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Abstract 13 

The identification of appropriate sanitation systems is particularly challenging in developing urban 14 

areas where local needs are not met by conventional solutions. While structured decision-making 15 

frameworks such as Community-Led Urban Environmental Sanitation (CLUES) can help facilitate 16 

this process, they require a set of sanitation system options as input. Given the large number of 17 

possible combinations of sanitation technologies, the generation of a good set of sanitation system 18 

options is far from trivial. 19 

This paper presents a procedure for generating a set of locally appropriate sanitation system options, 20 

which can then be used in a structured decision-making process. The systematic and partly automated 21 

procedure was designed (i) to enhance the reproducibility of option generation; (ii) to consider all 22 

types of conventional and novel technologies; (iii) to provide a set of sanitation systems that is 23 

technologically diverse; and (iv) to formally account for uncertainties linked to technology 24 

specifications and local conditions. 25 

We applied the procedure to an emerging small town in Nepal. We assessed the appropriateness of 40 26 

technologies and generated 17,955 appropriate system options. These were classified into 16 system 27 
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templates including on-site, urine-diverting, biogas, and blackwater templates. From these, a subset of 28 

36 most appropriate sanitation system options were selected, which included both conventional and 29 

novel options. 30 

We performed a sensitivity analysis to evaluate the impact of different elements on the diversity and 31 

appropriateness of the set of selected sanitation system options. We found that the use of system 32 

templates is most important, followed by the use of a weighted multiplicative aggregation function to 33 

quantify local appropriateness. We also show that the optimal size of the set of selected sanitation 34 

system options is equal to or slightly greater than the number of system templates. 35 

As novel technologies are developed and added to the already large portfolio technology options, the 36 

procedure presented in this work may become an essential tool for generating and exploring 37 

appropriate sanitation system options. 38 

Graphical abstract 39 

 40 
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Abbreviations/glossary:  47 

SDM  Structured decision making 48 

MCDA  Multi-criteria decision analysis 49 

CLUES  Community-Led Urban Environmental Sanitation 50 

Tech  Technology option 51 

AppCase Application case  52 

SanSys  Sanitation system 53 

Product  Sanitation product 54 

FG  Functional group. There exist five FGs: U: User interface; S: Collection and storage. 55 

C: Conveyance; T: Treatment; and D: Reuse or Disposal. Uadd is a variation of U  56 

ST  System Template 57 

ASt,c  Appropriateness Score for criteria c and Tech t 58 

TAS  Technology Appropriateness Score 59 

SAS  System Appropriateness Score 60 

Q   Set of selected SanSys  61 

Nb  Number 62 

SI  Supporting Information 63 

1. Introduction  64 

1.1. The global sanitation crisis 65 

Sanitation is crucial for human and environmental health as well as social and economic development 66 

(WHO 2013). Its critical role for development was recognized in the Millennium Development Goals 67 

(MDG, UN 2000) and was taken further in the Sustainable Development Goals (SDGs) for 2030 (UN 68 

2015). Despite these efforts, the world has fallen short of its MDG sanitation target, leaving 2.3 69 

billion people without access to basic sanitation facilities and even more (WHO and UNICEF 2017) 70 
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without integration into a fully functioning sanitation system. The situation is particularly challenging 71 

in the urban areas of developing countries, where most current population growth is taking place 72 

(UNFPA 2007). These areas are characterized by high population densities, the low financial power 73 

of their citizens, and a predominantly informal sanitation sector (Dodman et al. 2013, Isunju et al. 74 

2011, Ramôa et al. 2016, Tremolet et al. 2010). If sanitary facilities exist, they are often only basic 75 

systems such as pit latrines and septic tanks (Munamati et al. 2017). Systematic collection and safe 76 

disposal of wastewater and sludge are often missing (Strande 2014, WSP 2014), leading to 90% of 77 

urban wastewater globally being discharged without appropriate treatment (UNW-DPC 2013). 78 

1.2. Failure of conventional approaches 79 

The abandonment or breakdown of sanitation infrastructures in developing urban areas is a common 80 

phenomenon (Barnes and Ashbolt 2006), which indicates the failure of conventional approaches to 81 

sanitation planning and service provision (McConville 2010). Planning approaches have a tendency to 82 

be top-down, technology-driven, and focussed on implementations of technology or regional master 83 

plans. This has led to inappropriate technology choices for local physical and social environments and 84 

the often-limited available human and financial resources for maintenance and operation 85 

(Kalbermatten et al. 1980, Kvarnström et al. 2011, Menck 1973, Starkl et al. 2013, Tilley et al. 86 

2014a). 87 

1.3. Sustainable sanitation systems planning 88 

It is now widely accepted that sanitation planning should consider the entire sanitation chain and rely 89 

on the principles of sustainability. Sustainable sanitation systems not only protect and promote human 90 

health; they also protect the environment and natural resources and are economically viable, socially 91 

acceptable, and technically and institutionally appropriate (Kvarnström et al. 2004, SuSanA 2008). A 92 

sanitation system is a set of technologies which in combination treat and manage human waste and 93 

wastewater from the source of generation to the final point of reuse or disposal. This includes five 94 

functional groups (FGs): the user interface, collection and storage, conveyance, semi-centralized 95 

treatment, and reuse or disposal (Tilley et al. 2014b). Each technology should be appropriate to the 96 
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context-specific health, environmental, economic and financial, socio-demographic, and institutional 97 

conditions. This strongly highlights the multicriteria aspect of sanitation systems planning (Zurbrügg 98 

et al. 2009) and the importance of trade-offs and stakeholder preferences (e.g. Lennartsson et al. 2009, 99 

Motevallian and Tabesh 2011, Willetts et al. 2013).  100 

1.4. Available planning frameworks 101 

Several sanitation system planning frameworks have been proposed (e.g. Ashley et al. 2008, Bracken 102 

et al. 2005, Hendriksen et al. 2012, Kvarnström et al. 2011, Kvarnström and Petersens 2004, 103 

Lennartsson et al. 2009, Lundie et al. 2006, Lüthi et al. 2011, Nayono 2014, Parkinson et al. 2014, 104 

Tilley et al. 2010, van Buuren and Hendriksen 2010). Many of them use structured decision-making 105 

(SDM) in combination with multicriteria decision analysis (MCDA). SDM helps to structure the 106 

decision-making process and to deliver insights about what matters to diverse stakeholders and how 107 

well various objectives may be satisfied by different decision options (Gregory et al. 2012, Marttunen 108 

et al. 2017). Well-known SDM frameworks for sanitation planning in urban areas of developing 109 

countries include Community-Led Urban Environmental Sanitation, CLUES (Lüthi et al. 2011, Lüthi 110 

and Parkinson 2011, Sherpa et al. 2012), and Sanitation 21 (Parkinson et al. 2014). 111 

1.5. Lack of adequate decision options creation 112 

Planning and decision-making in developing urban settings still face various practical challenges 113 

(Barnes and Ashbolt 2006, McConville 2010, Ramôa et al. 2018). Amongst these, the systematic 114 

generation of decision options is one of the more substantial weaknesses (Hajkowicz and Collins 115 

2007). In particular, the diversity of available technologies, the multiple sustainability dimensions, 116 

and their corresponding criteria are often not sufficiently considered. 117 

Approaches to option generation that have been applied to sanitation include cause-effect analysis, 118 

creativity-based techniques such as brainstorming, and mixed approaches such as decision matrices 119 

and strategy tables (Eisenführ et al. 2010, Gregory et al. 2012, Keeney 1996, Larsen et al. 2010, 120 

McConville et al. 2014, Tilley et al. 2014b). The results of these procedures rely strongly on the 121 

available expertise and are therefore somewhat arbitrary. 122 
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To overcome this disadvantage, the Compendium of Sanitation Systems and Technologies (Tilley et 123 

al. 2014b) presents a compilation of available technologies and thus enables the systematic creation of 124 

sanitation system options by combining compatible technologies. The disadvantage of this approach 125 

is that it results in several hundred thousand potential options for sanitation systems. 126 

Option generation is complicated by the emergence of many novel technologies in the recent years, 127 

especially for on-site sanitation and semi-centralized systems (e.g. Amoah et al. 2016, Larsen et al. 128 

2016, Parker 2014, Tilmans et al. 2015, Tobias et al. 2017). While novel technologies increase 129 

engineering flexibility and allow resource recovery, they also substantially increase the complexity of 130 

creating decision options. 131 

Decision-making processes require a manageable number of options. In reality, it is often hard to 132 

consider more than several dozen decision options in an SDM process (e.g. with multiple−attribute 133 

value theory, MAVT, or multiple−attribute utility theory, MAUT) or six to eight according to 134 

(Gregory et al. 2012, chap. 7). Common methods to decrease the option space are Pareto optimality or 135 

dominance (e.g. Chen et al. 2008), sequential screening in combination with subset selection (Kilgour 136 

et al. 2004), and screening by restriction and aspiration levels (Eisenführ et al. 2010). The problem 137 

with these methods is that they require information on both the preferences of the stakeholders and the 138 

performance of options. However, this information is typically unavailable at the structuring phase of 139 

decision-making. Moreover, screening carries the risks that good options are discarded and that the 140 

criteria used imply value trade-offs (Gregory et al. 2012, Keeney 2002). Therefore, screening 141 

procedures need to carefully consider uncertainties and use criteria that can be exogenously defined 142 

and are independent of stakeholders (Eisenführ et al. 2010, Gregory et al. 2012). 143 

1.6. Aim of this paper 144 

The aim of this methodological paper is to present and exemplify a systematic procedure designed to 145 

generate a set of sanitation system options that can be used in a structured decision-making process 146 

(Figure 1). The procedure is able to 147 
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• systematically include all types of conventional and novel technologies for building entire 148 

sanitation systems; 149 

• provide a limited set of sanitation system options that (i) are appropriate to a given application 150 

case and (ii) incorporate diverse technologies and system configurations; and 151 

• consider the uncertainties relating to the technology properties and local conditions. 152 

The procedure only generates technical options and does not include financing or maintenance 153 

schemes. It is targeted at planners and engineers and intended as support for the structuring phase of a 154 

decision-making process, as Figure 1 explains. 155 

 156 

Figure 1: Schematic illustration of the wider structured decision making (SDM) framework in which the procedure presented 157 
here is integrated. The procedure is intended to generate a limited and diverse set of locally appropriate sanitation system 158 
options as an input into the SDM process and is targeted at planners and engineers. The schematic of the SDM process was 159 
adapted from (Schuwirth et al. 2012) and (Lüthi et al. 2011). 160 

2. Model development and methods 161 

2.1. Overview of the procedure 162 

The procedure is designed to generate a set of decision options as an input into the SDM process. 163 

Decision options, also called decision alternatives, are possible actions designed to address the 164 

decision objectives. Decision objectives describe a goal that should be achieved with one of the 165 

decision options. In other words, decision objectives describe what matters to the decision-makers and 166 

stakeholders (Gregory et al. 2012). In this paper, we use the definition of sustainable sanitation as a 167 

proxy for typical urban sanitation planning decision objectives (Kvarnström et al. 2004, SuSanA 168 
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2008). The final decision entails the selection of a single decision option from a given set of decision 169 

options. In sanitation planning, a decision option generally consists of a sanitation system (see below) 170 

complemented by other aspects. In this paper, the term decision option always refers only to the 171 

technical part of a sanitation system. The procedure consists of three major steps; see Figure 2. 172 

 173 

Figure 2: Detailed overview of the presented procedure. The procedure consists of three steps. In step one, the context-174 
specific appropriateness of a set of potential technologies (Techs) is evaluated. In step two, all possible sanitation system 175 
(SanSys) options are generated by the combination of compatible Techs. In step 3, a subset of most appropriate and most 176 
diverse SanSys is selected to be used in the structured decision making (SDM) process. 177 

2.2. Step 1: Appropriateness assessment of Techs 178 

The goal of this first step is to identify those technologies among all potential ones that are 179 

appropriate for a specific application case. A technology (Tech) is defined as any process, 180 

infrastructure, method or service that is designed to contain, transform or transport sanitation products 181 
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in which the presented procedure is applied. For example, if a Tech requires a water supply, and the 183 

provision of water is not possible in the AppCase, this Tech can be excluded immediately.  184 

Most Techs can have multiple input and output products in different configurations. Sanitation 185 

products are materials that are generated either directly by humans (e.g. urine, faeces, greywater), the 186 

urban environment (e.g. stormwater), or by the Techs (e.g. sludge, blackwater, biogas). We use a 187 

standardised set of products based on the definition of Tilley et al. (2014b) (see also Figure 6). For 188 

instance, a septic tank can have blackwater and greywater as an input, or blackwater alone.  189 

2.2.1. Identification of screening criteria 190 

The appropriateness of Techs is evaluated on the basis of screening criteria derived from the overall 191 

decision objectives for sustainable sanitation as defined by (SuSanA 2008). Based on this definition, a 192 

sustainable sanitation system not only has to protect and promote human health by providing a clean 193 

environment and breaking the cycle of disease but also has to be economically viable, socially and 194 

institutionally acceptable, technically appropriate, and protective of the environment and natural 195 

resources. We translated this definition into five main decision objectives: (1) protection of human 196 

health, (2) financial and economic viability, (3) social and institutional acceptance, (4) technical 197 

functionality, and (5) protection of the environment and natural resources. We then established an 198 

overall objective hierarchy for sustainable sanitation planning: we compiled the lower level objectives 199 

for each of the five main decision objectives and listed the corresponding quantitative and qualitative 200 

attributes based on existing literature (e.g. Balkema et al. 2002, Chen and Beck 1997, Dunmade 2002, 201 

Krebs and Larsen 1997, Kvarnström et al. 2004, Larsen and Gujer 1997, Lennartsson et al. 2009, 202 

Lundin et al. 1999, Palme et al. 2005, Sahely et al. 2005). Attributes measure how well an option 203 

performs with respect to a decision objective. Other terms used for attributes are ‘performance 204 

measures’ and ‘objective variables/functions’ (Eisenführ et al. 2010). A summary of the literature 205 

review, the objective hierarchy, and the corresponding attributes are available in SI-A. 206 

We then compiled a master list of screening criteria (see Table 1) by identifying decision objectives 207 

and corresponding attributes that fulfil three requirements: (i) they can be defined exogenously (they 208 

are ‘fixed’); (ii) they do not involve trade-offs that might be weighted differently by different 209 
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stakeholders; and (iii) they can be evaluated on the basis of the information and data generally 210 

available in the structuring phase of decision-making (i.e. baseline reports, local and regional 211 

statistics). The set of screening criteria contained in the master list overlap with the concept of 212 

appropriate technology (see Figure 3), which is a sub-domain of sustainable sanitation that evolved 213 

earlier (Bouabid and Louis 2015, Goldhoff 1976, Iwugo 1979, Kalbermatten et al. 1980, Loetscher 214 

1999, Magara et al. 1986, Menck 1973, Schumacher 1973, Singhirunnusorn and Stenstrom 2009). 215 

The master list of screening criteria should be adapted to the local preferences in an AppCase. This 216 

contextualization is also important, as the requirements used for the identification of screening criteria 217 

can vary in different contexts. For instance, legal aspects are generally recognized as fixed (defined 218 

exogenously) in Switzerland but are seen as flexible in Nepal. Another example is that of financial 219 

criteria: in some cases, they are perceived as stakeholder-independent killer criteria, even though they 220 

involve major trade-offs. 221 

 222 

Figure 3: Dimensions of sustainable sanitation and overlap with other commonly defined concepts used to evaluate 223 
sanitation infrastructures. Screening criteria were derived from all sustainable sanitation criteria based on three factors:(i) 224 
they can be defined exogenously (ii) they do not involve trade-offs; and (iii) they can be evaluated on the basis of the 225 
information and data generally available at the structuring phase of decision making (i.e. baseline reports, local or regional 226 
statistics). The identified set of screening criteria overlaps with the concept of appropriate technology, which is a sub-227 
domain of sustainable sanitation. 228 
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Table 1: Master list of screening criteria used to assess the local appropriateness of technologies (Techs). To improve 229 
readability, we grouped the criteria into legal, technical, physical, demographic, socio-cultural, capacity and managerial, and 230 
financial aspects. Each screening criterion is further specified by an attribute for the Tech and one for the AppCase (see also 231 
Figure 4). Possible metrics for the evaluation of the attributes are also given. By matching the Tech attribute to the AppCase 232 
attribute, the appropriateness score for the given criterion can be evaluated. (Nb=number). 233 

Nb Screening criteria Tech attribute Possible evaluation metrics AppCase attribute 

Legal 

1. Effluent Effluent quality Microbial quality (faecal coliforms, 

helminths, viruses) 

Chemical quality (toxic substances, 

Nitrogen, Phosphorus, total solids, 

biological oxygen demand, chemical 

oxygen demand) 

Legal requirement for the 

effluent 

2. Solid residue Solid residue quality Microbial quality (faecal coliforms, 

helminths, viruses) 

Chemical quality (toxic substances, 

Nitrogen, Phosphorus, total solids, 

biological oxygen demand, chemical 

oxygen demand) 

Legal requirement for the solid 

residues 

Technical  

3. Water Water requirements Litre per capita per year Water availability 

4. Energy  Energy requirements Kilowatt-hours per capita per year Energy availability 

5. Water stability Vulnerability to water supply 

disruption 

Hours per day Frequency of water supply 

disruption 

6. Energy stability Vulnerability to energy 

supply disruption 

Hours per day Frequency of energy supply 

disruption 

7. Construction material Construction material 

requirements 

Pipes, pumps, concrete Construction material 

available 

8. Spare parts Spare parts requirements Ladder Spare parts supply 

9. Chemicals Chemicals requirements Ladder  Chemicals supply 

10. Operation and 

maintenance (O&M) 

Frequency of O&M 

requirements 

Hours or event per capita per year O&M capacity 

Physical 

11. Climate Climate type requirements Category: tropical, dry, temperate, cold Type of climate 

12. Temperature Temperature requirements Celsius Temperature range 
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13. Flooding Flooding tolerance Days of flooding per year accepted 

(scale to be defined) 

Flooding occurrence  

14. Area Plot area requirements Meter square per person Average free area available per 

person 

15. Vehicle access Access requirements Per cent (m2 of buildings/m2 of total 

area) 

Accessibility of households 

16. Slope Slope requirements Per cent Slope distribution 

17. Soil type Soil type / soil permeability 

range tolerated 

cm/hours Soil type occurrence 

18. Groundwater depth Groundwater depth 

requirements 

Meter Groundwater depth occurrence 

19. Excavation Excavation requirements  Constructed scale  Ease of excavation 

Demographic 

20. Population Size of population that can be 

served 

Number of capita per household or 

volume of flow stream 

Service capacity requirements 

21. Population density Range of population density 

tolerated 

Capita per kilometre square Current population density 

22. Volume stability Potential to accommodate 

changing water volumes 

Litre per capita per day Expected wastewater flows at 

the end of project design life 

23. Pollution stability Potential to accommodate 

higher pollution loads 

Milligram of biological oxygen 

demand per capita and day 

Expected BOD5 load at the 

end of project design life 

Socio-cultural  

24. Religious constraints Compatibility with religious 

constraints 

Ladder or range Socio-cultural requirements 

25. Cultural constraints Compatibility with cultural 

constraints 

Ladder or range Cultural requirements 

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

Capacity and managerial 

27. Construction skills Construction skills 

requirements 

Ladder, e.g. from 0 to 4: none, mason, 

specially trained mason, 

implementation engineer, supervisor 

Construction skills availability 

28. Design skills Design skills requirements Ladder, e.g. from 0 to 5: none, 

unskilled labour, mason, specially 

trained mason, planning engineer, 

Design skills availability 
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supervisor 

29. Management Required management level Low, medium, high 

household, shared, city 

Preferred management level 

Financial 

30. Investment costs Investment costs 

requirements 

Dollar per person Available investment capital 

31. Annual costs Annual costs requirements Capital expenditures and operational 

expenditure in dollar per person per 

year 

Available funds for operation  

 234 

2.2.2. Evaluation of screening criteria and attributes 235 

The evaluation of screening criteria is also highly context-dependent (Hoffmann et al. 2000). 236 

Therefore, each screening criterion consists of a pair of Tech and AppCase attributes, which 237 

characterize the Tech and the AppCase respectively (see Figure 4). To account for uncertainties, we 238 

use probability functions to parametrize the attributes. Each pair of Tech and AppCase attributes 239 

consists of one probability density or distribution function (e.g. the water availability for a given 240 

AppCase, p(�����	���	
��	
	��)) and one conditional probability (e.g. the performance of a Tech 241 

given a certain water availability 
(�����������|�����	���	
��	
	���), varying between 0 and 242 

100%. Whether the density or the conditional probability is used for the AppCase or the Tech is not 243 

important as long as both types of functions are always represented for one criterion. 244 

 245 
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Figure 4: Examples of screening criteria and corresponding attributes used to assess the appropriateness of a set of potential 246 
technologies (Techs) for a specific application case (AppCase). For example, if a Tech has a high water requirement, but the 247 
water availability in the AppCase is very low, this Tech has limited appropriateness. 248 

2.2.3. Quantifying technology appropriateness 249 

The match of the Tech attribute with the AppCase attribute for a Tech t and a criterion c defines the 250 

appropriateness score, either as 251 

���,� = 	
(�� = �
(�|��	�(��	��	, Equation 1 

if p(c) is a probability density function, or  252 

���,� = 	
(�� = � 
(�|��	�(�′�
� ∈"  

Equation 2 

if 	
(�� is a probability distribution function. 253 

If a Tech t has multiple criteria, the scores must be aggregated. The aggregation results in the 254 

technology appropriateness score (TAS): 255 

#��� = $% ���,�
&
�'(

)
 

Equation 3 

It is important to note that screening criteria are different from performance criteria in SDM and 256 

MCDA, as they are used to quantify the suitability of an option in a given context and not to identify 257 

the best option (Eisenführ et al. 2010). Consequently, screening criteria do not necessarily apply to all 258 

options under assessment, whereas performance criteria must do so. For instance, water availability 259 

should not influence the TASt of a Tech t that operates completely independently of the water 260 

availability. However, the TASt of this Tech t can still be compared to the TASx of another Tech x 261 

which is water-reliant. Therefore, the aggregation function should allow for different numbers of 262 

criteria. We also require it to be equal to zero if at least one ASt,c is zero. The geometric mean (see 263 

Equation 3) fulfils these requirements (Langhans et al. 2014, Pollesch and Dale 2015, Rowley et al. 264 

2012). 265 

2.2.4. Removing inappropriate Techs 266 

Techs with a TAS = 0 are totally inappropriate for the given AppCase and are therefore excluded.  267 
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2.3. Step 2: Building the SanSys option space (SanSys builder) 268 

2.3.1. Building all possible sanitation systems from Techs 269 

A sanitation system (SanSys) is defined as a set of Techs which, in combination, manage 270 

sanitation products from the point of generation to a final point of reuse or disposal (adapted from 271 

Maurer et al. 2012 and Tilley et al. 2014b). The Techs contained in a SanSys can be organized in 272 

functional groups (FGs). We use the following FGs: toilet user interface (U), on-site storage (S), 273 

conveyance (C), transport (T), and reuse or disposal (D). A Tech belonging to U is always a source, 274 

while a Tech belonging to D is always a sink. Additional sources, such as tabs or drainage, are 275 

assigned to a sub-group of U called Uadd. Each SanSys comprises at least one source and one sink and 276 

a number of compatible Techs in such a way that all products end up in another Tech or in a sink. The 277 

set of all valid SanSys is constructed on the basis of the appropriate Techs, as illustrated in Figure 5. 278 

A SanSys is valid if it fulfils the following criteria: 279 

i. every output product of each Tech must be connected to another Tech that can take this 280 

product as its input, 281 

ii. no Tech has inputs that are not connected to the output of another Tech. 282 

These rules allow loops in a SanSys. However, loops between Techs are practically only possible if 283 

the infrastructures are situated close to each other. This leads to the additional constraint that 284 

iii.  loops are only allowed for the FG S or T either at the level of the premises (onsite) or at 285 

semi-centralized treatment facilities (offsite). 286 

The same product may occur onsite or offsite. In this case, it is treated as two different products for 287 

the generation of SanSys. For example, blackwater that is produced onsite (e.g. by a ‘septic tank’), 288 

cannot feed into a centralized Tech (e.g. ‘activated sludge’); it must first be transported by a transport 289 

Tech (e.g. ‘conventional sewer’). For the generation of SanSys we distinguish between products and 290 

transported products in building the systems (i.e. ‘blackwater’ and ‘transported blackwater’). 291 

The generation of SanSys requires some assumption and simplifications to be automated and generic 292 

enough to deal with all potential sanitation technologies. The main simplifications concern the way 293 
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how the input and output streams are related to each other. Some Techs of the FG C take a varying 294 

number of input products that are then mixed together. To take this fact into consideration, the model 295 

defines a hierarchy of products according to their degree of pollution. When different products enter 296 

into such a Tech, the resulting output corresponds to the product which is defined to be the most 297 

polluted. For example, a conventional sewer fed with greywater and blackwater will produce 298 

blackwater. The same Tech fed with blackwater will also produce blackwater.  299 

Another simplification concerns the generation of different Tech variations. The relations of different 300 

in- and out-products to each other is defined as either (i) any possible combination (‘OR’), (ii) their 301 

mutual exclusion (‘XOR’); or their compulsory co-existence (‘AND’). For example, a septic tank can 302 

have the following in-products: ‘blackwater’ OR ‘greywater’; and has the following out-products: 303 

‘sludge’ AND ‘effluent’. This results in three possible combination of in- and out-products: (i) 304 

blackwater, greywater -> effluent, sludge; (ii) blackwater -> effluent, sludge; (iii) greywater -> 305 

effluent, sludge. For the generation of SanSys we treat each of these possible combinations as a 306 

distinct Tech variation (see also supporting information B, SI-B). 307 

Creating all possible combination of Techs is not feasible as a very large number of combinations 308 

exist (see SI-B). Moreover, only a very small fraction of these possible combinations are valid 309 

SanSys. The SanSys builder we propose here provides an efficient heuristic designed to create all 310 

valid SanSys (see details in the SI-B). The functioning of the algorithm is illustrated in Figure 5. 311 

 312 

Figure 5: Concept underlying the efficient heuristic designed to build almost all valid sanitation systems (SanSys). The aim 313 
is to combine the set of appropriate technology options (Techs) in such a way that valid SanSys are generated (see text for 314 
the definition of valid SanSys). 315 
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2.3.2. Quantifying system appropriateness 316 

The SanSys appropriateness score (SAS) is calculated by aggregating the TAS of every Tech of the 317 

system. Any aggregation function could be used. We propose a function that can either mimic the 318 

product of all TAS, the geometric mean, or a compromise between both: 319 

���* = % #���
&.�,�-
.'(

(/	(&.�,�-0(�1(
 

Equation 4 

where �. ���ℎ is the total number of Techs in a given system, and α ∈ [0,1]. 320 

A purely multiplicative aggregation (α = 0) systematically penalizes SanSys with a large number of 321 

Techs. This contradicts the principle of allowing a broad range of SanSys in the decision option set. 322 

Using the geometric mean (α = 1) is often not desirable neither, because a simple system should be 323 

preferred over a complex (long) one with the same performance. The smaller the factor α that is 324 

chosen, the longer the SanSys (i.e. SanSys with many Techs) are penalized. 325 

2.4. Step 3: Selection of decision options 326 

The set of all possible SanSys created in Step 2 may contain ten or even a hundred thousand systems. 327 

From these, we must select a subset Q of potentially applicable decision options that will serve as an 328 

input for decision-making. We define two key characteristics for Q: 329 

i. The set contains the desired number of decision options. The absolute number of decision 330 

options depends on the specific SDM process and its ability to handle small or larger numbers 331 

of decision options.  332 

ii. The set entails a diverse range of options. The integration of a high variability of different 333 

options opens up the decision space for the stakeholders and therefore increases the 334 

probability of finding a sustainable solution.  335 

In a first step, the SanSys are grouped according to their system templates. A system template (ST) 336 

defines a class of SanSys with similar conceptual characteristics (see also Table 5). Then, the SanSys 337 

within each ST are assigned to clusters. For clustering, we use properties such as the number of 338 
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technologies per SanSys and the K-medoids algorithm (e.g. Hastie et al. 2009). This algorithm is 339 

similar to the k-means but also allows non-Euclidian distance measures to be used. Finally, the 340 

SanSys with the highest score of each cluster is selected for Q. The number of clusters per ST is 341 

controlled by the number of options to be selected from an ST. 342 

2.5. User and stakeholder involvement 343 

The procedure is intended to be used by experts for identifying decision options in an SDM procedure 344 

such as CLUES. This includes data collection, the application of the appropriateness assessment, the 345 

system builder, and the identification of the set of selected decision options. The stakeholder 346 

involvement is particularly relevant for (i) the identification of screening criteria; (ii) the definition of 347 

potential Techs; (iii) the definition of system templates; (iv) and the definition of properties used to 348 

identify the selected set of options. The master list of screening criteria and the Tech database can be 349 

used as a point of departure (see also next section or directly DOI: 10.5281/zenodo.1092686). 350 

2.6. Implementation and data linking 351 

The assessment of the appropriateness of the Tech (section 2.2) was implemented in R (R 352 

Development Core Team 2015). The code is freely accessible at 353 

https://github.com/Eawag-SWW/TechAppA (v1.0). For the generation of the possible SanSys (section 354 

2.3) and selection of Q (section 2.4), Julia was chosen for performance reasons (Bezanson et al. 355 

2017). The code is freely accessible at https://github.com/Eawag-SWW/SanitationSystemBuilder.jl 356 

(v1.0).  357 

The data used and generated for this article is available at DOI: 10.5281/zenodo.1092686. The 358 

database contains a set of 43 Techs and corresponding attribute functions. The database is a simple 359 

comma-separated text file and can be easily extended with any Tech as long as their inputs and 360 

outputs are known and information regarding the relevant screening criteria are available. 361 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 19

2.7. Model sensitivity 362 

2.7.1. Goal 363 

We perform a sensitivity analysis for the appropriateness assessment of Techs (step 1) and the 364 

selection of decision options (step 3). The generation of SanSys (step 2) does not require relevant 365 

parameters and is therefore not considered. The application in Katarniya (see section 3) is used as 366 

baseline scenario. 367 

2.7.1.1. Step 1: Appropriateness assessment of technology options 368 

The aim here is to see how the choice of screening criteria and attributes impacts the TAS and the 369 

corresponding ranking of Techs per FG. For example, criteria related to ‘operation & management’ or 370 

‘skills’ are often neglected. For this purpose, we perform the appropriateness assessment with 371 

different sets of screening criteria and compare the outcome with the baseline. Table 2 summarizes 372 

the changes in the set of criteria performed for the four runs presented. 373 

Table 2: Overview of different computational runs implemented to evaluate the sensitivity of Step 1. Run 1.1 corresponds to 374 
the baseline scenario (application in Katarniya). Each run 1.2 to 1.4 corresponds to the removal of one or several criteria 375 
compared to the baseline. “�” indicates that the criteria are included for the evaluation of the TAS, while “-” indicates that the 376 
criteria were not considered. 377 

Run 

# 

Name Criterion management Criteria related to available 

skills (construction, O&M, 

and design skills) 

Criteria related to O&M 

(frequency of O&M, O&M 

skills) 

1.1 Baseline  � � � 

1.2 No institutional aspects - � � 

1.3 No capacity aspects � - � 

1.4 No O&M aspects � � - 

 378 

2.7.1.2. Step 3: Identification of decision options 379 

The aim here is to evaluate how different elements of Step 3 impact the median SAS and the diversity 380 

of Q. The diversity of Q is characterized by the average of the number of different STs, the number of 381 

different sources, the different numbers of Techs per SanSys, and the different numbers of 382 

connections per Tech within Q. The investigated elements are 383 
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• the size of Q, 384 

• α used to compute the SAS, 385 

• the clustering based on structural properties (numbers of Techs and number of connections per 386 

Tech per SanSys), 387 

• the classification according to STs, 388 

• the appropriateness assessment, and the resulting SAS. 389 

Table 3: Overview of the computational runs implemented to evaluate the sensitivity of Step 3. The columns show the 390 
numerical variations and model elements used for the generation of the set of selected sanitation system (SanSys) also called 391 
Q. “�” indicates that the model element is included, while “-” indicates the element was not used. 392 

Run # Name Size of Q 

(number of 

selected SanSys 

options) 

α used to 

compute the SAS 

Clustering 

(according to 

number of Techs 

and number of 

connections per 

SanSys) 

Classification to 

STs 

Selection based 

on highest SAS 

2.1 Baseline 36 0.5 � � � 

2.2 Baseline (size of 

Q = 8) 

8 0.5 � � � 

2.3 α =0 36 0 � � � 

2.4 α =1 36 1 � � � 

2.5 No clusters 36 0.5 - � � 

2.6 No system 

templates 

36 0.5 - - � 

2.7 Random within 

templates 

36 0.5 - � - 

2.8 Baseline (size of 

Q = 4) 

4 0.5 � � � 

2.9 Baseline (size of 

Q = 64) 

64 0.5 � � � 

3. Example application 393 
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To demonstrate the application, we selected a real case in Nepal. However, the case is not presented 394 

in its entire complexity. 395 

3.1. Application case 396 

3.1.1. Description 397 

We applied our model to a water and sanitation project in Katarniya, a small town in the mid-western 398 

region of Nepal. Katarniya is very typical of an emerging small town in Nepal. It is characterized by 399 

rapid and unplanned growth, a weak institutional setting, and a lack of human and financial resources. 400 

Basic sanitation elements such as toilet infrastructure are present, but full sanitation systems are 401 

mostly absent. The project was planned and implemented by three partners of the Swiss Water and 402 

Sanitation Consortium (SWC). The aim of the project was to improve access to water and 403 

environmental sanitation for the central part of the town with about 1000 inhabitants. In order to 404 

improve the town’s sanitation situation, an environmental sanitation plan was developed using 405 

CLUES (Lüthi et al. 2011). 406 

3.1.2. Data collection 407 

As model input data, we use the results from a household survey and an interaction workshop with the 408 

local community, both of which were conducted by the project in 2016. We complement this data 409 

with information that we collected during a field visit in May 2017.  410 

3.2. Step 1: Appropriateness assessment 411 

3.2.1. Potential Techs 412 

Figure 6 illustrates all potential Techs used for the assessment. We rely on a restricted list of Techs 413 

for illustration purposes. Theoretically any number of Techs could be used as a point of departure. We 414 

have taken the list of potential Techs from the Compendium of Sanitation Systems and Technologies 415 

(Tilley et al. 2014b). To showcase the integration of novel options, we added ‘vermi-composting’ 416 

(Amoah et al. 2016, Lalander et al. 2013), ‘struvite precipitation’, and ‘struvite application’ (Dalecha 417 

2012) to the list. These technologies have been tested in similar regions and shown to be promising. 418 
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  419 

Figure 6: Overview of the sanitation technologies, products and functional groups (FGs) used in the example application in 420 
Nepal. Notes: (i) Storage (S) may also include (partial) treatment; (ii) Treatment (T) technologies may be applicable on-site 421 
(no transport required) or offsite; (iii) the model can also include non-toilet sources which allows the system boundaries to 422 
be extended (water tap, stormwater drainage, organic solid waste collection). 423 

3.2.2. Identification of screening criteria and attributes 424 

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

validated this list by conducting a workshop with experts in Kathmandu in 2015. We noted very little 426 

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

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

master list because they were either not relevant or contradicted the conditions listed in section 2.2.1. 429 

These criteria from Table 1 were removed: 430 

• Nb. 11 : not relevant. 431 

• Nb. 1, 2, 24, 25, 26, 30, and 31: involving major trade-offs which should be discussed among 432 

stakeholders.  433 
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• Nb. 5, 6, 7, 9, 14, 20, 21, 22 and 23: Not enough information available either for the AppCase or 434 

the Techs. 435 

3.2.3. Quantification of screening attributes 436 

To quantify the screening criteria, a pair of probability density and conditional probability functions is 437 

needed for each pair of Tech and AppCase attribute (see also section 2.2.2). These functions describe 438 

the requirements and the conditions that have to be matched. In principle, any uncertainty model and 439 

corresponding probability function could be used. However, the choice of probability function can 440 

have an impact on the model output and should be purely data-driven to represent the state of 441 

knowledge available at the structuring phase. The data sources generally available at the structuring 442 

phase include baseline reports, semi-structured interviews, reports from previous projects, and 443 

regional and national statistics. In the application case presented here, we found little information in 444 

these documents and therefore used rather simple probability functions: triangular, trapezoid, uniform, 445 

and categorical distributions. Based on similar experiences in other case studies (not presented here), 446 

we recommend working with such simple functions except where good reason or data exists to use 447 

more sophisticated models (e.g. a normal or beta distribution). Expert knowledge is required to 448 

identify a probability function that embraces all relevant data sources considering their potential 449 

inconsistency. Here we provide some examples how the functions are applied based on available 450 

input data. The categorical function is a non-continuous function. It is best applied when the data 451 

contains categories and a value for each category is available: e.g. 30% of population have low access 452 

to water, 50% have moderate access, and 20% have high access (categorical density function). The 453 

uniform function is the simplest model and requires only an upper and lower level: e.g. Tech X has a 454 

performance of 100% between 5˚C to 35˚C (conditional uniform probability function). The triangular 455 

function requires a minimum, maximum, and a mean value: e.g. the temperature in the AppCase 456 

varies between 5 and 42˚C with a mean at 28˚C (triangular density function). The trapezoidal function 457 

requires four values including the minimum, the maximum, and the two modes in between: e.g. the 458 

performance of a Tech Y starts at -5˚C, is 100% between 5 and 25˚C and then decreases until 50˚C 459 

(trapezoidal conditional probability function). 460 
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Table 4 shows the final list of screening criteria, the corresponding attributes, and the type of 461 

probability function used in the application in Katarniya for each attribute. The use of ‘d-’ at the 462 

beginning of the function name refers to the density function, ‘p-’ refers to the conditional probability, 463 

‘cat’ stands for a categorical function, ‘triangle’ refers to a triangular distribution, ‘range’ refers to a 464 

uniform distribution, and ‘trapez’ refers to a trapezoidal distribution. All the AppCase data and the 465 

Tech data are available in the associated data (DOI: 10.5281/zenodo.1092686). 466 

Table 4: Overview of screening criteria, corresponding attributes and the type of uncertainty functions used to quantify the 467 
attributes.  468 

Screening criteria Tech attribute and probability function  AppCase attribu te and probability function 

Water supply Water requirements pcat Water availability dcat 

Energy supply Energy requirements ptriangle Energy availability drange 

Frequency of O&M Frequency of O& M dtrianlge or 

drange 

O & M capacity prange 

Temperature Temperature requirements prange, ptrapez, 

or ptriangle 

Temperature range dtriangle 

Flooding Flooding tolerance ptrapez Flooding occurrence drange 

Vehicular access  Access requirements ptrapez or 

prange 

Accessibility of households dtrapez 

Slope Slope requirements ptrapez Slope distribution dtriangle 

Soil type / hydraulic 

conductivity 

Soil type requirements pcat Soil type occurrence dcat 

Groundwater depth Groundwater depth requirements prange, or 

ptrapez 

Groundwater depth occurrence dtrapez 

Excavation Excavation requirements pcat Ease of excavation dcat 

Construction skills  Construction skills requirements dtriangle Construction skills availability ptrapez 

Design skills  Design skills requirements dtriangle Design skills availability ptrapez 

O&M Skills O&M skills requirements dtriangle O&M skills availability ptrapez 

Management Required management level 

(household, shared, public) 

pcat Preferred management level dcat 

Spare parts Spare parts requirements dcat Spare parts supply pcat 

 469 
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3.2.4. Quantifying TAS 470 

The AppCase attributes and corresponding functions in Table 4 were parametrized with the data 471 

collected in Katarniya (see 3.1.2 Data collection). The Tech attributes for all Techs in Figure 6 were 472 

quantified on the basis of the literature and our own expert estimations. 473 

3.3. Step 2: Generation of sanitation systems 474 

We use 37 Techs from the 43 shown in Figure 6 to build the SanSys option space. We have excluded 475 

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

example application more illustrative. The excluded Techs are all Techs from the FG Uadd, as well as 477 

the Techs struvite production, struvite application, and irrigation. To compute the SAS, we use α = 478 

0.5. 479 

3.4. Step 3: Selection of decision options 480 

3.4.1. Classification into system templates 481 

Table 5 shows the properties and STs which we use for classifying the SanSys. The Compendium of 482 

Sanitation Systems and Technologies (Tilley et al. 2014b) serves as the inspiration for the STs used. 483 

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

STs. For sixteen STs sorted into four groups, we use nine properties. 485 

Table 5: System templates (ST) used to characterize the sanitation system (SanSys) option space. The STs are adapted from 486 
Tilley et al. (2014b). Each of the 16 ST has a unique profile defined by a value for the nine properties. ‘1’ means that the 487 
property applies (e.g. 'the systems do have dry material production”); 0 means that the properties do not apply (e.g. “there is 488 
no dry material”); and ‘not defined’ (n.d.) means that the property does not apply to this ST. 489 

N
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STs 

ST profiles 

Property / detailed 

description of ST 

Dry 

material 

(pit 

humus, 

compost, 

dried or 

stored 

faeces)  

Onsite 

sludge 

producti

on 

Urine 
Blackwa

ter 

Transpo

rted 

black- or 

brown-

water 

Effluent 

transpor

t 

Biogas 

Transpo

rted 

biogas 

With a 

single 

pit 

onsite 

S
T

.1
 

O
n

si
te

 s
im

p
le

 

Dry onsite storage 

without treatment 

This includes simple onsite 

storage of dry or wet toilet 

products with sludge production 

such as a single pit or a single 

ventilated improved pit latrine 

(VIP) 

n.d. 1 n.d. n.d. 0 n.d. 0 0 1 

S
T

.2
 

Dry onsite storage 

and treatment 

Excreta are stored onsite and 

transformed to either pit humus 

or compost. 
1 0 0 0 0 n.d. 0 0 0 
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S
T

.3
 

U
ri

n
e 

Dry onsite storage 

without sludge with 

urine diversion 

Mainly urine diversion dry 

toilets (UDDTs) or dry 

composting systems with urine 

diversion. 

1 0 1 0 0 n.d. 0 0 n.d. 

S
T

.4
 Onsite blackwater 

without sludge and 

with urine diversion 

Mainly onsite composting 

systems with urine diversion 
1 0 1 1 0 n.d. 0 0 0 

S
T

.5
 Offsite blackwater 

treatment with urine 

diversion 

Sewer systems with urine 

diversion 
n.d. n.d. 1 1 1 n.d. 0 0 n.d. 

S
T

.6
 

B
io

g
a

s 

Onsite biogas with 

effluent infiltration 

Biogas reactor where effluent 

goes to onsite infiltration (soak 

pit). 
n.d. n.d. n.d. n.d. 0 0 1 0 n.d. 

S
T

.7
 

Onsite biogas with 

effluent transport 
Biogas reactor where effluent 

goes to a simplified sewer. 
n.d. n.d. n.d. n.d. 0 1 1 0 n.d. 

S
T

.8
 Offsite biogas 

without blackwater 

transport 

This mainly concerns the 

transport of pit humus or sludge 

(e.g. from septic tanks) to a 

(semi-)centralized co-digestion 

facility 

n.d. n.d. n.d. n.d. 0 n.d. 1 1 n.d. 

S
T

.9
 

Offsite biogas with 

blackwater transport 
Co-digestion of blackwater 

collected through sewer lines 
n.d. n.d. n.d. 1 1 n.d. 1 1 n.d. 

S
T

.1
0 

B
la

ck
w

a
te

r 

Onsite blackwater 

without sludge and 

with effluent 

infiltration 

Blackwater is stored, dewatered, 

and transformed to compost or 

pit humus (e.g. twin-pits); 

effluent goes to a soak pit or 

similar. 

1 0 0 1 0 0 0 0 0 

S
T

.1
1 

Onsite blackwater 

without sludge and 

with effluent 

transport 

Blackwater is stored, dewatered 

and transformed to compost or 

pit humus (e.g. twin pits); 

effluent goes to a simplified 

sewer or similar. 

1 0 n.d. 1 0 1 0 0 0 

S
T

.1
2 Onsite blackwater 

with sludge and 

effluent infiltration 

Mainly septic tank or similar 

options (which are not just for 

storage but also involve some 

sort of basic treatment); effluent 

goes to a soak pit or similar. 

n.d. 1 n.d. 1 0 0 0 0 0 

S
T

.1
3 Onsite blackwater 

with sludge and 

effluent transport 

Mainly septic tank or similar 

options (which are not just for 

storage but also involve some 

basic treatment); effluent goes to 

a simplified sewer or similar. 

n.d. 1 n.d. 1 0 1 0 0 0 

S
T

.1
4 Onsite blackwater 

treatment with 

effluent infiltration 

Concerns compact onsite 

wastewater treatment units such 

as SBR; effluent goes to a soak 

pit or similar. 

0 0 n.d. 1 0 0 0 0 0 

S
T

:1
5 Onsite blackwater 

treatment with 

effluent transport 

Concerns compact onsite 

wastewater treatment units such 

as SBRs; effluent goes to a 

simplified sewer or similar. 

0 0 n.d. 1 0 1 0 0 0 

S
T

.1
6 Offsite blackwater 

treatment 

Everything goes to a 

(semi-)centralized system 

through sewer lines. 
n.d. 0 0 1 1 n.d. 0 0 0 

 490 

3.4.2. Clustering 491 

For clustering within the STs, we use two properties: (i) the number of Techs per SanSys, and (ii) the 492 

mean number of connections per Tech within a SanSys as a measure of complexity. 493 
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3.4.3. Selection of SanSys options 494 

We define the number of SanSys in Q as 36 and distribute these 36 options across the STs. The 495 

distribution is proportional to the 90% quantile of SAS within each ST under the condition that each 496 

ST is represented at least once in Q. 497 

3.5. Results of the application case 498 

3.5.1. Step 1: Appropriateness assessment 499 

The histogram of the TAS per FG may be seen in Figure 7: It shows that for this case the selection of 500 

Tech in the FG C and T is most relevant, while all Techs in U, S, and D perform similarly well. None 501 

of the Techs perform very badly because those selected have already been shown to be applicable in 502 

similar regions. 503 

 504 

Figure 7: Histogram of technology appropriateness scores (TAS) grouped per functional group (U: user interface; Uadd: user 505 
interface other than toilet; S: collection and storage; C: conveyance; T: (semi-)centralized treatment; D: reuse or disposal). 506 
Please be aware that the abscissae start at 0.7 and not at the origin. 507 

It is illustrative to identify those criteria that influence the TAS the most. Figure 8 shows the 508 

distribution of the ASt,c grouped per FG. From a visual analysis, we can see that the management and 509 
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to a lower extent construction skills, temperature range, and slope are the most variable criteria and 510 

are therefore mainly responsible for the diversity of TAS shown in the previous figure (Figure 7). 511 

 512 

Figure 8: Boxplot of technology appropriateness scores (TAS) and criteria appropriateness scores (ASt,c) grouped per 513 
functional group (FG, U: user interface; Uadd: user interface other than toilet; S: collection and storage; C: conveyance; T: 514 
(semi-)centralized treatment; D: reuse or disposal). The first box in each FG always corresponds to the TAS and the 515 
subsequent boxes to the ASt,c. A higher wider box indicates a higher variability of the TAS, respectively the i. The figure 516 
allows to visually identifying those FGs with more variability in terms of TAS, and to identify those ASt,c that can be 517 
accounted for this higher variability. 518 

3.5.2. Step 2: System generation 519 

In total, 17,955 possible SanSys can be generated. These are distributed as follows: 2,166 SanSys for 520 

the urine diversion dry toilets (UDDTs), 380 for dry toilets, 1,531 for pour-flush toilets and 13,878 for 521 

urine diversion flush toilets (UDFTs). UDDTs and UDFTs have more SanSys because these sources 522 

generate two output products (urine and faeces or blackwater), which greatly increases the number of 523 

Techs per SanSys and consequently the number of possible combinations. The computation time on 524 

an average desktop computer was approximately 14 minutes.  525 

The number of Techs per SanSys varies between 3 and 14. Different numbers of Techs per SanSys are 526 

represented in all SAS ranges, indicating that α = 0.5 is probably a reasonable choice. In the case of 527 
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higher α (e.g. α = 1, no penalization of length), we would have more long systems with a higher SAS 528 

and for a lower α (e.g. α = 0) we would mainly see short systems with a high SAS.  529 

3.5.3. Step 3: Option selection 530 

The histograms of all SAS grouped according to the system templates (STs, see Table 5) are shown in 531 

Figure 9. The figure illustrates how the total number of SanSys per ST varies. This number depends 532 

on the Techs available for a given ST and on the number of products arising from these Techs. Both 533 

have an effect on the number of possible Tech combinations and thus on the number SanSys 534 

variations. 535 

We distribute the 36 options to be selected among the STs proportional to the 90% quantile of SAS 536 

within each ST under the condition that each ST is represented at least once in S. The 90% quantile of 537 

SAS within each ST is illustrated by the red line in Figure 9. From the STs with a higher 90% quantile, 538 

three SanSys are selected (ST.2, ST.4, ST.6, and ST.10). Only two SanSys are selected from all other 539 

STs. 540 

In Figure 10 we show the number of Techs per SanSys and the number of connection per Tech. 541 

SanSys with similar characteristics are grouped in clusters of same size within a ST (see also section 542 

2.4). These clusters are indicated by the different colours. The SanSys with the best SAS in each 543 

cluster is selected to be in Q (marked by a cross). 544 
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 545 

Figure 9: Histogram of sanitation system (SanSys) appropriateness scores (SAS) grouped per system template (ST). The 546 
numbers of SanSys per ST are also indicated (n). The 90% quantile of SAS within each ST is used to distribute the total 547 
number of SanSys to be selected and is indicated by the red line.  548 
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 549 

Figure 10: Count plot of the number of Techs per SanSys and the number of connection per Tech of all sanitation system 550 
(SanSys) options grouped per system template (ST). SanSys with similar characteristics are grouped in clusters of same size 551 
within an FG (indicated by the different colour). The size of the circles indicates the number of SanSys with exactly the 552 
same characteristics. The system with the best SAS (the most appropriate SanSys) in each cluster is selected to be used in the 553 
decision-making process (marked by a cross).  554 

Four examples of selected SanSys are illustrated in Figure 11 (see SI-C for the others). The systems 555 

(a), (b), and (c) are examples of SanSys that have been successfully implemented in the region of the 556 

case study. The systems are diverse, as (a) is onsite and dry, (b) onsite wet, producing biogas, and (c) 557 

is an offsite wet blackwater system involving centrally-managed natural wastewater treatment. The 558 

SanSys given in (d) is a novel option for the context of Nepal. It combines onsite vermi-composting 559 

with urine diversion and centralized urine treatment and allows recovery of nutrients and organic 560 

matter in the form of stabilized urine and compost. This system has shown high potential in similar 561 

regions (Amoah et al. 2016), and it is therefore highly appropriate to include it in the set of decision 562 

options. 563 

���� ���� ���� ���� ���� ���� ����

����

����

����

����

����

����
����
����
����
����

����
����
����
����
����

��������
��������
����

����
����
��������
����

����
����
����
����
����

���� ����

����

����
����
����
����

����
����
����
����

����
����
����
����

����
��������
����

����
����
����
����

����
����

����
����

����

����

����
����
����
����
����

����
����
����
����

����
��������
����

��������
����

������������ ����
����

����

����
����

���� ����

����

����

����

����
����

����

����

����

����

����

����

����

����
����

����
����

����

����

����

����

����

����

����

����

����

���� ���� ����

����

����

����

����

����

���� ���� ����
����

����
����

����
����

����
����

����
����

���� ����

����

����

����

����
����

����
����

����
����

����
����

����
����

����
����

���� ���� ���� ����

����

����

����

����

���� ���� ���� ����

����

����

����

����

����

����
����
����

����

����

����
����
����
����

����

����
����
����
����
����

����
����
����
����
����

����
����
����
����
����

����

����

����
����

����

����

����

����

����
����

����

����
����

����
����
����
����

���� ����

����

����

����

����

����

����

����

����

����

����

����

����

����

����

����

onsite blackwater with 
sludge and effluent 

transport

onsite blackwater 
treatment with effluent 

infiltration

onsite blackwater 
treatment with effluent 

transport

offsite blackwater 
treatment

offsite biogas without 
blackwater transport

onsite blackwater without 
sludge and with effluent 

infiltration

onsite blackwater without 
sludge and with effluent 

transport

onsite blackwater with 
sludge and effluent 

infiltration

offsite blackwater 
treatment with urine 

diversion

onsite biogas with 
effluent infiltration

onsite biogas with 
effluent transport

offsite biogas with 
blackwater transport

dry onsite storage without 
treatment

dry onsite storage and 
treatment

dry onsite storage without 
sludge with urine 

diversion

onsite blackwater without 
sludge and with urine 

diversion

3 5 7 9 11 13 3 5 7 9 11 13 3 5 7 9 11 13 3 5 7 9 11 13

0.8

1.0

1.2

1.4

0.8

1.0

1.2

1.4

0.8

1.0

1.2

1.4

0.8

1.0

1.2

1.4

 number of technologies per sanitation system (SanSys)

nu
m

be
r 

of
 c

on
ne

ct
io

ns
 p

er
 te

ch
no

lo
gy

 (
Te

ch
)

number of systems with
same properties

����

����

����

200

400

600

clusters

����

����

����

1

2

3



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 32

 564 

Figure 11: Four examples of sanitation systems (SanSys) selected for use in the decision-making process (from a total of 36; 565 
see supporting information for the others). Each box represents a technology (Tech). The arrows indicate the sanitation 566 
products. The letter in the parenthesis indicates the functional group. Systems (a), (b), and (c) are very different but are all 567 
quite common in the region. System (d) is a novel system based on vermi-composting. (a) System template 2 (ST.2): dry 568 
onsite storage and treatment), SAS=0.966; (b) ST.6 onsite biogas with effluent infiltration, SAS=0.938; (c) ST.16 offsite 569 
blackwater treatment, SAS=0.857; (d) ST.4 onsite blackwater without sludge and with urine diversion, SAS=0.958.  570 

3.6. Results of sensitivity evaluation 571 

3.6.1. Step 1: Appropriateness assessment of technology options  572 

The omission of some criteria influences the ranking of the Tech as the impact on the TAS is not the 573 

same for different Techs. To quantify the change in the ranking, we counted the number of Techs that 574 

either moved up or down compared to the baseline (run 1.1). Table 6 shows the count of changes per 575 

FG and in total. The results are analysed separately for each FG, as only Techs within the same FG 576 

are true alternatives to each other. There is a total of 26 changes for run 1.2 (without management), 22 577 

for run 1.3 (without criteria related to skills), and 8 for run 1.4 (without criteria related to O&M). The 578 

results compare well with Figure 8, showing the high impact of the management screening criterion 579 

(run 1.2) and the criteria related to skills (construction, O&M, and design skills, run 1.3). The 580 

omission of the criteria frequency of O&M and O&M skills also has an impact, although this is much 581 

lower (Table 6, run 1.4). The criteria relating to O&M also have an impact, but it is rather lower. The 582 

removal of the management criterion (run 1.2) also resulted in a lower variance of the TAS (not shown 583 
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in the table, see associated data at DOI: 10.5281/zenodo.1092686 for full results), showcasing the 584 

importance of this criteria to enhance the significance of the rankings. 585 

Table 6: Results from the sensitivity analysis of runs 1.2 to 1.3. Run 2.1 serves as a baseline (not shown). The results are 586 
shown as changes in position of the ranking of the Techs within a functional group (FGs) according to their technology 587 
appropriateness score TAS. The results are analysed separately for each FG, as only Techs within the same FG are true 588 
alternatives to each other. 589 

FG 
Number of 

Techs 

Run 

1.2 1.3 1.4 

Without management 
Without construction skills, 

O&M skills, and design skills 

Without criteria related 

frequency of O&M, and 

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 

 590 

3.6.2. Step 3: Option selection 591 

The five elements that were varied in the analysis (see section 2.7.1.2) have different impacts on Q. 592 

Table 7 shows the characteristics of the Qs generated in the runs 2.1 to 2.7. The Qs are evaluated by 593 

the median SAS, the diversity as a function of number of different sources within Q, the number of 594 

different STs, the number of different numbers of technologies per system, and the number of 595 

different numbers of connections per Tech (see also section 2.7.1.2). Figure 12 highlights the diversity 596 

and the median SAS of the Qs obtained with the different runs. Figure 13 highlights the impact of the 597 

size (number of selected SanSys) on the diversity of Q. In the following, we discuss the influence of 598 

all five evaluated elements on the median SAS and the diversity. 599 

3.6.2.1. Size of Q 600 

The baseline (run 2.1) has a size of Q = 36 compared to 8, 4, and 64 for runs 2.2, 2.8, and 2.9 601 

respectively. The SanSys are selected in decreasing order of SAS, so that a smaller Q will always 602 

result in a higher median SAS (Figure 12). As shown in Figure 13, the diversity increases with the size 603 
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of Q. The benefit of a large Q for diversity tempers as soon as the size of the Q exceeds the total 604 

number of STs defined (16 STs in our case, see also Table 5). 605 

3.6.2.2. α 606 

A small α penalizes long systems, so that α = 0 (run 2.3) results in a lower number of different 607 

numbers of Techs (see SI-D). This is reflected in the diversity which is 9.75 for α = 0 (run 2.3), 10.5 608 

for α = 0.5 (run 2.1), and 10.75 for α = 1 (run 2.4, Figure 12). The term α also shifts the scale of the 609 

SAS to lower values, so that the median SAS is not directly comparable. It is interesting to note that 610 

the decrease in diversity, as well as the shifting effect are both more pronounced if α is reduced from 611 

0.5 to 0, compared to an increase from 0.5 to 1. This indicates that α = 0.5 provides a good balance 612 

between the penalization of long systems and maintaining high diversity. 613 

3.6.2.3. Clustering to structural properties 614 

The clustering itself, as shown by run 2.5, has little impact on the diversity or the median of SAS. 615 

3.6.2.4. Classification to system templates 616 

In run 2.6, we select the 36 SanSys with the highest SAS, ignoring the STs and without clustering. 617 

This obviously results in a higher SAS (Figure 12), although the impact is small. On the other hand, 618 

the diversity is strongly impacted, as only five STs remain represented in Q. 619 

3.6.2.5. Use of the SAS 620 

In run 2.7, we use STs to classify and then randomly (independently of SAS) select the number of 621 

options from each ST. This has a high impact on the median SAS (Figure 12), whereas the decrease of 622 

diversity is negligible. 623 

Table 7: This table shows the characteristics of diversity and the median system appropriateness score (SAS) of the sets of 624 
selected sanitation systems (SanSys) Q resulting from runs 2.1 to 2.7 of the sensitivity analysis of step 3. The characteristics 625 
of the different runs are shown in section 2.7.1.2). In summary, the highest impact on the diversity and median SAS of Q can 626 
be observed by the size of Q, the use of STs (all except run 2.6), and the use (or not) of the SAS (all except run 2.7). 627 

Characteristics Run 

  2.1 

(base-

line) 

2.2 

 

2.3 

 

2.4 

 

2.5 

 

2.6 

 

2.7 

 

2.8 

 

2.9 
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Size of Q (number of 

selected SanSys options) 

36 8 36 36 36 36 36 4 64 

α  0.5 0.5 0 1 0.5 - 0.5 0.5 0.5 

Other 

elements 

     No 

clusters 

No 

system 

template

s 

No SAS   

Quality Diversity 10.5 6 9.75 10.75 10.25 6 10.25 3.75 12 

 Median of SAS 0.938 0.959 0.769 0.964 0.948 0.958 0.848 0.956 0.932 

 628 

 629 

Figure 12: Characteristics of the set of selected sanitation systems (SanSys) Q for nine different runs for Step 3 (see also 630 
Table 3). The diversity is plotted against the median SanSys appropriateness scores (SAS). Note that runs 2.3 and 2.4 have 631 
different 8, so that their median SAS are not directly comparable. 632 
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 633 
Figure 13: Diversity of the set of selected sanitation systems (SanSys) Q for four different runs (2.1, 2.2, 2.8, and 2.9) as a 634 
function of the size of Q (see also Table 3). The diversity increases with the size of Q. The benefit of a large Q for the 635 
diversity tempers after the size of Q exceeds the total number of system templates. 636 

4. Discussion 637 

The procedure presented here systematizes the generation of a diverse but manageable set of locally 638 

appropriate sanitation system options. The core purpose is to break down the typically opaque option 639 

generation step into smaller more reproducible elements. It is by no means intended to replace the 640 

technical know-how required for detailed planning and implementation but serves to help integrate 641 

the growing number of decision criteria and technological options into the decision-making process. 642 

In addition, some elements in the procedure still require some degree of judgement. These include (1) 643 

the identification of a set of potential technologies; (2) the case-specific choice of the set of screening 644 

criteria; (3) the definition of the screening criteria attributes and corresponding uncertainty models; 645 

(4) the aggregation method for the TAS and SAS appropriateness scores; (5) the checking of the final 646 

set of sanitation system options from a process engineering point of view; and (6) the definition of the 647 
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system templates and the number of selected options (size of Q). In the following, we discuss these 648 

elements in more detail and argue that, despite these subjectivities and the need for expert judgement, 649 

the increased transparency and the formal structure of our approach still offers substantial advance 650 

over the currently used approaches.  651 

4.1. Identification of potential technologies 652 

The main decisive element of the presented procedure is that it shifts the burden of choosing complete 653 

sanitation systems to selecting potential technologies. As this requires no local expertise, we believe 654 

that it is easier to compile a comprehensive list of potential technologies (Techs) from literature or 655 

experience and then to identify a set of appropriate and complete sanitation systems (SanSys). This is 656 

also emphasized by the huge number of potential SanSys, as demonstrated in this paper, compared 657 

with the rather limited number of potential Techs. We provide a list of potential Techs based on the 658 

literature (Tilley et al. 2014b) and corresponding model input data in the linked dataset for reuse in 659 

other applications of the procedures (DOI: 10.5281/zenodo). 660 

4.2. Choosing a set of screening criteria 661 

A second decisive element of the procedure is the use of screening criteria to eliminate inappropriate 662 

options at the beginning and to streamline the decision-making process. Obviously, which screening 663 

criteria are used has an impact on the outcome of the screening procedure. Because no trade-offs are 664 

discussed at the screening stage, screening criteria should be exclusively exogenous and as 665 

independent of stakeholder preferences as possible. However, in practice the lines are not always 666 

clear. Legal directives, cultural constraints, and available skills are often seen as exogenously fixed. 667 

However, these might represent current or past stakeholder preferences, such as in the case of legal 668 

directives, and can be changed or ignored by the stakeholders. Therefore, the choice of screening 669 

criteria relies on the expert in charge of the procedure and will thus imply a certain level of 670 

subjectivity about how adaptable they are. 671 

In the example application, we have shown a pathway for structuring the selection of screening 672 

criteria as transparently as possible. We provide a carefully assembled master list of possible 673 
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screening criteria (see Table 1 and SI-A). We then propose involving the stakeholders in selecting 674 

case-specific screening criteria.  675 

Because the screening criteria are derived from the overall objective hierarchy of sustainable 676 

sanitation, some of them might also be relevant later in the SDM process. For example, a common 677 

screening criterion is water use; a potential technology should not exceed the amount of water 678 

available in the application case. Nevertheless, the decision-maker still might want to prefer among 679 

the appropriate Techs, those with lower water use. 680 

4.3. Quantifying attributes and their uncertainty 681 

A third decisive element of the procedure is the use of attributes for the calculation of appropriateness 682 

scores for every technology and sanitation system. Their quantification is based on probability 683 

functions characterizing the screening criteria for the technology (Tech attribute) and the application 684 

case (AppCase attribute). The selection and quantification of probability function should be mainly 685 

data driven and based on data available at the structuring phase of decision making (e.g. household 686 

survey, official statistics, baseline reports, former project reports). The uncertainty model for each 687 

attribute can then be derived from the data available using the simplest model that describes the data 688 

sufficiently (e.g. triangular distribution). The supporting information in SI-A and the data (DOI: 689 

10.5281/zenodo) provide a good starting point for this step. 690 

We are well aware that the detailed choice of attribute and corresponding probability function for 691 

each screening criterion might have a substantial impact on the outcome of the analysis (see e.g. 692 

section 3.6.1). This step of the procedure depends strongly on the experts in charge of the procedure 693 

and therefore also implies a certain level of subjectivity. However, this is a system-immanent problem 694 

that many value-focussed SDM procedures face (see e.g. Keeney and Gregory 2005) and not a 695 

problem specific to the procedure proposed here. 696 

In the application case, we present a stakeholder-oriented approach, agreeing with them not only 697 

about the case-specific screening criteria (see 4.2) but also the attributes by which these are evaluated.  698 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 39

4.4. Quantifying appropriateness scores TAS and SAS 699 

A fourth decisive element of the procedure is the technology and system appropriateness scores (TAS 700 

and SAS). They express the confidence in how appropriate the technologies and sanitation systems are 701 

for a given application case. The appropriateness scores on their own are not sufficiently robust to 702 

identify a single most appropriate solution (as shown in the sensitivity analysis in 3.6.1), but they are 703 

very well able to show whether any options are significantly more or less promising than others for a 704 

specific application case. It therefore acknowledges that hardly any Tech is 100% appropriate and 705 

thus reduces the risk of eliminating options too early. However, it is important to note that the TAS 706 

and SAS cannot provide information on the real performance of the technologies and systems in the 707 

future. The real performance depends not only on the aspects covered by the screening criteria but 708 

also on many other factors such as implementation, influent quality and quantity, and operation and 709 

maintenance.  710 

For the quantification of the technology appropriateness score, TAS, we aggregate the match of the 711 

Tech attribute and the AppCase attribute for all screening criteria. The geometric mean aggregation 712 

function satisfies our requirements of allowing different numbers of criteria and turning equal to zero 713 

if at least one element is zero (see 2.2.3). However, this aggregation model also implies that the 714 

number of criteria used is relevant; the more criteria are used, the less relevance any single criterion 715 

has to the overall score. The selection of case-specific criteria from the master list involving 716 

stakeholders as described in 4.2 can help to limit the set of screening criteria used to the most 717 

relevant. If the list of screening criteria remains long (e.g. greater than 15), we recommend the use of 718 

hierarchical structures and of sub-level aggregation, as aggregation via the geometric mean is not an 719 

associative function (Grabisch et al. 2011). 720 

To quantify the system appropriateness scores, SAS, we propose a weighted multiplicative 721 

aggregation model that allows us to define how much long SanSys should be penalized. The main 722 

argument here is that the appropriateness of long systems with many technological steps might be 723 

judged to be less appropriate than that of shorter and therefore less complex systems with 724 

technological elements of same appropriateness. In the application case presented in this paper, we 725 
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show that the chosen value for α = 0.5 (see 3.6.2.2) leads to a well-balanced behaviour that penalizes 726 

very long systems but still allows high diversity in the final set of SanSys.  727 

4.5. Generation of the sanitation system option space  728 

A fifth decisive element of the procedure is the automatic generation of all possible system 729 

combinations. The application example showed that the systematic option generation allows the 730 

diversity of the option space to be expanded, as it also results in SanSys options that are not widely 731 

applied (see Figure 11c). This enhances the probability that innovative or unusual options find their 732 

way into the decision-making. The innovation can lie in how technologies are combined (e.g. 733 

combining a urine-diverting toilet with vermi-composting) or in the integration of novel technology 734 

options. For instance, the model could provide all possible sanitation systems that can be realized with 735 

the blue diversion toilet (Larsen et al. 2015). An added benefit of this systematic process is the 736 

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

To balance the comprehensiveness of the SanSys option space with the computational efforts 738 

required, we used a semi-acyclic algorithm that allows loops only the functional groups storage and 739 

treatment (S) and (semi-)centralized treatment (T). If there are no computational limitations, the fully 740 

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

It is important to emphasize that the procedure provides generic SanSys including the technologies 742 

and the type of products that flow between them. However, it does not provide (i) detailed 743 

characteristics of input or output quantities or qualities or (ii) any spatial information. For example, 744 

the semi-centralized composting system displayed in Figure 11c could consist either of one central 745 

large co-composting site or several smaller ones in different areas of the town. 746 

The SanSys builder is based on a series of simplifications and assumptions. For instance, it requires a 747 

standardized set of products and is not able to generate new products, as the model does not have any 748 

process engineering knowledge. As a consequence, when different products are mixed together in a 749 

conveyance technology, the output product will always be that with the highest degree of pollution. 750 

For example, a conventional sewer fed with greywater and blackwater will produce blackwater. The 751 
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same sewer fed only with blackwater will also produce blackwater. It is clear that the degree of 752 

dilution of a certain product might influence the performance of the subsequent treatment step. 753 

Another simplification concerns the relationship between the input and output products by ‘AND’, 754 

‘OR’, or ‘XOR’; this does not allow special cases to be described. For example, a biogas reactor can 755 

have dried faeces OR sludge as an input product, but from an engineering perspective dried faeces as 756 

the only input does not make too much sense. Therefore, one must assume that some of the 757 

permutations might not be sensible from a purely process engineering perspective. This can easily be 758 

rectified by checking the set of SanSys selected in step 3 of the procedure before passing them on to 759 

the SDM process. Moreover, the SDM process will probably also include a detailed performance 760 

evaluation of the SanSys options, where their technical performance can be compared to other 761 

decision objectives. 762 

4.6. Selection of the final set of SanSys options as an input into SDM 763 

A sixth decision element is the systematic selection of a final set of SanSys. This step is designed to 764 

reduce the overwhelming number of SanSys options to a limited number that can be managed by an 765 

SDM or MCDA process. The requirements for the algorithm are that (i) the diversity of the set of 766 

SanSys is maintained; and (ii) the most appropriate options are selected. The algorithm has four key 767 

parameters: (i) the aggregation function used to compute the SAS; (ii) the size of the final set of 768 

options Q; (iii) the system templates (STs); and (iv) the characteristics used for clustering. We showed 769 

that the size of Q and the system templates have the highest impact on the diversity of Q. The use of 770 

the SAS guarantees that only the most appropriate options are selected. 771 

The size of Q depends on the capability of the SDM methodology chosen to treat various numbers of 772 

decision options. We show that the diversity increases with the size of Q while the median SAS of Q 773 

decreases. The increase in diversity is only relevant until the size of Q exceeds the total number of 774 

system templates (see Figure 13). Increasing the size of Q any further then mainly leads to a decrease 775 

of the median SAS as an increasing number of less appropriate SanSys are included in Q. This shows 776 

that there exists a quasi-optimal size of Q even if the SDM methodology were able to manage very 777 
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high number of options. This optimal size is equal to or slightly higher than the number of defined 778 

system templates. 779 

The way system templates are defined also influences how much weight different groups of system 780 

templates might gain in Q. In the example application, we decomposed the group of blackwater 781 

system templates into seven sub-templates (see Table 5), compared to only two sub-templates for the 782 

onsite simple, thus giving blackwater systems a higher weight. We argue that the number of Techs 783 

available is higher in the blackwater group and that the diversity of these options should be accounted 784 

for. However, other definitions might be more suitable for other decision contexts. There is some 785 

subjectivity in how the system templates are defined; however, this is also the case for the diversity of 786 

decision options that may be requested (Gregory et al. 2012, Keeney 1996). We here suggest 787 

verifying the choice of system templates with the stakeholders in an application case. 788 

4.7. Limitations and outlook 789 

The main limitations of the procedure presented here lie in the experts’ skills and local knowledge to 790 

provide suitable inputs. In the future, this procedure could therefore be more strongly adapted to 791 

different settings so as to connect it more intimately with existing planning procedures. Good results 792 

might be achieved by using the proposed procedure to generate technology profiles and system option 793 

compendiums. Specialized knowledge and available sanitation-relevant data could be used to 794 

characterize the technology profiles. The SanSys builder could be used to generate the corresponding 795 

system compendium. These products could then be used in local sanitation planning processes to 796 

identify appropriate technology profiles and system options as input for local decision-making (e.g. 797 

CLUES). This would allow a standardized approach that combines in-depth expert knowledge about 798 

potential technologies with local data and preferences. The appropriateness assessment based on the 799 

technology profiles can be discretized, which would make it independent of modelling software. As 800 

much of the system generation and option selection procedures are algorithms, the system 801 

compendium could be implemented as a web-based service that centralizes in-depth technical know-802 

how and provides the user with localized options. In addition, specific technology profiles and system 803 

compendiums could be generated for typical regions and settings. The system templates could be 804 
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defined in a way to correlate with appropriateness ranges for different regions, which would further 805 

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

An interesting extension of the SanSys builder would be the addition of a material flow analysis 807 

module. This would allow for the quantitative estimation of the performance of entire sanitation 808 

systems including nutrient, water, or solids recovery potentials as additional indicators that can be 809 

used by the decision-making process. 810 

5. Conclusions 811 

We present a codified and therefore reproducible procedure to identify an initial set of SanSys 812 

decision options as an input into a structured decision making (SDM) process such as CLUES, a 813 

strategic sanitation planning guideline developed for urban settings in the global South (Lüthi et al. 814 

2011). The procedure is not meant to identify the best option, because this is what SDM does. Instead, 815 

it focusses on potentially appropriate options while maintaining high conceptual diversity. 816 

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

provides a series of advantages over currently used empirical methods: 818 

i. It is automated and thus allows very large numbers of technology and system options to be 819 

dealt with; 820 

ii. It makes technical suggestions for each and every product and therefore enforces the 821 

consideration of entire sanitation systems; 822 

iii.  it is systematic and thus enhances the reproducibility and transparency of option generation; 823 

iv. it explicitly considers uncertainties relating to local conditions and technology options and 824 

thus can work with data and information generally available at the structuring phase, also in 825 

developing urban areas; and 826 

v. it can include novel technologies and therefore generates options that have not yet been 827 

widely applied but are nevertheless realistic (as shown in the application case). The hope is 828 

that such novel options have the potential to be more sustainable than conventional ones in 829 
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developing urban areas because of e.g. their greater flexibility to demographic changes and 830 

the opportunities for resource recovery (e.g. nutrients, energy, or water). 831 

The procedure remains sensitive to several parameters that should ideally be defined together with 832 

local stakeholders: the definition of potential technologies; the set of screening criteria, attributes, and 833 

uncertainty models; and the system templates. Moreover, the procedure is generic and can be 834 

extended to integrate other parts of urban water systems (e.g. stormwater) and applied to other 835 

complex infrastructure problems, such as solid waste management. The procedure is sufficiently 836 

systematic that it could be standardized for regional or national planning procedures and provide low-837 

level support for local decision-making and planning procedures. 838 
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Systems and Technologies - 2nd revised edition, Swiss Federal Institute of Aquatic Science and 1011 
Technology (EAWAG), Duebendorf, Switzerland. 1012 

Tilley, E., Zurbrügg, C. and Lüthi, C. (2010) Social Perspectives on the Sanitation Challenge, pp. 69-86. 1013 

Tilmans, S., Russel, K., Sklar, R., Page, L., Kramer, S. and Davis, J. (2015) Container-based sanitation: 1014 
assessing costs and effectiveness of excreta management in Cap Haitien, Haiti. Environment and 1015 
Urbanization 27(1), 89-104. 1016 

Tobias, R., O'Keefe, M., Künzle, R., Gebauer, H., Gründl, H., Morgenroth, E., Pronk, W. and Larsen, 1017 
T.A. (2017) Early testing of new sanitation technology for urban slums: The case of the Blue Diversion 1018 
Toilet. Science of the total environment 576, 264-272. 1019 

Tremolet, S., Kolsky, P. and Perez, E. (2010) Financing On-Site Sanitation for the Poor. A Six Country 1020 
Comparative Review and Analysis. 1021 

UN (2000) Millennium Development Goals, United Nations. 1022 

UN (2015) Transforming our world: the 2030 Agenda for Sustainable Development, United Nations 1023 
(UN), New York. 1024 

UNFPA (2007) State of world population 2007: unleashing the potential of urban growth. Martine, G. 1025 
and Marshall, A. (eds), United Nations Population Fund (UNFPA). 1026 

UNW-DPC (2013) Safe Use of Wastewater in Agriculture. Liebe, J. and Ardakanian, R. (eds), UN-1027 
Water Decade Programme on Capacity Development (UNW-DPC), Bonn, Germenay. 1028 

van Buuren, J. and Hendriksen, A. (2010) Social Perspectives on the Sanitation Challenge. van Vliet, 1029 
B., Spaargaren, G. and Oosterveer, P. (eds), pp. 87-103, Springer Netherlands, Dordrecht. 1030 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 50

WHO (2013) World health report 2013: Research for universal health coverage, World Health 1031 
Organization (WHO), Geneva, Switzerland. 1032 

WHO and UNICEF (2017) Progress on Drinking Water, Sanitation and Hygiene, Geneva, 1033 
Switzerland. 1034 

Willetts, J., Willetts, M., Paddon, N.D.G., Nam, N., Trung, N. and Carrard (2013) Sustainability 1035 
assessment of sanitation options in Vietnam: planning with the future in mind. Journal of Water, 1036 
Sanitation and Hygiene For Development 3(2), 262. 1037 

WSP (2014) The Missing Link in Sanitation Service Delivery. A Review of Fecal Sludge Management 1038 
in 12 Cities, International Bank for Reconstruction and Development/The World Bank. 1039 

Zurbrügg, C., Bufardi, A., Tilley, E., Maurer, M. and Truffer, B. (2009) Decision-making for sanitation 1040 
systems. Sandec News 10, 20-21. 1041 
 1042 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 1 

Generation of sanitation system options for urban 2 

planning considering novel technologies 3 

 4 

Spuhler Dorothee 1,2*, Scheidegger Andreas 1, Maurer Max 1,2 5 

 6 

1) Eawag, Swiss Federal Institute of Aquatic Science and Technology, 8600 Dübendorf, 7 

Switzerland. 8 

2) Institute of Civil, Environmental and Geomatic Engineering, ETH Zürich, 8093 Zurich, 9 

Switzerland. 10 

*) Corresponding author: Eawag, Swiss Federal Institute of Aquatic Science and Technology. 11 

Überlandstrasse 133, 8600 Dübendorf, Switzerland. E-mail: dorothee.spuhler@eawag.ch 12 

 13 

Highlights: 14 

• Automatic generation of all sanitation systems considering novel technologies. 15 

• The most appropriate and divers subset of sanitation systems is selected. 16 

• The size of the subset is defined by the decision-making process. 17 

• Uncertainties relating to the technologies and local conditions are considered. 18 

• A sensitivity evaluation shows the robustness of the suggested procedure. 19 


