater and sludge are often mig§itvgnde 2014, WSP 2014), leading to 90% of

urban wastewater globally being discharged witlagropriate treatment (UNW-DPC 2013).

1.2. Failure of conventional approaches

The abandonment or breakdown of sanitation infuatiires in developing urban areas is a common
phenomenon (Barnes and Ashbolt 2006), which indictte failure of conventional approaches to
sanitation planning and service provision (McCdeva010). Planning approaches have a tendency to
be top-down, technology-driven, and focussed orémpntations of technology or regional master
plans. This has led to inappropriate technologyagsofor local physical and social environments and
the often-limited available human and financiabrgses for maintenance and operation
(Kalbermatten et al. 1980, Kvarnstrom et al. 20é&nck 1973, Starkl et al. 2013, Tilley et al.

2014a).

1.3. Sustainable sanitation systems planning

It is now widely accepted that sanitation planrshguld consider the entire sanitation chain and rel
on the principles of sustainability. Sustainableitséion systems not only protect and promote human
health; they also protect the environment and aatesources and are economically viable, socially
acceptable, and technically and institutionallyrappate (Kvarnstrom et al. 2004, SuSanA 2008). A
sanitation system is a set of technologies whiatoimbination treat and manage human waste and
wastewater from the source of generation to thed faoint of reuse or disposal. This includes five
functional groups (FGs): the user interface, ctibecand storage, conveyance, semi-centralized

treatment, and reuse or disposal (Tilley et al4&)1Each technology should be appropriate to the
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context-specific health, environmental, economid famancial, socio-demographic, and institutional
conditions. This strongly highlights the multicriseaspect of sanitation systems planning (Zurbriigg
et al. 2009) and the importance of trade-offs daalleholder preferences (e.g. Lennartsson et af,200

Motevallian and Tabesh 2011, Willetts et al. 2013).

1.4. Available planning frameworks

Several sanitation system planning frameworks e proposed (e.g. Ashley et al. 2008, Bracken
et al. 2005, Hendriksen et al. 2012, Kvarnstroml.e2011, Kvarnstrom and Petersens 2004,
Lennartsson et al. 2009, Lundie et al. 2006, Létll. 2011, Nayono 2014, Parkinson et al. 2014,
Tilley et al. 2010, van Buuren and Hendriksen 20M3ny of them use structured decision-making
(SDM) in combination with multicriteria decision agsis (MCDA). SDM helps to structure the
decision-making process and to deliver insightsialunat matters to diverse stakeholders and how
well various objectives may be satisfied by différéecision optiongGregory et al. 2012, Marttunen
et al. 2017). Well-known SDM frameworks for sanaatplanning in urban areas of developing
countries include Community-Led Urban Environme&ahitation, CLUES (Lthi et al. 2011, Lithi

and Parkinson 2011, Sherpa et al. 2012), and Sanital (Parkinson et al. 2014).

1.5.Lack of adequate decision options creation

Planning and decision-making in developing urbdtirgs still face various practical challenges
(Barnes and Ashbolt 2006, McConville 2010, Ram&al.€2018). Amongst these, the systematic
generation of decision options is one of the matestntial weaknesses (Hajkowicz and Collins
2007). In particular, the diversity of availablehaologies, the multiple sustainability dimensions,

and their corresponding criteria are often notisigffitly considered.

Approaches to option generation that have beenaapta sanitation include cause-effect analysis,
creativity-based techniques such as brainstornaind,mixed approaches such as decision matrices
and strategy tables (Eisenflhr et al. 2010, Gregba). 2012, Keeney 1996, Larsen et al. 2010,
McConville et al. 2014, Tilley et al. 2014b). Thesults of these procedures rely strongly on the

available expertise and are therefore somewhatani



123 10 overcome this disadvantage, tbempendium of Sanitation Systems and Technol6biksy et
124 4. 2014b) presents a compilation of available neébgies and thus enables the systematic creation o
125 ganitation system options by combining compatibtdnologies. The disadvantage of this approach

126 s that it results in several hundred thousandmiiateoptions for sanitation systems.

127 Option generation is complicated by the emergeficeamy novel technologies in the recent years,
128 especially for on-site sanitation and semi-cergealisystems (e.g. Amoah et al. 2016, Larsen et al.
129 2016, Parker 2014, Tilmans et al. 2015, Tobias. &0d.7). While novel technologies increase

130 engineering flexibility and allow resource recovahey also substantially increase the complexity o

131 creating decision options.

132 Decision-making processes require a manageableemuohloptions. In reality, it is often hard to

133 consider more than several dozen decision optioas ISDM process (e.g. with multiple—attribute
134 value theory, MAVT, or multiple—attribute utilithheory, MAUT) or six to eight according to

135 (Gregory et al. 2012, chap. 7). Common method®twahse the option space are Pareto optimality or
136 gominance (e.g. Chen et al. 2008), sequential sitrgén combination with subset selection (Kilgour
137 etal. 2004), and screening by restriction andragpn levels (Eisenfihr et al. 2010). The problem
138 \ith these methods is that they require informatiarboth the preferences of the stakeholders and th
139 performance of options. However, this informatistyipically unavailable at the structuring phase of
140 decision-making. Moreover, screening carries thlesrthat good options are discarded and that the
141 criteria used imply value trade-offs (Gregory et2fl12, Keeney 2002). Therefore, screening

142 procedures need to carefully consider uncertaiainesuse criteria that can be exogenously defined

143 and are independent of stakeholders (EisenfuHr 2020, Gregory et al. 2012).

144 1 6.Aim of this paper

145 The aim of this methodological paper is to present exemplify a systematic procedure designed to
146 generate a set of sanitation system options timbeaised in a structured decision-making process

147 (Figure 1). The procedure is able to



148 ., systematically include all types of conventional aovel technologies for building entire

149 sanitation systems;

150 . provide a limited set of sanitation system optithred (i) are appropriate to a given application

151 case and (ii) incorporate diverse technologiessyistem configurations; and
152 . consider the uncertainties relating to the techymplaroperties and local conditions.

153 The procedure only generates technical optionsilaed not include financing or maintenance
154 schemes. Itis targeted at planners and enginadringended as support for the structuring phase of

155 decision-making process, as Figure 1 explains.

Structured Decision Making (e.g. CLUES)

This paper 1. Clarify the decision
context
v !
: S
Generation of a Ccrr‘;erir;ng 2. Identify decision
divers set of locally iy
appropriate |
sanitation system v
156 options g 3. Develop decision Elicit stakeholder

v i options preferences

Decision i

options

L 4. Estimate consequenceJ

l

5. Evaluate trade-offs,
select preferred option

157 Figure 1: Schematic illustration of the wider stured decision making (SDM) framework in which firecedure presented
158 here is integrated. The procedure is intended nergee a limited and diverse set of locally appeiprsanitation system
159 options as an input into the SDM process and ggetad at planners and engineers. The schematie DM process was
160  adapted from (Schuwirth et al. 2012) and (Liitale2011)

161 2. Model development and methods

162 2 1.0verview of the procedure

163 The procedure is designed to generate a set adfide@ptions as an input into the SDM process.

164 pecision options, also called decision alternatiaes possible actions designed to address the

165 gecision objectivedDecision objectivedescribe a goal that should be achieved with orkeof

166 gecision options. In other words, decision objexdidescribe what matters to the decision-makers and
167 stakeholders (Gregory et al. 2012). In this papweruse the definition of sustainable sanitatioa as

168 proxy for typical urban sanitation planning deadisabjectives (Kvarnstrom et al. 2004, SuSanA
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2008). The final decision entails the selectiom afngle decision option from a given set of decisi
options. In sanitation planning, a decision opg@nerally consists of a sanitation system (seea)elo
complemented by other aspedtsthis paper, the term decision option alwaysnmebnly to the

technical part of a sanitation system. The procedonsists of three major steps; see Figure 2.

Tech 2 i () Tech 6
Score: 0.9 Score: 0 Score: 0.9 « The context-specific
Tech 1 Tech4 N Step 1: appropriateness of potential Techs
50808 SC0r 08 score:0 Technology (Tech) ?h?;/?éiﬁfg.m an appropriateness
Techs 6  Techs appropriateness assessment score for all Techs.
Score: 0.3 - - e Techs with score 0 are
Score:0  Score: 0.7 . .
inappropriate and therefore
. eliminated.
Locally appropriate Techs
SanSys |
a Tech6 € techs
Tech 1 ec + All possible combinations of
C appropriate Techs that result in a
2 Tech 3 Score: 0.47 valid SanSys are generated.

SanSys I . . The_aggregatlon of Tech_ scores
f  Tech4 Tech s within a_SanSys results in a system
Tech 2 appropriateness score.

SanSys N
Score: 0.6

Score_N

Locally appropriate SanSys

e Asubset of appropriate SanSys is

Sansys ) selected.
Sansys = SanS.ys Step 3: » The subset contains the desired
San$ £ 2 Selection of number of decision options and is

Sansys [5anSys 3
SanSys
SanSS -_|SanSys N SanSys ..

— nSys i [oanSyS
4 SanSys }: a’'sansys ..Sang
SanSys N~ |

SanSys /. |san Bys .
&=n

Figure 2: Detailed overview of the presented procedThe procedure consists of three steps. Instepthe context-
specific appropriateness of a set of potentialnietdgies (Techs) is evaluated. In step two, alkjfiile sanitation system
(SanSys) options are generated by the combinafioaropatible Techs. In step 3, a subset of mostagyjate and most
diverse SanSys is selected to be used in the staactecision making (SDM) process.

diverse in terms of technologies
and system configurations.

decision options

SanSys selected to feed
into the decision-
making process

2.2.Step 1. Appropriateness assessment of Techs

The goal of this first step is to identify thoselteologies among all potential ones that are
appropriate for a specific application case. A tedhbgy (Tech)s defined as any process,
infrastructure, method or service that is desigiwezbntain, transform or transport sanitatproducts

(Maurer et al. 2012, Tilley et al. 2014b). The éqgtion cas€AppCase) is the case study or context
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in which the presented procedure is applied. Fangte, if a Tech requires a water supply, and the

provision of water is not possible in the AppCahkes Tech can be excluded immediately.

Most Techs can have multiple input and output petglin different configurations. Sanitation
products are materials that are generated eithectlyi by humans (e.g. urine, faeces, greywatee), t
urban environment (e.g. stormwater), or by the $dely. sludge, blackwater, biogas). We use a
standardised set of products based on the definitidilley et al. (2014b) (see also Figure 6). For

instance, a septic tank can have blackwater angvater as an input, or blackwater alone.

2.2.1.ldentification of screening criteria

The appropriateness of Techs is evaluated on tie bascreening criteria derived from the overall
decision objectives for sustainable sanitationedgdd by (SuSanA 2008). Based on this definitan,
sustainable sanitation system not only has to prated promote human health by providing a clean
environment and breaking the cycle of disease Isotlaas to be economically viable, socially and
institutionally acceptable, technically approprjaad protective of the environment and natural
resources. We translated this definition into fivain decision objectives: (1) protection of human
health, (2) financial and economic viability, (&gl and institutional acceptance, (4) technical
functionality, and (5) protection of the environmend natural resources. We then established an
overallobjective hierarchyor sustainable sanitation planning: we compilegiltwer level objectives
for each of the five main decision objectives a@atéd the corresponding quantitative and qualigativ
attributesbased on existing literature (e.g. Balkema e2@02, Chen and Beck 1997, Dunmade 2002,
Krebs and Larsen 1997, Kvarnstrom et al. 2004,draesnd Gujer 1997, Lennartsson et al. 2009,
Lundin et al. 1999, Palme et al. 2005, Sahely.€2@05). Attributes measure how well an option
performs with respect to a decision objective. ©teans used for attributes are ‘performance
measures’ and ‘objective variables/functions’ (Bféiér et al. 2010). A summary of the literature

review, the objective hierarchy, and the correspandttributes are available in SI-A.

We then compiled a master list of screening ceatéee Table 1) by identifying decision objectives
and corresponding attributes that fulfil three iegments: (i) they can be defined exogenously (they

are ‘fixed"); (ii) they do not involve trade-offaat might be weighted differently by different
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stakeholders; and (iii) they can be evaluated erb#sis of the information and data generally
available in the structuring phase of decision-mgKi.e. baseline reports, local and regional
statistics). The set of screening criteria contdiimethe master list overlap with the concept of
appropriate technology (see Figure 3), which igladomain of sustainable sanitation that evolved
earlier (Bouabid and Louis 2015, Goldhoff 1976, 4eul979, Kalbermatten et al. 1980, Loetscher
1999, Magara et al. 1986, Menck 1973, Schumaché8,18inghirunnusorn and Stenstrom 2009).
The master list of screening criteria should beptethto the local preferences in an AppCases
contextualization is also important, as the reguésts used for the identification of screeningeciét
can vary in different contexts. For instance, lexgglects are generally recognized as fixed (defined
exogenously) in Switzerland but are seen as flexibNepal. Another example is that of financial
criteria: in some cases, they are perceived aslstddler-independent killer criteria, even thougtyth

involve major trade-offs.

T (Screening )

Environ- | Techno- Feasibility [ criteria:

ment logy « Exogenously
defined
Laws and « Do not involve
. institu- trade-offs

tions

« Information

Appropriate available
technology

-

Sustainable Sanitation

Figure 3: Dimensions of sustainable sanitation@retlap with other commonly defined concepts useeValuate
sanitation infrastructures. Screening criteria wagved from all sustainable sanitation criter@sdd on three factors:(i)
they can be defined exogenously (ii) they do nevive trade-offs; and (iii) they can be evaluatedite basis of the
information and data generally available at thectiring phase of decision making (i.e. baseliperes, local or regional
statistics). The identified set of screening ciit@verlaps with the concept of appropriate tecbggl which is a sub-
domain of sustainable sanitation.

10
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Table 1: Master list of screening criteria usedgeess the local appropriateness of technologéeh§). To improve

readability, we grouped the criteria into legatheical, physical, demographic, socio-cultural,azfy and managerial, and
financial aspects. Each screening criterion ihirrspecified by an attribute for the Tech andfon¢he AppCase (see also
Figure 4). Possible metrics for the evaluationhef attributes are also given. By matching the Tétrlpate to the AppCase
attribute, the appropriateness score for the giviéarion can be evaluated. (Nb=number).

Nb Screening criteria Techattribute Possible evaluation metrics AppCaseattribute
Legal
1. Effluent Effluent quality Microbial quality (faal coliforms, Legal requirement for the
helminths, viruses) effluent
Chemical quality (toxic substances,
Nitrogen, Phosphorus, total solids,
biological oxygen demand, chemical
oxygen demand)
2. Solid residue Solid residue quality Microbiabtjty (faecal coliforms, Legal requirement for the soli
helminths, viruses) residues
Chemical quality (toxic substances,
Nitrogen, Phosphorus, total solids,
biological oxygen demand, chemical
oxygen demand)
Technical
3. Water Water requirements Litre per capita parye Water availability
4. Energy Energy requirements Kilowatt-hours agita per year Energy availability
5. Water stability Vulnerability to water supply Hours per day Frequency of water supply
disruption disruption
6. Energy stability Vulnerability to energy Hours per day Frequency of energy supply
supply disruption disruption
7. Construction material Construction material Pipes, pumps, concrete Construction material
requirements available
8. Spare parts Spare parts requirements Ladder e Ppas supply
9. Chemicals Chemicals requirements Ladder Chésrscgply
10. Operation and Frequency of O&M Hours or event per capita per year O&M capacity
maintenance (O&M) requirements
Physical
11. Climate Climate type requirements Categoryital, dry, temperate, cold  Type of climate
12. Temperature Temperature requirements Celsius mpé@&eature range

11




13. Flooding Flooding tolerance Days of flooding pear accepted Flooding occurrence
(scale to be defined)
14. Area Plot area requirements Meter square psope Average free area available g
person
15. Vehicle access Access requirements Per cent @hbuildings/m of total Accessibility of households
area)

16. Slope Slope requirements Per cent Slope disitit

17. Soil type Soil type / soil permeability | cm/hours Soil type occurrence
range tolerated

18. Groundwater depth Groundwater depth Meter Groundwater depth occurren
requirements

19. Excavation Excavation requirements Construstede Ease of excavation

Demographic

20. Population Size of population that can b&lumber of capita per household or | Service capacity requirements
served volume of flow stream

21. Population density Range of population densityCapita per kilometre square Current population idens
tolerated

22. Volume stability Potential to accommodate | Litre per capita per day Expected wastewater flatvs
changing water volumes the end of project design life

23. Pollution stability Potential to accommodate | Milligram of biological oxygen Expected BODS load at the

higher pollution loads

demand per capita and day

end of project design life

Socio-cultural

24, Religious constraints Compatibility with rebgis | Ladder or range Socio-cultural requirements
constraints

25. Cultural constraints Compatibility with cultura | Ladder or range Cultural requirements
constraints

26. User awareness User awareness requirements erLadd Range, to be defined

Capacity and managerial

27. Construction skills Construction skills Ladder, e.g. from 0 to 4: none, masomn, Construction skills availability
requirements specially trained mason,
implementation engineer, supervisor
28. Design skills Design skills requirements Ladaeg. from O to 5: none, Design skills availability

unskilled labour, mason, specially

trained mason, planning engineer,

12
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245

supervisor

29. Management Required management levgel Low, mediigh Preferred management level
household, shared, city

Financial

30. Investment costs Investment costs Dollar per person Available investment capital

requirements

31. Annual costs Annual costs requirements Capitpénditures and operational | Available funds for operation
expenditure in dollar per person per
year

2.2.2.Evaluation of screening criteria and attributes

The evaluation of screening criteria is also higtdntext-dependent (Hoffmann et al. 2000).

Therefore, each screening criterimomsists of a pair of Tech and AppCase attribwthich

characterize the Tech and the AppCase respec(setyFigure 4). To account for uncertainties, we

use probability functions to parametrize the attidéds. Each pair of Tech and AppCase attributes

consists of one probability density or distributfonction (e.g. the water availability for a given

AppCasep(water availability)) and one conditional probability (e.g. the pemfance of a Tech

given a certain water availabiliB(performance|water availability)), varying between 0 and

100%. Whether the density or the conditional prdtigls used for the AppCase or the Tech is not

important as long as both types of functions aneagé represented for one criterion.

Screenin _ AppCase
reening Techattribute PP
criteria c attribute
Water Water requirements
Energy fEnergy requiremeni;’
Temperature Temperature Temper_ature
i requirements ;7% conditions

13




246 Figure 4: Examples of screening criteria and c@oading attributes used to assess the appropregeria set of potential
247  technologies (Techs) for a specific applicatioredasppCase). For example, if a Tech has a high watgrirement, but the
248  water availability in the AppCase is very low, tfisch has limited appropriateness.

249  2.2.3.Quantifying technology appropriateness

250 The match of the Tech attribute with the AppCattebute for a Techand a criteriort defines the

251 appropriateness score, either as

Equation 1
450 = P() = [ PO p@) de, ‘
252 p(c) is a probability density function, or
ASie = P() = ) PRI () Equation 2

creq

253 jf P(c) is a probability distribution function.

254 |f 3 Techt has multiple criteria, the scores must be aggeehdthe aggregation results in the

255 technology appropriateness scoré§:

Equation 3

256 |tijs important to note that screening criteria difeerent from performance criteria in SDM and
257 MCDA, as they are used to quantify the suitabitityan option in a given context and not to identify
258 the best option (Eisenfuhr et al. 2010). Consedyestreening criteria do not necessarily applglto
259 options under assessment, whereas performanceecritast do so. For instance, water availability
260 ghould not influence th€AS of a Techt that operates completely independently of the water

261 availability. However, th@ ASof this Techt can still be compared to tHAS of another Teclx

262 \yhich is water-reliant. Therefore, the aggregatiorction should allow for different numbers of
263 (riteria. We also require it to be equal to zeratifeast oné\S is zero. The geometric mean (see
264 Equation 3) fulfils these requirements (Langharsl.€2014, Pollesch and Dale 2015, Rowley et al.

265 2012).

266 2.2.4.Removing inappropriate Techs

267 Techswith aTAS = Oare totally inappropriate for the given AppCasd are therefore excluded.

14
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2.3.Step 2: Building theSanSysoption space $anSysbuilder)

2.3.1.Building all possible sanitation systems from Techs

A sanitation system (SanSys) is defirsd set of Techs which, in combination, manage

sanitation products from the point of generatioa faal point of reuse or disposal (adapted from
Maurer et al. 2012 and Tilley et al. 2014b). Theszontained in &anSys can be organized in
functional groups (FGsWe use the following FGs: toilet user interface, (@h-site storage (S),
conveyance (C), transport (T), and reuse or didggBgaA Tech belonging to U is always a source,
while a Tech belonging to D is always a sink. Aabdfial sources, such as tabs or drainage, are
assigned to a sub-group of U callegidJEach SanSys comprises at least one source argindnand

a number of compatible Techs in such a way thairaliucts end up in another Tech or in a sink. The
set of all valid SanSys is constructed on the hafdiise appropriate Techs, as illustrated in Figure

A SanSyss valid if it fulfils the following criteria:

i.  every output product of each Tech must be conndotadother Tech that can take this

product as its input,
li.  no Techhas inputs that are not connected to the outpahofher Tech.

These rules allow loops in a SanSyewever, loops between Techs are practically polssible if

the infrastructures are situated close to eachr.offinés leads to the additional constraint that

ii. loops are only allowed for the FG S or T eithethatlevel of the premises (onsite) or at

semi-centralized treatment facilities (offsite).

The same product may occur onsite or offsite. im ¢thse, it is treated as two different proddiats

the generation of SanSys. For example, blackwhggris produced onsite (e.g. by a ‘septic tank’),
cannot feed into a centralized Tech (e.g. ‘actvaledge’); it must first be transported by a trzors
Tech (e.g. ‘conventional sewer’). For the generatibSanSys we distinguish between products and

transported products in building the systems ‘flackwater’ and ‘transported blackwater’).

The generation of SanSys requires some assumptebsirplifications to be automated and generic

enough to deal with all potential sanitation tedbgi®s. The main simplifications concern the way
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how the input and output streams are related tb etier. Some Techs of the FXXake a varying
number of input products that are then mixed togrefho take this fact into consideration, the model
defines a hierarchy of products according to thegree of pollution. When different products enter
into such a Tech, the resulting output correspdadise product which is defined to be the most
polluted. For example, @nventional sewer fed with greywater and blackwai# produce

blackwater. The same Tech fed with blackwater aldb produce blackwater.

Another simplification concerns the generationiffedent Tech variations. The relations of differen
in- and out-products to each other is defined teee(i) any possible combination (‘OR’), (ii) tei
mutual exclusion (‘XOR"); or their compulsory coistence (‘AND’). For example, a septic tank can
have the following in-products: ‘blackwater’ OR &ywater’; and has the following out-products:
‘sludge’ AND ‘effluent’. This results in three paske combination of in- and out-products: (i)
blackwater, greywater -> effluent, sludge; (ii) dkavater -> effluent, sludge; (iii) greywater ->
effluent, sludge. For the generation of SanSysreet each of these possible combinations as a

distinct Tech variation (see also supporting infation B, SI-B).

Creating all possible combination of Techs is matsible as a very large number of combinations
exist (see SI-B). Moreover, only a very small fraigtof these possible combinations are valid
SanSys. The SanSys builder we propose here proardefficient heuristic designed to create all

valid SanSys (see details in the SI-B). The fumitig of the algorithm is illustrated in Figure 5.

Potential SanSyoptions
Potential Technologies Techs)

e
a f Tech4 —p a e
—> Tech1 —» Teh6 —p Techs
Tech 1
c

a e
» Tech?
> Tech 3

f
Tech2 —p
c
Tech 3

f Tech 4 _e; Tech 5

_C> Tech 5 a e Tech2 —p
€e > Teche —>
c SanSys N

Figure 5: Concept underlying the efficient heudistesigned to build almost all valid sanitationtegss (SanSys). The aim
is to combine the set of appropriate technologyoost(Techs) in such a way that valid SanSys anergeéed (see text for
the definition of valid SanSys).
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2.3.2.Quantifying system appropriateness

The SanSys appropriateness sc&#&g is calculated by aggregating thaSof every Tech of the
system. Any aggregation function could be used pvépose a function that can either mimic the

product of allTAS the geometric mean, or a compromise between both:

1 .
n.tech «(ntech—1)+1 Equation 4

SASs = l_[ TAS,
i=1

wheren. tech is the total number dfechsin a given system, ande [0,1].

A purely multiplicative aggregatiom (= 0) systematically penalizes SanSyish a large number of
Techs. This contradicts the principle of allowingraad range of SanSys in the decision option set.
Using the geometric meaa & 1) is often not desirable neither, because a sisydeem should be
preferred over a complex (long) one with the saeropmance. The smaller the factothat is

chosen, the longer the SanSys (i.e. SanSys witly Mechs) are penalized.

2.4. Step 3: Selection of decision options

The set of all possible SanSys created in Stepy2cmatain ten or even a hundred thousand systems.
From these, we must select a sulggef potentially applicable decision options thall e&rve as an

input for decision-making. We define two key chaeaistics forQ:

i.  The set contains the desired number of decisionmptThe absolute number of decision
options depends on the specific SDM process arabitisy to handle small or larger numbers
of decision options.

ii.  The set entails a diverse range of options. Thegmtion of a high variability of different
options opens up the decision space for the stédketsoand therefore increases the
probability of finding a sustainable solution.

In a first step, the SanSys are grouped accorditigeir system templated. system templateST)

defines a class of SanSwygh similar conceptual characteristics (see alabl@ 5). Then, the SanSys

within each ST are assigned to clusters. For dlingtewe use properties such as the number of
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technologies per SanSys and the K-medoids algotighgr Hastie et al. 2009). This algorithm is
similar to the k-means but also allows non-Euchdiéstance measures to be used. Finally, the
SanSys with the highest score of each clustedéstse forQ. The number of clusters per ST is

controlled by the number of options to be selefteh an ST.

2.5.User and stakeholder involvement

The procedure is intended to be used by expertgldotifying decision options in an SDM procedure
such as CLUES. This includes data collection, gh@ieation of the appropriateness assessment, the
system builder, and the identification of the detadected decision options. The stakeholder
involvement is particularly relevant for (i) theetification of screening criteria; (ii) the detion of
potential Techs; (iii) the definition of system tglaites; (iv) and the definition of properties used
identify the selected set of optiofi$ie master list of screening criteria and the Tastabase can be

used as a point of departure (see also next semtidimectly DOI: 10.5281/zenodo.1092686).

2.6.Implementation and data linking

The assessment of the appropriateness of the $echdn 2.2) was implemented in R (R
Development Core Team 2015). The code is freelgssible at
https://github.com/Eawag-SWW/TechAppA (v1.0). Hoe generation of the possible SanSys (section
2.3) and selection @ (section 2.4), Julia was chosen for performancsars (Bezanson et al.

2017). The code is freely accessible at httpshiiitcom/Eawag-SWW/SanitationSystemBuilder jl

(v1.0).

The data used and generated for this article igadoka at DOI: 10.5281/zenodo0.1092686. The
database contains a set of 43 Techs and corresgpatiiibute functions. The database is a simple
comma-separated text file and can be easily extewite any Tech as long as their inputs and

outputs are known and information regarding thevaht screening criteria are available.
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2.7.Model sensitivity

2.7.1.Goal

We perform a sensitivity analysis for the appraiiess assessment of Techs (step 1) and the
selection of decision optigr{step 3). The generation of SanSys (step 2) doeequire relevant
parameters and is therefore not considered. THecapipn in Katarniya (see section 3) is used as

baseline scenario.
2.7.1.1.Step 1: Appropriateness assessment of technoldgynep

The aim here is to see how the choice of screarritgyia and attributes impacts thédSand the
corresponding ranking of Techs per FG. For exangpiteria related to ‘operation & management’ or
‘skills’ are often neglected. For this purpose,peeform the appropriateness assessment with
different sets of screening criteria and compaeeoilitcome with the baseline. Table 2 summarizes

the changes in the set of criteria performed ferfthur runs presented.

Table 2: Overview of different computational rungpiemented to evaluate the sensitivity of Step h R corresponds to
the baseline scenario (application in KatarniyacltErun 1.2 to 1.4 corresponds to the removal efarseveral criteria
compared to the baseline” indicates that the criteria are included for gwvaluation of th&' AS while “-” indicates that the
criteria were not considered.

Run Name Criterion management Criteria related to avaihble Criteria related to O&M

# skills (construction, O&M, (frequency of O&M, O&M
and design skills) skills)

11 Baseline

1.2 No institutional aspects

1.3 No capacity aspects

1.4 No O&M aspects

2.7.1.2.Step 3: Identification of decision options

The aim here is to evaluate how different elemeh&tep 3 impact the medi@ASand the diversity
of Q. The diversity ofQ is characterized by the average of the numbeiffeirent STsthe number of
different sourceghe different numbers of Techgr SanSys, and the different numbers of

connections per Tech with@@. The investigated elements are
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384 the size ofQ,

385 . used to compute tHBAS

386 . the clustering based on structural properties (rarsbf Techs and number of connections per
387 Tech pelSanSys),
388

« the classification according to STs,

389 . the appropriateness assessment, and the resBAiig

390 Table 3: Overview of the computational runs implated to evaluate the sensitivity of Step 3. Theiecois show the
391 numerical variations and model elements used fogtneration of the set of selected sanitatioresy$SanSys) also called
392 Q. “”indicates that the model element is included J&h’ indicates the element was not used.

Run#  Name Size o a used to Clustering Classification to Selection based
(number of compute theSAS (according to STs on highest SAS
selected SanSys number of Techs
options) and number of

connections per

SanSys)

2.1 Baseline 36 0.5
2.2 Baseline (size of

Q=8)
2.3 a=0
2.4 a=1
25 No clusters
2.6 No system

templates
2.7 Random within

templates
2.8 Baseline (size of

Q=4)
2.9 Baseline (size of

Q=64)

393 3. Example application
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To demonstrate the application, we selected aceesad in Nepal. However, the case is not presented

in its entire complexity.

3.1. Application case

3.1.1.Description

We applied our model to a water and sanitationgutdn Katarniya, a small town in the mid-western
region of Nepal. Katarniya is very typical of anaxrging small town in Nepal. It is characterized by
rapid and unplanned growth, a weak institutionttiregg and a lack of human and financial resources.
Basic sanitation elements such as toilet infrasitinecare present, but full sanitation systems are
mostly absent. The project was planned and implésdeoy three partners of the Swiss Water and
Sanitation Consortium (SWC). The aim of the projeas to improve access to water and
environmental sanitation for the central part & tbwn with about 1000 inhabitants. In order to
improve the town’s sanitation situation, an envinemtal sanitation plan was developed using

CLUES (Liithi et al. 2011).

3.1.2.Data collection

As model input data, we use the results from a dianisl survey and an interaction workshop with the
local community, both of which were conducted by ginoject in 2016. We complement this data

with information that we collected during a fieldivin May 2017.

3.2.Step 1: Appropriateness assessment

3.2.1.Potential Techs

Figure 6 illustrates all potential Techsed for the assessment. We rely on a restricdedfliTechs

for illustration purposes. Theoretically any numbé&irechscould be used as a point of departure. We
have taken the list of potential Tedhsm theCompendium of Sanitation Systems and Technologies
(Tilley et al. 2014b). To showcase the integrattbnovel options, we added ‘vermi-composting’
(Amoah et al. 2016, Lalander et al. 2013), ‘streigtecipitation’, and ‘struvite application’ (Dahe

2012) to the list. These technologies have begades similar regions and shown to be promising.
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Figure 6: Overview of the sanitation technolog@®ducts and functional groups (FGs) used in tleengte application in

Nepal. Notes: (i) Storage (S) may also includet{@utreatment; (ii) Treatment (T) technologiesyntee applicable on-site
(no transport required) or offsite; (iii) the moaeln also include non-toilet sources which alloes gystem boundaries to
be extended (water tap, stormwater drainage, argantid waste collection).

424  3.2.2.Identification of screening criteria and attributes

425  The screening criteria for the application casedarived from the master list in Table 1. First, we

426 yalidated this list by conducting a workshop wikperts in Kathmandu in 2015. We noted very little

427 disagreement between the locally brainstormediigtthe master list provided. Second, based on

428  individual consultations with some key workshoptiggpants, we removed some criteria from the

429 master list because they were either not relevaotwtradicted the conditions listed in section®.2

430 These criteria from Table 1 were removed:

431 . Nb. 11 : not relevant.

432 . Np. 1, 2, 24, 25, 26, 30, and 31: involving majade-offs which should be discussed among

433 stakeholders.
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« Nb.5,6,7,9, 14, 20, 21, 22 and 23: Not enounfbrination available either for the AppCase

the Techs.

3.2.3.Quantification of screening attributes

To quantify the screening criteria, a pair of ptabty density and conditional probability functistis
needed for each pair of Tech and AppCase attriisete also section 2.2.2). These functions describe
the requirements and the conditions that have todtehed. In principle, any uncertainty model and
corresponding probability function could be usedwldver, the choice of probability function can
have an impact on the model output and should beypdata-driven to represent the state of
knowledge available at the structuring phase. Tata gources generally available at the structuring
phase include baseline reports, semi-structuredviigws, reports from previous projects, and
regional and national statistics. In the applicatase presented here, we found little informaition
these documents and therefore used rather simpibalpitity functions: triangular, trapezoid, uniform
and categorical distributions. Based on similaregigmces in other case studies (not presented, here)
we recommend working with such simple functionsegtavhere good reason or data exists to use
more sophisticated models (e.g. a normal or betailolition). Expert knowledge is required to
identify a probability function that embraces allavant data sources considering their potential
inconsistency. Here we provide some examples heviuictions are applied based on available
input data. The categorical function is a non-gardus function. It is best applied when the data
contains categories and a value for each categayadilable: e.g. 30% of population have low access
to water, 50% have moderate access, and 20% hglvebtess (categorical density function). The
uniform function is the simplest model and requaly an upper and lower level: e.g. Tech X has a
performance of 100% between 5°C to 35°C (conditianiZorm probability function). The triangular
function requires a minimum, maximum, and a medueza.g. the temperature in the AppCase
varies between 5 and 42°C with a mean at 28°(h(jikar density function). The trapezoidal function
requires four values including the minimum, the mraxm, and the two modes in between: e.g. the
performance of a Tech Y starts at -5°C, is 100%vbeh 5 and 25°C and then decreases until 50°C

(trapezoidal conditional probability function).
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Table 4 shows the final list of screening critetigg corresponding attributes, and the type of

probability function used in the application in Katiya for each attribute. The use of ‘d-’ at the

beginning of the function name refers to the dgrfsitction, ‘p-’ refers to the conditional probatyil

‘cat’ stands for a categorical function, ‘triangtefers to a triangular distribution, ‘range’ refeéo a

uniform distribution, and ‘trapez’ refers to a teapidal distribution. All the AppCasiata and the

Techdata are available in the associated data (DO52B1/zenodo.1092686).

Table 4: Overview of screening criteria, correspngdttributes and the type of uncertainty functieised to quantify the

attributes.

Screening criteria

Techattribute and probability function

AppCase attribu te and probability function

Water supply Water requirements pcat Water availability dcat

Energy supply Energy requirements ptriangle Energy availability rardje

Frequency of O&M Frequency of O& M dtrianige or O & M capacity prange
drange

Temperature Temperature requirements prange, ptrageZemperature range dtriangle
or ptriangle

Flooding Flooding tolerance ptrapez Flooding occurrence gkran

Vehicular access Access requirements ptrapez or Accessibility of households dtrapez
prange

Slope Slope requirements ptrapez Slope distribution aglie

Soil type / hydraulic Soil type requirements pcat Soil type occurrence at dc

conductivity

Groundwater depth Groundwater depth requirements prange, or | Groundwater depth occurrence dtrapez
ptrapez

Excavation Excavation requirements pcat Ease of excavation t dca

Construction skills Construction skills requirements dtriangle Condtancskills availability ptrapez

Design skills Design skills requirements dtriangle Design slalsilability ptrapez

O&M Skills O&M skills requirements dtriangle O&M #8ls availability ptrapez

Management Required management level pcat Preferred management level dcat

(household, shared, public)
Spare parts Spare parts requirements dcat Spasespaply pcat
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470 3.2.4.Quantifying TAS

471 TheAppCasaattributes and corresponding functions in Tableslenparametrized with the data
472 collected in Katarniya (see 3.1.2 Data collectidije Tech attributes for all Techs in Figure 6 were

473 quantified on the basis of the literature and oun @xpert estimations.

474 3.3.Step 2: Generation of sanitation systems

475 we use 37 Techs from the 43 shown in Figure 6 tiol blve SanSys option space. We have excluded

476 some Techs from the system generation in ordémiothe size of the option space and to make the

477 example application more illustrative. The excludedhs are all Techs from the kGqq as well as

478 the Techs struvite production, struvite applicatiemd irrigation. To compute tI®AS we usen =

479 o5,

480 3.4. Step 3: Selection of decision options

481 3.4.1.Classification into system templates

482 Taple 5 shows the properties aé@swhich we use for classifying the SanSys. Tmnpendium of
483 ganitation Systems and TechnolodiEfiey et al. 2014b) serves as the inspirationtfe STs used.

484 However, we defined the STs provided further bycgpimg distinctive profiles and refining some

485  gTs. For sixteen STs sorted into four groups, veeniise properties.

486 Table 5: System templates (ST) used to charactévizeanitation system (SanSys) option space. Teea& adapted from
487  Tilley et al. (2014b). Each of the 16 ST has a uaigrofile defined by a value for the nine progertil’ means that the
488 property applies (e.g. 'the systems do have dremadproduction”); 0 means that the propertiesidbapply (e.g. “there is
489  no dry material’); and ‘not defined’ (n.d.) meahsattthe property does not apply to this ST.

ST profiles

= Dry

0 material Transpo

S . . S .
o © . (pit Onsite i} X Witha
Z o STs Property / detailed humus, sludge . Blackwa rted Effluent . Transpo single

=] .. ) . Urine ) black-or | transpor | Biogas rted y

S description of ST C;Z’Z"Zi/ P“’::f” ter brown- ‘ biogas | 551;6

o st;r d water

e
faeces)
This includes simple onsite

o storage of dry or wet toilet
E i Dry onsite storage products w.ith slu{ige proz.iuction nd. 1 nd. nd. 0 nd. 0 0 1
7)) € | without treatment such as a single pit or a single

® ventilated improved pit latrine

= (vIp)

1)

s . Excreta are stored onsite and
o Dry onsite storage
= o ry 8 transformed to either pit humus 1 0 0 0 0 n.d. 0 0 0
»n and treatment or compost.

25



DI’y onsite storage Mainly urine diversion dry
« . . toilets (UDDTs) or dry
= without sludge with e 1 0 1 0 n.d. n.d.
W . . | composting systems with urine
urine diversion diversion.
-« o | Onsite blackwater
. s . Mainly onsite compostin,
= ‘2 | without sludge and viamty onsive compos Q 1 0 1 1 n.d. 0
7)) = i i : K systems with urine diversion
with urine diversion
o Offsite blackwater
: . . Sewer systems with urine
= treatment with urine | o n.d. n.d. 1 1 n.d. n.d.
[75) diversion
diversion
© Onsite biogas with Biogas reactor where effluent
= . g . goes to onsite infiltration (soak n.d. n.d. n.d. n.d. 0 n.d.
0 effluent infiltration | ;)
E Onsite biogas with Biogas reactor where effluent nd nd nd nd 1 nd
[75) * effluent transport goes to a simplified sewer. o o o o o
[
&0
S . . This mainly concerns the
o) & | Offsite blogas transport of pit humus or sludge
= without blackwater | (eg. from septic tanks) to a nd. | nd. | nd. | nd. n.d. n.d.
» transport (semi-)centralized co-digestion
facility
o Offsite biogas with Co-digestion of blackwater
= & 8¢ f o n.d. n.d. n.d. 1 n.d. n.d.
[75) blackwater transport collected through sewer lines
Onsite blackwater Blackwater is stored, dewatered,
S without sludge and m.ui transformed tz{ Eon.most or
= . pit humus (e.g. twin-pits); 1 0 0 1 0 0
n with effluent effluent goes to a soak pit or
infiltration similar.
Onsite blackwater Blackwater is stored, dewatered
= without sludge and and transformed to compost or
= . pit humus (e.g. twin pits); 1 0 n.d. 1 1 0
n with effluent effluent goes to a simplified
transport sewer or similar.
. Mainly septic tank or similar
‘(:l‘ Onsite blackwater options (which are not just for
[_] with sludge and storage but also involve some n.d. 1 n.d. 1 0 0
2] E effluent infiltration sort of basic treetmen.t); f’ﬂluent
< goes to a soak pit or similar.
g Mainly septi sini
. ly septic tank or similar
-~
@ < Onsite blackwater options (which are not just for
= E‘ with sludge and storage but also involve some n.d. 1 n.d. 1 1 0
effluent transport banE tn"a‘tmmt), eﬁluc‘nt.gocs to
a simplified sewer or similar.
i Concerns compact onsite
- Onsite blackwater p
— . wastewater treatment units such
[ treatment with . A k 0 0 n.d. 1 0 0
N . . as SBR; effluent goes to a soal
effluent infiltration | pit or similar.
0 Onsite blackwater Concerns compact onsite
o . wastewater treatment units such
B treatment with e 0 0 n.d. 1 1 0
n as SBRs; effluent goes to a
effluent transport simplified sewer or similar.
o s Everything goes to a
- Offsite blackwater yrms &
[_: (semi-)centralized system n.d. 0 0 1 n.d. 0
n treatment through sewer lines.

490

491 3.4.2.Clustering

492 por clustering within the STs, we use two propert{® the number of Techs per SanSys, and (ii) the

493 mean number of connections per Tech within a SaaSysmeasure of complexity.
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3.4.3.Selection of SanSys options

We define the number of SanSyQras 36 and distribute these 36 options acrossTheThe
distribution is proportional to the 90% quantileSASwithin each ST under the condition that each

ST is represented at least onc&in

3.5.Results of the application case

3.5.1.Step 1: Appropriateness assessment

The histogram of th&@ ASper FG may be seen in Figure 7: It shows thathiiercase the selection of
Tech in the FG C and T is most relevant, whilelalths in U, S, and D perform similarly well. None
of the Techs perform very badly because thosetegldérave already been shown to be applicable in

similar regions.

U Uadd S

: |

count

o I

0.7 0.8 0.9 1.0 07 0.8 0.9 1.0 07 0.8 0.9 1.0
technology appropriateness scofé\g)

Figure 7: Histogram of technology appropriatenesses TAS grouped per functional group (U: user interfddg;s user
interface other than toilet; S: collection and agm; C: conveyance; T: (semi-)centralized treatmi2nteuse or disposal).
Please be aware that the abscissae start at Orfoaatithe origin.

It is illustrative to identify those criteria thaifluence thelT ASthe most. Figure 8 shows the

distribution of theAS. grouped per FG. From a visual analysis, we canlegd¢he management and
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to a lower extent construction skills, temperatargge, and slope are the most variable criteria and

are therefore mainly responsible for the diversitf AS shown in the previous figure (Figure 7).
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technology appropriateness scdS (first box), followed by attribute appropriateneseres

Figure 8: Boxplot of technology appropriatenessaes@ A and criteria appropriateness scoS () grouped per
functional group (FG, U: user interface;dy user interface other than toilet; S: collection &torage; C: conveyance; T:
(semi-)centralized treatment; D: reuse or dispoJdig first box in each FG always corresponds édlthSand the
subsequent boxes to thA& .. A higher wider box indicates a higher variabilifythe TAS respectively the i. The figure
allows to visually identifying those FGs with morariability in terms ofTAS and to identify thosaS . that can be
accounted for this higher variability.

3.5.2.Step 2: System generation

In total, 17,955 possible SanSys can be generategse are distributed as follows: 2,166 SanSys for
the urine diversion dry toilets (UDDTSs), 380 foydoilets, 1,531 for pour-flush toilets and 13,538
urine diversion flush toilets (UDFTs). UDDTs and BDs have more SanSys because these sources
generate two output products (urine and faecetackWwater), which greatly increases the number of
Techs per SanSys and consequently the number sibpsombinations. The computation time on

an average desktop computer was approximately hdtes.

The number of Techs per SanSys varies between 3aridifferent numbers of Techs per SanSys are

represented in aBASranges, indicating that= 0.5 is probably a reasonable choice. In the ofse
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highera (e.g.a = 1, no penalization of length), we would have enleng systems with a high8AS

and for a lowen (e.g.a = 0) we would mainly see short systems with a I3&i$

3.5.3.Step 3: Option selection

The histograms of all SAS grouped according tosifstem templates (STs, see Table 5) are shown in
Figure 9. The figure illustrates how the total n@mbf SanSys per ST varies. This number depends
on the Techs available for a given ST and on tmeb®mx of products arising from these Techs. Both
have an effect on the number of possible Tech coatioins and thus on the number SanSys

variations.

We distribute the 36 options to be selected ambedsiTs proportional to the 90% quantileS#S

within each ST under the condition that each SEsesented at least once in S. The 90% quantile of
SASwithin each ST is illustrated by the red line igte 9. From the STs with a higher 90% quantile,
three SanSys are selected (ST.2, ST.4, ST.6, arddB5Dnly two SanSys are selected from all other

STs.

In Figure 10 we show the number of Techs per SaaBgshe number of connection per Tech.
SanSys with similar characteristics are groupedusters of same size within a ST (see also section
2.4). These clusters are indicated by the diffecetdurs. The SanSys with the b8#Sin each

cluster is selected to be @(marked by a cross).
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546 Figure 9: Histogram of sanitation system (SanSggy@priateness scoreSAJ grouped per system template (ST). The
547 numbers of SanSys per ST are also indicated (1€ 90&6 quantile oBASwithin each ST is used to distribute the total
548  number of SanSys to be selected and is indicate¢deosed line.
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550 Figure 10: Count plot of the number of Techs perSyarand the number of connection per Tech of aitai@on system
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552  within an FG (indicated by the different colourhélsize of the circles indicates the number of $améth exactly the

553  same characteristics. The system with the 8&Si(the most appropriate SanSys) in each clusteiésted to be used in the
554  decision-making process (marked by a cross).

555 Four examples of selected SanSys are illustratéibimre 11 (see SI-C for the others). The systems
556 (@), (b), and (c) are examples of SanSys that haea successfully implemented in the region of the
957 case study. The systems are diverse, as (a) i@ dry, (b) onsite wet, producing biogas, and (
558 s an offsite wet blackwater system involving califrmanaged natural wastewater treatment. The
559 SanSys given in (d) is a novel option for the crhté Nepal. It combines onsite vermi-composting
560 \ith urine diversion and centralized urine treattrard allows recovery of nutrients and organic
561 matter in the form of stabilized urine and compdsis system has shown high potential in similar
562 regions (Amoah et al. 2016), and it is therefoghlyi appropriate to include it in the set of demisi

563 options.
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Figure 11: Four examples of sanitation systems$8anselected for use in the decision-making pso¢fesm a total of 36;
see supporting information for the others). Eackitepresents a technology (Tech). The arrows inelitee sanitation
products. The letter in the parenthesis indicdtedunctional group. Systems (a), (b), and (c)varg different but are all
quite common in the region. System (d) is a noysiesn based on vermi-composting. (a) System temgIgST.2): dry
onsite storage and treatmer8AS-0.966; (b) ST.6 onsite biogas with effluent imfition, SAS-0.938; (c) ST.16 offsite
blackwater treatmen§AS$0.857; (d) ST.4 onsite blackwater without sludgd with urine diversionSA$0.958.

3.6. Results of sensitivity evaluation

3.6.1.Step 1: Appropriateness assessment of technoldgynep

The omission of some criteria influences the ragkihthe Tech as the impact on th&Sis not the
same for differenTechs To quantify the change in the ranking, we countedrtumber of Techs that
either moved up or down compared to the baseliume Lrl). Table 6 shows the count of changes per
FG and in total. The results are analysed sepgrteéach FG, as only Techs within the same FG
are true alternatives to each other. There isah 06226 changes for run 1.2 (without manageme&),
for run 1.3 (without criteria related to skillspas8 for run 1.4 (without criteria related to O&M)he
results compare well with Figure 8, showing thehhigpact of the management screening criterion
(run 1.2) and the criteria related to skills (constion, O&M, and design skills, run 1.3). The
omission of the criteria frequency of O&M and O&Milks also has an impact, although this is much
lower (Table 6, run 1.4). The criteria relatingQ&M also have an impact, but it is rather lowereTh

removal of the management criterion (run 1.2) adswlted in a lower variance of thi&S(not shown
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in the table, see associated data at DOI: 10.588&80.1092686 for full results), showcasing the

importance of this criteria to enhance the sigaifice of the rankings.

Table 6: Results from the sensitivity analysis ofyd.2 to 1.3. Run 2.1 serves as a baseline (nein3hdhe results are
shown as changes in position of the ranking ofTisehs within a functional group (FGs) accordinghteir technology
appropriateness scofé\S The results are analysed separately for eacta&Gnly Techs within the same FG are true
alternatives to each other.

Run
1.2 1.3 1.4
Number of
FG Without criteria related
Techs Without construction skills,
Without management frequency of O&M, and
O&M skills, and design skills
O&M skills
U 4 0 4 0
S 9 5 3 2
C 6 3 1 3
T 12 3 5 3
D 9 7 8 2
Total 43 26 22 8

3.6.2.Step 3: Option selection

The five elements that were varied in the analfggde section 2.7.1.2) have different impacton
Table 7 shows the characteristics of @egenerated in the runs 2.1 to 2.7. Teare evaluated by
the mediarBAS the diversity as a function of number of differeaurces withirQ, the number of
different STs, the number of different numberseatinologies per system, and the number of
different numbers of connections per Tech (seesdstion 2.7.1.2). Figure 12 highlights the divgrsi
and the media®ASof theQs obtained with the different runs. Figure 13 hightss the impact of the
size (number of selected SanSys) on the diver§i@. én the following, we discuss the influence of

all five evaluated elements on the medsSand the diversity.
3.6.2.1.Size 0Q

The baseline (run 2.1) has a siz&)f 36 compared to 8, 4, and 64 for runs 2.2, 218,29
respectively. The SanSys are selected in decreasileg ofSAS so that a smalleD will always

result in a higher medig®AS(Figure 12). As shown in Figure 13, the diversiigreases with the size
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of Q. The benefit of a larg® for diversity tempers as soon as the size of}lexceeds the total

number of STs defined (16 STs in our case, se€eTalbte 5).
3.6.2.2.a

A smalla penalizes long systems, so that O (run 2.3) results in a lower number of differe
numbers of Techs (see SI-D). This is reflectedhendiversity which is 9.75 far = 0 (run 2.3), 10.5
fora = 0.5 (run 2.1), and 10.75 far= 1 (run 2.4, Figure 12). The temralso shifts the scale of the
SASto lower values, so that the median SAS is naotly comparable. It is interesting to note that
the decrease in diversity, as well as the shiftifigct are both more pronounced:ifs reduced from
0.5 to 0, compared to an increase from 0.5 to is ifldicates that = 0.5 provides a good balance

between the penalization of long systems and miaintahigh diversity.

3.6.2.3.Clustering to structural properties

The clustering itself, as shown by run 2.5, hakelitnpact on the diversity or the medianSKS.
3.6.2.4 Classification to system templates

In run 2.6, we select the 36 SanSys with the higBaS jgnoring the STs and without clustering.
This obviously results in a high&AS(Figure 12), although the impact is small. Ondtteer hand,

the diversity is strongly impacted, as only fives3&main represented @
3.6.2.5.Use of the SAS

Inrun 2.7, we use STs to classify and then rangdimtiependently c6AS select the number of
options from each ST. This has a high impact omtbdianSAS(Figure 12), whereas the decrease of
diversity is negligible.

Table 7: This table shows the characteristics wémity and the median system appropriateness §88i@ of the sets of
selected sanitation systems (San®ys¢sulting from runs 2.1 to 2.7 of the sensitivatyalysis of step 3. The characteristics
of the different runs are shown in section 2.7 1r2summary, the highest impact on the diversity enediarSASof Q can
be observed by the size @f the use of STs (all except run 2.6), and the(asaot) of theSAS(all except run 2.7).

Characteristics Run
2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 29
(base-
line)
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Size ofQ (number of 36 8 36 36 36 36 36 4 64

selectedSanSy®ptions)

o 0.5 0.5 0 1 0.5 - 0.5 0.5 0.5
Other No No No SAS
elements clusters  system
template
s
Quality Diversity 10.5 6 9.75 10.75 10.25 6 10.25 .78 12

Median of SAS  0.938 0.959 0.769 0.964 0.948 0.958 0.848 0.956 9320.

628

12.5

2 4®

S
10.0 2.5
23®

2.1 - Baseline (size of Q = 16)

2.2 — Baseline (size of Q = 8)
7.5

629 2.3 - Alpha=0

Diversity ofQ

2.4 - Alpha =1

2.5 - No clustering » ¢®

® 6 o o

2.6 — No system templates
5.0 2.7 = Random within templates (no SAS)
2.8 — Baseline (size of Q = 4)

2.9 - Baseline (size of Q = 16)

0.6 0.7 0.8 0.9 1.0
MedianSASof Q

630 Figure 12: Characteristics of the set of selectedtation systems (SanSy§)for nine different runs for Step 3 (see also
631 Table 3). The diversity is plotted against the madbanSys appropriateness scogsy Note that runs 2.3 and 2.4 have
632 differenta, so that their mediaBASare not directly comparable.

35



831

635
636

637

638
639
640
641

642

643
644
645
646
647

10.0

g
o
2
o
g 7.5
a 2.1 - Baseline (size of Q = 16)
2.2 — Baseline (size of Q = 8)
¢ 2.8 - Baseline (size of Q = 4)
2.9 - Baseline (size of Q = 16)
5.0

0 20 40 60
Size of Q

Figure 13: Diversity of the set of selected saittasystems (SanSy€) for four different runs (2.1, 2.2, 2.8, and 2.9)gas
function of the size of) (see also Table 3). The diversity increases wighsibe 0fQ. The benefit of a larg® for the
diversity tempers after the size @fexceeds the total number of system templates

4. Discussion

The procedure presented here systematizes theagjenenf a diverse but manageable set of locally
appropriate sanitation system options. The corpga# is to break down the typically opaque option
generation step into smaller more reproducible elgm It is by no means intended to replace the
technical know-how required for detailed plannimg @nplementation but serves to help integrate

the growing number of decision criteria and tecbgwmal options into the decision-making process.

In addition, some elements in the procedure stijlire some degree of judgement. These include (1)
the identification of a set of potential technokxgi(2) the case-specific choice of the set ofestng
criteria; (3) the definition of the screening crigeattributes and corresponding uncertainty mqdels

(4) the aggregation method for thASandSASappropriateness scores; (5) the checking of tia fi

set of sanitation system options from a processergng point of view; and (6) the definition diet
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system templates and the number of selected opsares ofQ). In the following, we discuss these
elements in more detail and argue that, despitethabjectivities and the need for expert judgement
the increased transparency and the formal strucfusar approach still offers substantial advance

over the currently used approaches.

4.1.Identification of potential technologies

The main decisive element of the presented proeeduhat it shifts the burden of choosing complete
sanitation systems to selecting potential techne®d\s this requires no local expertise, we believ
that it is easier to compile a comprehensive ligiatential technologies (Techs) from literature or
experience and then to identify a set of appropraid complete sanitation systems (SanSys). This is
also emphasized by the huge number of potentigbEaas demonstrated in this paper, compared
with the rather limited number of potential Tectte provide a list of potential Techs based on the
literature (Tilley et al. 2014b) and correspondmngdel input data in the linked dataset for reuse in

other applications of the procedures (DOI: 10.52846d0).

4.2.Choosing a set of screening criteria

A second decisive element of the procedure is sieeofi screening criteria to eliminate inappropriate
options at the beginning and to streamline thesimtimaking process. Obviously, which screening
criteria are used has an impact on the outcomieeo$treening procedure. Because no trade-offs are
discussed at the screening stage, screening aritieould be exclusively exogenous and as
independent of stakeholder preferences as poskibleever, in practice the lines are not always
clear. Legal directives, cultural constraints, amdilable skills are often seen as exogenouslyfixe
However, these might represent current or pasebBtler preferences, such as in the case of legal
directives, and can be changed or ignored by tiebblders. Therefore, the choice of screening
criteria relies on the expert in charge of the poare and will thus imply a certain level of

subjectivity about how adaptable they are.

In the example application, we have shown a patHaagtructuring the selection of screening

criteria as transparently as possible. We providarafully assembled master list of possible
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screening criteria (see Table 1 and SI-A). We tr@pose involving the stakeholders in selecting

case-specific screening criteria.

Because the screening criteria are derived fronotlegall objective hierarchy of sustainable
sanitation, some of them might also be relevaet liatthe SDM process. For example, a common
screening criterion is water use; a potential tettgy should not exceed the amount of water
available in the application case. Neverthelessd#tision-maker still might want to prefer among

the appropriate Techs, those with lower water use.

4.3. Quantifying attributes and their uncertainty

A third decisive element of the procedure is the afsattributes for the calculation of approprigtes
scores for every technology and sanitation systdmair quantification is based on probability
functions characterizing the screening criteriatf@ technology (Tecattribute) and the application
case (AppCase attribute). The selection and queatitn of probability function should be mainly
data driven and based on data available at thetsting phase of decision making (e.g. household
survey, official statistics, baseline reports, ferrproject reports). The uncertainty model for each
attribute can then be derived from the data avigilabing the simplest model that describes the data
sufficiently (e.qg. triangular distribution). Theporting information in SI-A and the data (DOI:

10.5281/zenodo) provide a good starting pointhis step.

We are well aware that the detailed choice oftatté and corresponding probability function for
each screening criterion might have a substamiphct on the outcome of the analysis (see e.g.
section 3.6.1). This step of the procedure depstrdagly on the experts in charge of the procedure
and therefore also implies a certain level of sttbji#y. However, this is a system-immanent problem
that many value-focussed SDM procedures face (ge&eeney and Gregory 2005) and not a

problem specific to the procedure proposed here.

In the application case, we present a stakeholdented approach, agreeing with them not only

about the case-specific screening criteria (seebilalso the attributes by which these are evatlia
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4.4.Quantifying appropriateness scoredAS and SAS

A fourth decisive element of the procedure is #ehhology and system appropriateness ScOmS (
andSAS. They express the confidence in how appropriaedchnologies and sanitation systems are
for a given application case. The appropriatenesses on their own are not sufficiently robust to
identify a single most appropriate solution (asvalan the sensitivity analysis in 3.6.1), but tleey

very well able to show whether any options areifigantly more or less promising than others for a
specific application case. It therefore acknowleddpat hardly any Tech is 100% appropriate and
thus reduces the risk of eliminating options todyeddowever, it is important to note that th&S
andSAScannot provide information on the real performaoicthe technologies and systems in the
future. The real performance depends not only eraipects covered by the screening criteria but
also on many other factors such as implementatifloent quality and quantity, and operation and

maintenance.

For the quantification of the technology appronegss scord,AS,we aggregate the match of the
Techattribute and the AppCastribute for all screening criteria. The geometnean aggregation
function satisfies our requirements of allowingeliént numbers of criteria and turning equal t@zer
if at least one element is zero (see 2.2.3). Howehies aggregation model also implies that the
number of criteria used is relevant; the more getare used, the less relevance any single aiteri
has to the overall score. The selection of caseHsperiteria from the master list involving
stakeholders as described in 4.2 can help to thmitet of screening criteria used to the most
relevant. If the list of screening criteria remalioisg (e.g. greater than 15), we recommend thefise
hierarchical structures and of sub-level aggregats aggregation via the geometric mean is not an

associative function (Grabisch et al. 2011).

To quantify the system appropriateness sc@AS§ we propose a weighted multiplicative
aggregation model that allows us to define how mlan SanSys should be penalized. The main
argument here is that the appropriateness of lgstgms with many technological steps might be
judged to be less appropriate than that of shartdrtherefore less complex systems with

technological elements of same appropriateneghelapplication case presented in this paper, we
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726 ghow that the chosen value for 0.5 (see 3.6.2.2) leads to a well-balanced hebathat penalizes

27 very long systems but still allows high diversitythe final set of SanSys.

728 45 Generation of the sanitation system option space

729 Afifth decisive element of the procedure is theoanatic generation of all possible system

730 combinations. The application example showed thasystematic option generation allows the

731 diversity of the option space to be expanded, alsit results ilBanSy®ptions that are not widely
732 applied (see Figure 11c). This enhances the prhtyatbiat innovative or unusual options find their
733 way into the decision-making. The innovation canii how technologies are combined (e.qg.

734 combining a urine-diverting toilet with vermi-conmgimg) or in the integration of novel technology
735 options. For instance, the model could providgafisible sanitation systems that can be realizéd wi
736 the blue diversion toilet (Larsen et al. 2015).&tded benefit of this systematic process is the

737 creation of truly comparable alternatives that npooate everything from user interface to disposal.

738 10 palance the comprehensiveness of the SanSysaggtace with the computational efforts
739 required, we used a semi-acyclic algorithm thatvedl loops only the functional groups storage and
740 treatment (S) and (semi-)centralized treatmentIfThere are no computational limitations, thdyful

741 cyclic algorithm could be used (see SI-B).

742 tis important to emphasize that the procedureiges generic SanSys including the technologies
743 and the type of products that flow between thenweéieer, it does not provide (i) detailed

744 characteristics of input or output quantities oalgies or (i) any spatial information. For exampl
745 the semi-centralized composting system displayddguare 11c could consist either of one central

746 large co-composting site or several smaller onelifiarent areas of the town.

747 The SanSys builder is based on a series of simglifins and assumptions. For instance, it reqaires
748 standardized set of products and is not able tergé® new products, as the model does not have any
749 process engineering knowledge. As a consequena different products are mixed together in a
750 conveyance technology, the output product will glsvae that with the highest degree of pollution.

751 For example, aonventional sewer fed with greywater and blackwailt produce blackwater. The
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same sewer fed only with blackwater will also proglblackwater. It is clear that the degree of
dilution of a certain product might influence therfprmance of the subsequent treatment step.
Another simplification concerns the relationshipvieen the input and output products by ‘AND’,
‘OR’, or ‘XOR’; this does not allow special casedde described. For example, a biogas reactor can
have dried faeces OR sludge as an input producfrdia an engineering perspective dried faeces as
the only input does not make too much sense. Toierebne must assume that some of the
permutations might not be sensible from a purebcess engineering perspective. This can easily be
rectified by checking the set of SanSys selecteidp 3 of the procedure before passing them on to
the SDM process. Moreover, the SDM process wilbphdy also include a detailed performance
evaluation of the SanSygptions, where their technical performance candrepared to other

decision objectives.

4.6. Selection of the final set of SanSys options as eput into SDM

A sixth decision element is the systematic selaabiba final set of SanSys. This step is desigoed t
reduce the overwhelming number of San§gBons to a limited number that can be manageanby
SDM or MCDA process. The requirements for the dtbor are that (i) the diversity of the set of
SanSys is maintainednd (ii) the most appropriate options are seledibd.algorithm has four key
parameters: (i) the aggregation function used topde theSAS (ii) the size of the final set of
optionsQ; (iii) the system templates (STs); and (iv) tharatteristics used for clustering. We showed
that the size o and the system templates have the highest impeittsodiversity ofQ. The use of

the SASguarantees that only the most appropriate optoaselected.

The size ofQ depends on the capability of the SDM methodologyseh to treat various numbers of
decision optionsWe show that the diversity increases with the efz2@ while the medialsASof Q
decreases. The increase in diversity is only relewuatil the size o) exceeds the total number of
system templates (see Figure 13). Increasing geecdQ any further then mainly leads to a decrease
of the mediarBASas an increasing number of less appropriate Saan®yiacluded Q. This shows

that there exists a quasi-optimal sizeQodven if the SDM methodology were able to managg ver

41



778

779

780
781
782
783
784
785
786
787
788

789

790
791
792
793
794
795
796
797
798
799
800
801
802
803
804

high number of options. This optimal size is egoadr slightly higher than the number of defined

system templates.

The way system templates are defined also inflleehog much weight different groups of system
templates might gain iQ. In the example application, we decomposed the gobiytackwater

system templates into seven sub-templates (see balbtompared to only two sub-templates for the
onsite simple, thus giving blackwater systems adrigveight. We argue that the number of Techs
available is higher in the blackwater group and tha diversity of these options should be accalinte
for. However, other definitions might be more shiiéafor other decision contextBhere is some
subjectivity in how the system templates are deffiiln@wever, this is also the case for the diversity
decision options that may be requested (Gregoay. @012, Keeney 1996). We here suggest

verifying the choice of system templates with tteksholders in an application case.

4.7.Limitations and outlook

The main limitations of the procedure presentee tierin the experts’ skills and local knowledge to
provide suitable inputs. In the future, this prasedcould therefore be more strongly adapted to
different settings so as to connect it more intefyatvith existing planning procedures. Good results
might be achieved by using the proposed procedugerterate technology profiles and system option
compendiums. Specialized knowledge and availaligadn-relevant data could be used to
characterize the technology profiles. The Sartfsyigler could be used to generate the corresponding
system compendium. These products could then likindecal sanitation planning processes to
identify appropriate technology profiles and systgstions as input for local decision-making (e.qg.
CLUES). This would allow a standardized approaet tdombines in-depth expert knowledge about
potential technologies with local data and prefeesn The appropriateness assessment based on the
technology profiles can be discretized, which waukake it independent of modelling software. As
much of the system generation and option selegtiooedures are algorithms, the system
compendium could be implemented as a web-basetee¢hat centralizes in-depth technical know-
how and provides the user with localized optionsaddition, specific technology profiles and system

compendiums could be generated for typical regambsettings. The system templates could be
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805  (efinedina way to correlate with appropriatermasgies for different regions, which would further

806  facilitate the integration of the approach into libeal sanitation planning process.

807 an interesting extension of the SanSys builder wdd the addition of a material flow analysis
808  module. This would allow for the guantitative esiion of the performance of entire sanitation
809 systems including nutrient, water, or solids recpymtentials as additional indicators that can be

810  ysed by the decision-making process.

811 5 Conclusions

812 e present a codified and therefore reproducildeguture to identify an initial set of SanSys

813 (ecision options as an input into a structuredsi@cimaking (SDM) process such as CLUES, a

814 strategic sanitation planning guideline developedifban settings in the global South (Luthi et al.
815 2011). The procedure is not meant to identify testloption, because this is what SDM does. Instead,
816 i focusses on potentially appropriate options @ilaintaining high conceptual diversity.

817 Furthermore, it is meant not to replace but to supgngineering know-how in an SDM process. It

818 provides a series of advantages over currently esgarical methods:

819 i. Itis automated and thus allows very large numbé&technology and system options to be
820 dealt with;

821 il. It makes technical suggestions for each and evedgugt and therefore enforces the

822 consideration of entire sanitation systems;

823 iii. it is systematic and thus enhances the reproditgibitd transparency of option generation;
824 iv. it explicitly considers uncertainties relating twél conditions and technology options and
825 thus can work with data and information generallgilable at the structuring phase, also in
826 developing urban areas; and

827 v. it caninclude novel technologies and thereforeegates options that have not yet been
828 widely applied but are nevertheless realistic fesw in the application case). The hope is
829 that such novel options have the potential to beersastainable than conventional ones in
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developing urban areas because of e.g. their grigatéility to demographic changes and

the opportunities for resource recovery (e.g. patg, energy, or water).

The procedure remains sensitive to several parasnigt should ideally be defined together with
local stakeholders: the definition of potentialteclogies; the set of screening criteria, attribugand
uncertainty models; and the system templates. Marethe procedure is generic and can be
extended to integrate other parts of urban watgtesys (e.g. stormwater) and applied to other
complex infrastructure problems, such as solid avasinagement. The procedure is sufficiently
systematic that it could be standardized for regjion national planning procedures and provide low-

level support for local decision-making and plamgnimocedures.
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Highlights:

« Automatic generation of all sanitation systems considering novel technologies.
«  The most appropriate and divers subset of sanitation systemsis selected.

« Thesize of the subset is defined by the decision-making process.

« Uncertainties relating to the technol ogies and local conditions are considered.

« A sengitivity evaluation shows the robustness of the suggested procedure.



