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1 Introduction 27 

With investments of about 1 % of the global gross domestic product (OECD, 2006) and an 28 

estimated return on investment of US$5.5 per US$ invested (Hutton and Haller, 2004), urban 29 

water management (UWM) infrastructure constitutes one of the major assets of the built 30 

environment and contributes fundamentally to human and environmental health (UN WWAP, 31 

2017). To cope with multiple water-related challenges of global environmental change, the 32 

UWM sector needs to reconsider its former success conditions. What is at stake is the 33 

management of a sustainability transition which will depend on a whole series of innovations 34 

both in the technological and institutional setup of the sector, i.e. a renewal of its ‘socio-technical 35 

regime’ (Geels, 2006; Markard, Raven and Truffer, 2012;;Martínez Arranz, 2017). Sustainability 36 

transitions can be defined as “long-term, multi-dimensional, and fundamental transformation 37 

processes through which established socio-technical systems shift to more sustainable modes 38 

of production and consumption” (Markard, Raven and Truffer, 2012). The currently dominant 39 

socio-technical regime of the UWM sector can be considered to be quite uniform across the 40 

world (Fuenfschilling and Binz, 2018). Technologically, it consists of long-living network 41 

infrastructures (i.e. drinking water distribution pipes and sewers) and centralised water and 42 

wastewater treatment plants and it is predominantly supported by civil engineering expertise. 43 

These characteristics have led to strong technological path-dependencies over the past 44 

decades (Thomas and Ford, 2005). At the same time, a neatly aligned institutional and 45 

organisational governance structure has emerged, leaving the sector with a conservative take 46 

when it comes to dealing with innovative concepts and approaches (Kiparsky et al., 2013). As a 47 

consequence, we postulate that the UWM sector is confronted by an equivalent of the carbon 48 

lock-in in the energy sector (Unruh, 2000): an over reliance of long living centralised 49 

infrastructures, which prevents alternative, potentially more sustainable technological options to 50 

develop and mature.  51 

Different key UWM services such as the provision of safe drinking water, urban hygiene, 52 

water pollution control and the management of urban runoff (effluent and storm water) are 53 

closely linked to and interdependent to each other (Larsen and Gujer, 1997), e.g. when storm 54 

water runoff and domestic wastewater are transported in combined sewers. The aim of this 55 
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paper is to identify possible pathways for today’s wastewater treatment infrastructures to 56 

transform into more sustainable directions by opting for the most sustainable mix of centralised 57 

and decentralised wastewater treatment infrastructure. The planning context of wastewater 58 

infrastructures is challenging as ideally different sub-systems and its interdependencies need to 59 

be considered (Fagan, Reuter and Langford, 2010; Makropoulos and Butler, 2010; Guo and 60 

Englehardt, 2015; Kavvada, Nelson and Horvath, 2018). The focus of this paper is limited to 61 

wastewater in order to cope with the complexity of the modelling task and because we are 62 

optimising for a “green-field” approach, where storm water is best treated and transported 63 

separately (cf. Section 2.2). 64 

Even though the centralised regime has contributed to the eradication of diseases such as 65 

typhoid and cholera (O’Flaherty, 2005), it is confronted with increasing critics when it comes to 66 

its longer term sustainability prospects. It often turns out to be associated with considerable 67 

ecological and economic costs, due to sewer overflows, leaking pipes or water scarcity and it 68 

often results in a financial burden for local communities (Daigger, 2007; Bahri, 2012; Braga et 69 

al., 2014; Gawel, 2015; Sadoff et al., 2015; UN-WWAP, 2015; Hall et al., 2016). In many 70 

settings around the world, particularly outside an OECD context, the centralised approach is 71 

problematic, as complexity of centralised infrastructure investments generally requires 72 

‘significant complementary institutional capacity (and financial resources) for management, 73 

operations, and maintenance’ (Sadoff et al., 2015). 74 

The degree of dominance of the centralised socio-technical regime is geographically varied. 75 

Many countries have developed very high penetrations of their centralised systems: the United 76 

Kingdom, Switzerland or the Netherlands, for instance, have enforced central connection rates 77 

close to 100% (OECD, 2015, Eurostat, 2017). Lower connection rates are found in other OECD 78 

countries where considerable segments of the population are served by more or less functional 79 

decentralised wastewater treatment systems. A notable example is Japan, where the 80 

development of small-scale treatment units known as Johkasou results in a current connection 81 

rate of 78% (Gaulke, 2006; OECD, 2010, 2015; Yang et al., 2011). 82 
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The terms “centralised” and “decentralised” wastewater treatment systems need to be 83 

defined in the context of this paper, as they are used quite differently in literature (Sharma et al., 84 

2013): Whereas centralised treatment is used to describe a system based on large-scale 85 

wastewater treatment plants and sewer based transportation, the key feature of decentralised 86 

systems is treatment of wastewater close to the point of origin (Wilderer and Schreff, 2000). A 87 

whole continuum of spatial arrangements of treatment scales are conceivable (Ambros, 1996; 88 

Libralato, Volpi Ghirardini and Avezzù, 2012). We use the term ‘hybrid systems’ for combined 89 

centralised and decentralised systems. By decentralised treatment, we understand small-scale 90 

mechanical-biological treatment plants, i.e. treatment technologies offering the same or very 91 

similar performance to those of centralised treatment. Because no clearly quantifiable distinction 92 

exists in terms of scale (or “closeness”) to distinguish between centralised and decentralised 93 

treatment, it is necessary to specify this for a given context (which is provided for a Swiss 94 

context in Section 2). Therefore, we us the terminology of “small modular” as outlined by 95 

(Dahlgren et al., 2013) for referring to fully matured decentralised wastewater treatment systems 96 

which are characterised by modularisation, automation and mass production. This terminology 97 

is used to clearly distinguish between fully automated decentralised systems where high 98 

economies of numbers are achieved in manufacturing and where total system costs are 99 

dominated by treatment instead of transportation (cf. Dahlgren et al., 2013). 100 

Conventional decentralised approaches are often seen as a mere technological stopgap, 101 

with a far lower performance than centralised systems. In particular, they are considered as too 102 

expensive, performing worse in terms of treatment capacity, essentially unreliable and hard to 103 

regulate (McDonald et al., 2014; Sadoff et al., 2015; Huskova et al., 2016). Outside of OECD 104 

countries, connection rates to the centralised system have remained very low, with little 105 

prospect of increasing anytime soon. Also, decentralised systems are often unable to provide 106 

safe sanitation services, which is a particularly pressing problem in developing countries (Lüthi 107 

et al., 2011). However, membrane-based systems can achieve high levels of performance 108 

across a wide range of treatment plant sizes (Fane and Fane, 2005; Peter-Varbanets et al., 109 

2009; Zodrow et al., 2017). Furthermore, recent developments in the realm of modular system 110 

configurations taking advantage of the latest information and sensor technologies may counter 111 



Accepted in Land Use Policy 

5 
 

many of these assumed weaknesses: Excessive personnel costs may be avoided due to the 112 

availability of low cost automation and remote monitoring (Dahlgren et al., 2013). This would 113 

enable centrally operated contracting schemes for large fleets of decentralised systems and by 114 

this guarantee similar levels of technical reliability like todays centralised systems (Larsen, 115 

Udert and Lienert, 2013; Larsen et al., 2016). One good example showing the success and 116 

advantages of such a contracting scheme is for example provided for a German context by 117 

Hiessl et al. (2010). In particular, recent developments in pathogen monitoring suggest that 118 

system reliability may be increased substantially by autonomous control systems which may 119 

prove far more effective than traditional monitoring and control protocols (Hering et al., 2013). 120 

The shift towards such small modular UWM infrastructures can also be witnessed in realms of 121 

water disinfection, water reuse, desalination and resource recovery (Friedler and Hadari, 2006; 122 

Alnouri, Linke and El-Halwagi, 2015; Shahabi et al., 2015; Guo, Englehardt and Fallon, 2016). 123 

However, the successful further development and maturing of decentralised systems 124 

depends on a vast array of interrelated socio-technical innovation processes. Their successful 125 

introduction depends on whether substantial entry markets can be identified and whether 126 

industry, utilities and regulators will actually formulate corresponding innovation strategies. A 127 

number of challenges have to be overcome along the way to fully functional and cost-effective 128 

small modular systems such as reliable system operation with comparable performance level to 129 

centralised treatment, the exploitation of economies of learning and scale in manufacturing to 130 

substantially decrease costs or the development of appropriate management and governance 131 

structures (Hoogma, 2002). A sustainability transition in the urban water sector will only be 132 

conceivable if these challenges can be tackled in a balanced way. This task therefore 133 

resembles a systemic innovation process rather than a static optimisation task where an 134 

suitable technology can be selected from the shelf (Truffer et al., 2013). 135 

One crucial precondition for these innovation processes to happen is to identify the overall 136 

market potentials of current decentralised wastewater treatment systems in terms of numbers of 137 

units demanded for sale per annum. By assessing the market potential, we mean to estimate an 138 

order of magnitude of units that could be sold on a per annum basis for a given region. 139 

However, this number provides only a rough estimate of what companies might be able to sell in 140 
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these markets in the future. The actual market volume may depend on all sorts of efforts that 141 

have to be spent to penetrate the market such as marketing costs, adaptations to local rules 142 

and regulations or the diversity of market segments. Our estimated market potential can only be 143 

taken as an indication for informing future firm strategies, not as a reliable prediction of future 144 

business volumes. Furthermore, we want to clarify that we base our estimations predominantly 145 

on the market in rural and peri-urban regions. This is however not to say that decentralised 146 

water treatment could only be applied in these contexts (Nolde, 2012; Li et al., 2013; WERF, 147 

2018). In that sense, our estimates will rather be at the lower end of the spectrum. Finally, we 148 

have to note that our analysis estimates market potentials with respect to cost characteristics 149 

related to techno-economic assumptions (see Section 2.2). The market potential of 150 

decentralised wastewater treatment systems however differs, depending on how different 151 

aspects of a market are constituted such as its end user profiles, ownership models of the 152 

technology or taxation. Given the scope of this paper, we cannot provide a complete analysis of 153 

all these different market related aspects on a European scale but only mention the influence of 154 

some key elements in the discussion. Also, the question on how or whether these market 155 

potentials may be reaped needs to be discussed elsewhere.  156 

Given the high degree of regional variety of current market shares of decentralised systems, 157 

a benchmark needs to be defined across different countries. Conceptually, this is derived by 158 

specifying the optimal degree of centralisation in a given region (Downing, 1969; Converse, 159 

1972; Abd El Gawad and Butter, 1995; Starkl et al., 2012; Zeferino, Cunha and Antunes, 2012; 160 

Lee et al., 2013; Poustie et al., 2014; Arora et al., 2015; Van Afferden et al., 2015; Baron et al., 161 

2015; Sapkota et al., 2016; Wilderer et al., 2016; ). The degree of centralisation can be 162 

operationalised as the percentage of the population in a given region that is connected to a 163 

central wastewater treatment plant (WWTP), assuming that all other households are served by 164 

a decentralised option, i.e. assuming that all households are treated. The optimum degree of 165 

centralisation can be defined with respect to a set of different environmental, social or economic 166 

criteria. We however limit ourselves to a single-optimisation optimisation approach and define 167 

the optimal degree of centralisation with respect to only minimising for overall costs of treating 168 

wastewater in the region. To allow for small modular systems to replace connections to the 169 
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centralised system, the treatment performance of the overall system must be comparable. 170 

Whereas for example nutrient recovery, energy implications (e.g. generation of biogas) or water 171 

reuse options differ for centralised and decentralised systems and may be inherently linked to 172 

either system, the provision of save sanitation services (i.e. high treatment quality) is a 173 

necessary criterion for either system. Thus, not only the treatment plant performance, but also 174 

any losses during transportation (e.g. combined sewer overflows) would need to be considered. 175 

The validity of this assumption obviously depends on different factors such as technological 176 

developments, an appropriate technological choice, or a successful system operation and 177 

maintenance. Nevertheless, there are no fundamental reasons why this functional equivalence 178 

cannot be achieved (Hillenbrand, T.; Hiessel, 2016). . Additionally, we assume that the cost 179 

characteristics of both system types can be derived from current offerings found on the market 180 

for wastewater treatment technology. We thus abstract from potential effects on cost due to 181 

mass production or the higher complexity of future small modular systems. Based on these 182 

assumptions, Eggimann et al. (2016a) recently proposed a full cost assessment framework for a 183 

given region. They follow a geospatially explicit modelling approach, which heuristically 184 

optimises for least-cost infrastructure layouts considering topography and the full range of 185 

WWTPs in terms of sizes. This approach is extended in the following section to assess the 186 

market potentials for small modular systems in an entire country (Switzerland) and the whole of 187 

Europe. The challenge of this upscaling methodology is that the original approach does not 188 

scale well in computational terms (NP-hard) and has only been applied to regions of up to a few 189 

tens of thousands population equivalents (PE1). . As a consequence, we were forced to 190 

formulate a multi-step screening approach for assessing the European market potentials. 191 

To conduct this analysis, the existing regional cost assessment model is scaled up to the 192 

national scale of Switzerland (Section 2). Section 3 correlates the estimated Swiss market 193 

potentials with different density measures, thus providing a suitable proxy for extrapolating 194 

market potentials for Europe (Section 4). This leads to the discussion as to whether these 195 

market potentials could provide suitable entry markets for small modular systems in view of 196 

future sustainability transitions in UWM (Section 5). Section 6 concludes with an outlook on the 197 

implications of the analysis presented here for global environmental change in the water sector. 198 
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2 Estimating market potentials on a national scale 199 

The market potentials of small modular wastewater treatment for the whole of Switzerland is 200 

estimated in three-steps. Firstly, we define the terms centralised and decentralised for a Swiss 201 

context (Section 2.1) and provide the system boundaries (Section 2.2). Secondly, an existing 202 

geospatial optimisation model is applied for defined raster cell catchments covering Switzerland 203 

to estimate the optimal degree of centralisation within each cell (Section 2.3). This model 204 

application provides the number of decentralised and centralised wastewater treatment plants in 205 

each raster cell and thus the number of total PE served by centralised or decentralised 206 

treatment systems within each cell. Thirdly, the results of all raster cells are aggregated for the 207 

whole of Switzerland to calculate an overall potential national market share and correlate the 208 

results with alternative measure for population density (Section 2.4). 209 

2.1 (De)centralised treatment in Switzerland 210 

. The terminology (centralised or decentralised) differs across countries with respect to the 211 

treatment unit size and needs therefore to be specified: In Switzerland, treatment systems up to 212 

200 PE are generally characterised as small-scale systems (VSA, 2016). We use this generic 213 

definition, to distinguish between centralised and decentralised treatment and categorise 214 

WWTPs into different classes depending on their treatment capacity (Table 1). Treatment 215 

systems from category A (maximum 20 PE) typically treat wastewater for a single- (or multiple-) 216 

-family household (“micro-treatment”) and are generally manufactured in the form of packaged 217 

treatment plants. Category B treatment systems are more focused on the neighbourhood and 218 

service a cluster of households with maximum 200 PE. Treatment systems from category A and 219 

category B are considered as decentralised systems for this study, whereas treatment systems 220 

with higher capacities than 200 PE are considered as centralised systems. Systems from 221 

category A and B are considered possible candidates for small modular systems. Nearly the 222 

whole Swiss population (>97%) is connected to centralised WWTPs (UN, 2015). The country 223 

currently has ~760 large WWTP catchments, which have been defined in terms of their 224 

population density, topographic situation and administrative borders (BAFU, 2016). The rest of 225 

the population is served by ~3,000 decentralised treatment systems (Swiss Water Pollution 226 

Control Association, 2006).  227 
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 WWTP 
category 

 PE No. of 
installations 

Decentral A 
B  ≤ 20 

20 - 200 ~3,000 

Central C  > 200 ~760 

Table 1: Classification of treatment systems with respect to capacity in a Swiss context 228 

and the number of currently installed systems. 229 

2.2 System Boundaries 230 

The conceptual modelling approach chosen to assess market potentials for (de)centralised 231 

wastewater treatment exclusively considers cost criteria and does not factor in the whole 232 

complexity of UWM planning. It in particular neglects political, social or regulatory conditions. In 233 

order to determine the overall sustainability performance of the compared systems, numerous 234 

advantages and disadvantages would have to be considered (Grant et al., 2012; Libralato, Volpi 235 

Ghirardini and Avezzù, 2012; Lee et al., 2013; Lienhoop et al., 2014; Morera et al., 2015; 236 

Cornejo, Zhang and Mihelcic, 2016; Kavvada et al., 2016). The optimisation is static and 237 

estimates optimal infrastructure layouts without considering former infrastructure investments. 238 

Furthermore, it is assumed that the system choice takes place in a ‘green field’ context, i.e. no 239 

stranded investments have to be taken into account. Considering existing centralised 240 

infrastructures would need a different dynamic ‘transitory’ approach requiring in-depth 241 

knowledge about the current state of the infrastructure and investment behaviour of utilities over 242 

time. This is however case specific and practically intractable in terms of data collection on a 243 

large scale. Because of neglected issues of stranded investments and ignoring sunk costs, this 244 

analysis overestimates the potential of decentralised infrastructure (cf. Section 5.2). This 245 

overestimation is however minor and can be neglected.4 This limitation is less problematic in 246 

case of less developed wastewater infrastructure systems or in case of necessary infrastructure 247 

renewal. 248 

For the same reasons, costs for specific network-based runoff systems and storm water 249 

removal are ignored. The integration of storm water into the wastewater system, also called 250 

combined systems, is mainly a legacy approach. Modern urban drainage proposes are much 251 

wider variety of options to deal with storm water (see e.g. Fletcher et al., 2015), that relies on 252 
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the separation of the two water streams. For our approach we assume that our treated 253 

wastewater can be integrated into existing urban drainage schemes and ignore the outdated 254 

notion of using the wastewater transport network for managing storm water.  255 

Finally, this analysis focuses on domestic wastewater and neglects potential synergies with 256 

water reuse schemes. Decentralised wastewater reuse is a reliable water source for alleviating 257 

(environmental) water scarcity in urban areas, e.g. for reducing urban heat-island effects (US-258 

NRC, 2012). It is therefore unclear whether our market potential estimation leads to an under- or 259 

overestimation, particularly in urban areas. Including industrial wastewater in the cost 260 

calculation may potentially result in a higher population equivalent density and thus higher 261 

degrees of centralisation if the industrial wastewater is similar in composition to residential 262 

wastewater and can be added to the centralised treatment system. However, in reality the 263 

picture is substantially more complicated, as many industries already have on-site treatment or 264 

pre-treatment facilities due to regulation, the specific nature of their wastewater or for purposes 265 

of water and product recovery (Patterson, 1985). Moreover, industries are generally 266 

concentrated in urban areas with a low decentralised market potential. 267 

2.3 Geospatial optimisation framework 268 

Urban water systems are being studied via a wide range of different modelling approaches 269 

(Bach et al., 2014). For this study, a heuristic algorithm for sewer network generation known as 270 

SNIP (Sustainable Network Infrastructure Planning) is used to estimate the optimal degree of 271 

centralisation of wastewater treatment on a national scale. In the present paper, no in-depth 272 

explanation of the algorithm is provided but a reference is made to Eggimann, Truffer and 273 

Maurer (2015), where the applied methodology is outlined in full detail. SNIP is a two-step 274 

techno-economic model designed to heuristically optimise the dimensioning, placement and 275 

number of WWTP with the aid of a methodology for shortest path-finding and agglomerative 276 

hierarchical clustering. The most cost-efficient wastewater infrastructure for serving households 277 

in a given region is modelled on the basis of different current cost2 and sewer-design 278 

parameters (see Eggimann, Truffer and Maurer, 2015 for full details). For each catchment for 279 

which SNIP is applied, the resulting system configuration may be a fully centralised system with 280 

one large wastewater treatment plant, hybrid system configurations consisting of small and 281 



Accepted in Land Use Policy 

11 
 

large treatment plants or fully decentralised treatment systems constituted only by decentralised 282 

treatment plants. The optimisation considers transportation costs in sewers and treatment costs 283 

for the whole dimensional spectrum of central or decentral WWTPs. The costs calculations 284 

across the whole PE spectrum are taken from Swiss cost estimates of large scale treatment 285 

plants and from international cost literature of small-scale treatment systems, including UV 286 

disinfection and a drip disposal system (Eggimann, Truffer and Maurer, 2016b). The costs of 287 

future fully functional small modular systems are assumed to be equal to those of currently 288 

available decentralised treatment systems. This assumption could be challenged over the 289 

longer term: future systems may need additional features in terms of sensors and remote-290 

control options. On the other hand, mass production is likely to lead to strong cost decreases in 291 

proportion to an expanding market size (Wilderer and Schreff, 2000; Adler, 2007; Hillenbrand et 292 

al., 2013). Only little literature is available which discusses potential future cost reductions for 293 

the wastewater sector. An exception is Hillenbrand (2009), who estimates future potential 294 

savings for a broad application of membrane based system to be about 30% under the 295 

assumption of a learning rate of 10%. Learning curves are however a well-known phenomenon 296 

in many industry sectors (Mcdonald and Schrattenholzer, 2002):Contrasting potential cost 297 

reductions for other technologies such as photovoltaics or batteries in the energy sector shows 298 

that cost can potentially fall drastically (Mayer et al., 2015; Nykvist and Nilsson, 2015). The 299 

market potentials of current technological options are merely taken as a starting point or entry 300 

market for new, more innovative next-generation decentralised (i.e. small modular systems) 301 

options 302 

In order to run SNIP on a national scale, several adaptations of the original algorithm were 303 

necessary to reduce the computational burden: the raster resolution of the underlying digital 304 

elevation model was changed from 25 x 25 to 100 x 100 metres and the original shortest path 305 

finding heuristic in the sewer path-finding procedure where no roads exist is replaced by a 306 

straight-line distance approximation.  307 

To run SNIP, geographical and population data preparation is necessary: firstly, all buildings 308 

accommodating one or more flats are extracted from the Swiss federal register for buildings and 309 

dwellings published by the Federal Statistical Office (2006). Secondly, building outlines and 310 
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heights are taken from Swissbuildings 1.0 (Federal Office of Topography swisstopo, 2006) in 311 

order to calculate the building volumes used. The Swiss population (Federal Statistical Office 312 

BFS, 2006) is then assigned with the aid of a volumetric population disaggregation method 313 

developed by Lwin and Murayama (2009). Thirdly, urban structure units are created to reduce 314 

the computational burden. This enables us to generalise the built environment in our case study 315 

into areas of a homogenous character (Wickop, 1998; Schiller, 2010). 316 

To conduct the national screening analysis, Switzerland is partitioned by applying two different 317 

geospatial units, namely raster cells and WWTP catchments. This enables us to consider the 318 

sensitivity with respect to the choice of territorial unit of analysis. For each of the two geospatial 319 

partitions, we determine the optimal degree of centralisation and ignore any potential inter-320 

linkages between neighbouring units. For the raster-based analysis, we span a grid with a raster 321 

cell size of 7.2 km across the whole of Switzerland (Figure 1). This size is chosen to reflect the 322 

current average dimensions of Swiss WWTP catchments (~52.2 km2). All raster cells are then 323 

clipped with areas with no data availability, containing about 7.8% of the total population. 324 

Additionally, all raster cells containing fewer than 300 PE are excluded from the analysis (~0.2% 325 

of the total population)3 (Figure 2). Therefore, additional potentials may be identified in these 326 

regions, and would need to be added to the current Swiss estimations. These neglected regions 327 

may have a high market potential for decentralised systems as they are located in less densely 328 

populated parts of Switzerland (cf. Fig. 2). 329 

The modelling results are then aggregated to the Swiss cantons by assigning raster cells to 330 

the canton having the largest area within the cells. Finally, we generate scenarios to analyse the 331 

model sensitivity of SNIP: Instead of performing calculations with random model parameter 332 

perturbations, we varied the most important model parameter fminslope for running the algorithm 333 

for the sewer-network generation to generate minimum and maximum scenarios in addition the 334 

standard configuration for parameter-space exploration (see results in Table 3). The sewer 335 

design parameter fminslope is used to define the minimum slope of the simulated sewers. Larger 336 

parameter values result in sewers with steeper slopes and consequently results in deeper 337 

trench-depths and more pumping needs. This means that costs for the centralised system 338 

increase and thus more decentralised solutions are favoured. 339 
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 340 

Figure 1: Raster-based partitioning of Switzerland (n = 127). 341 

 342 

Figure 2: Overview of data availability and the administrative (geodata source: Swisstopo, 343 

2015) and WWTP catchment boundaries (geodata source: Eawag, 2014) of Switzerland. 344 

2.4 Swiss market potential 345 

We asses market potentials across the whole spectrum of population density values with the 346 

outlined methodology in Section 2.2 in order to assess the relationship between population 347 

density and the market potential. The assessed market potentials of population density values in 348 

Switzerland are classified into three classes (dc): rural, peri-urban and urban: however, there is 349 

no widely accepted definition of these classes (UNSTATS, 2016). Given the Swiss case study, 350 

these three density classes are defined by using a community-based classification produced by 351 
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the Federal Office for Spatial Development (2005), where different types of communities are 352 

distinguished statistically on the basis of their commuting, employment, tourism, housing and 353 

living-condition characteristics (Table 2). 354 

Density classes   Average population density 355 
  [PE/km2] 356 
 357 
Federal Office for Spatial Development 358 

Centres 1,347 359 
Peri-urban communities 229  360 
Peripheral communities 115 361 

Derived density class 362 
Urban > 1,000 363 
Peri-urban 200 – 1,000 364 
Rural < 200 365 

Table 2: Average population densities of a Swiss community-based classification by the 366 

Federal Office for Spatial Development (2005) and derived population density classes. 367 

The raster cell and catchment-based assessment of market potentials allows us to define 368 

different spatial statistics. For the market potential based on raster cells (MPRC), a weighted sum 369 

is calculated for each density class (dc = urban/peri-urban/rural) over all raster cells (idensity class) 370 

to obtain the average and mean market potentials (Equation 1) (A, B and C are the WWTP 371 

categories defined in Table 1).  372 

MPRC (dc) =  
∑

poprasteri
 A + B

poprasteri
A + B + C i in dc

total number of raster cellsdc
 (1) 373 

The market potential statistics based on the density classes (MPDC) are calculated as follows 374 

(Equation 2):  375 

MPDC (dc) =
∑ poprasteri

A + B
i in dc

total popdc
A + B + C  (2) 376 

Figure 3 shows the market potential for all Swiss raster cells, distinguished according to the 377 

three population density categories. A clear trend can be seen with higher average market 378 

potentials for increasing population densities. Whereas the calculated market potentials are on 379 

average highest for the rural category, we also find highest deviation for these densities. 380 
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 381 

Figure 3: Raster-based screening for decentral wastewater treatment potentials for the standard 382 
scenario run. Boxplots for the three population density classes are provided in the inset figure. 383 

Density class Rural  Peri-urban  Urban Total 384 
 385 
Total Swiss population (P) [%]  16.9 (-) 53.0 (-)  30.1 (-) 100 386 
 387 
Spatial statistics 388 

Density class-based (MPDC) 389 
WWTP category A and B [%] 31.2 (0.97) 7.8 (0.57) 1.2(0.10) 390 

 391 
Raster cell-based (MPRC) 392 

Mean of WWTP category A and B  [%] 41.2 (0.75)  10.1 (0.68) 1.6 (0.11) 393 
Median of WWTP category A and B [%] 34.1 (0.72) 7.5 (0.66) 1.2 (0.14) 394 

 395 
WWTP statistics (P * MPDC) 396 

Population in WWTP category A and B  [%] 5.3 (0.16) 4.1 (0.30)  0.3 (0.03) 9.7 (0.49) 397 
 398 
 399 

Number of WWTP calculated by the optimisation framework (Section 2.1) 400 
Category A 29,993 (399) 16,446 (599) 1,234 (59)  47,673 (1,057) 401 
Category B 3,279 (147) 2,924 (275) 263 (28)  6,466 (450) 402 
Category C 996 (43) 1,526 (165) 301 (55) 2,823 (263) 403 
Category A and B 33,272 (546) 19,370 (873) 1,497 (86)  54,139 (1,505) 404 

Table 3: Swiss results of the standard scenario run for the three density classes (one standard 405 

deviation is given in brackets: it results from the different scenario runs produced by changing 406 

the parameter fminslope) 407 

Table 3 shows the Swiss market potential in terms of the number of WWTPs differentiated by 408 

geographical contexts. The findings are as follows: according to the density class-based 409 

statistics, we calculate an optimum implying that 31.2% of the population living in rural areas 410 



Accepted in Land Use Policy 

16 
 

(where 16.9% of the total Swiss population live) would be best served by decentralised systems. 411 

Overall, this corresponds to 5.3% of the total Swiss population. A lower optimum is calculated 412 

for the peri-urban areas with an overall market potential for decentralised wastewater treatment 413 

of 7.8%, and 1.2% in urban areas. These market potentials sum up to 9.7% of the total Swiss 414 

population. A generally higher market potential is found for the raster cell-based statistics across 415 

all density classes because fewer people generally live in less populated raster cells. In terms of 416 

the total number of decentralised systems, an increase in the market potential by a factor of 417 

almost 20 is calculated (from today’s approximately 3,000 systems to a simulated 54,000). As 418 

the potential is greatest in areas of low population density, where the per capita infrastructure 419 

costs are also generally highest, an overall market potential of ~10 % is likely to represent a 420 

large share of the overall economic costs of wastewater infrastructure investments in 421 

Switzerland. 422 
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 Extrapolated small modular market potential Currently no central treatment Annual number of small modular treatment units  423 
   with Swiss plant distribution (88% category A, 12% category B) 424 
Country Population [%] Population [PE]  Population [%] 10 PE [#] 110 PE [#] Total [#] 425 
France 10 5,689,000 19 15,219 2,064 17,284 426 
Germany 6 5,050,000 3 13,510 1,832 15,343 427 
Poland 10 3,858,000 28 10,321  1,400 11,721 428 
Italy 6 3,428,000 12 9,170  1,244 10,414 429 
United Kingdom 4 2,703,000 0 7,230  980 8,211 430 
Spain 4 2,098,000 2 5,613 761 6,375 431 
Romania 7 1,510,000 55 4,040  548 4,588 432 
Czech Republic 8 891,000 20 2,384 323 2,708 433 
Sweden 10 887,000 13 2,374  322 2,696 434 
Portugal 9 851,000 29 2,276  309 2,584 435 
Austria 12 846,000 5 2,264  307 2,571 436 
Netherlands 4 722,000 1 1,930  262 2,192 437 
Hungary 6 698,000 27 1,867  253 2,120 438 
Belgium 6 668,000 16 1,787  242 2,029 439 
Greece 6 664,000 8 1,776  241 2,017 440 
Finland 11 618,000 17 1,654 224 1,879 441 
Irish Republic 13 561,000 35 1,500  203 1,703 442 
Denmark 11 527,000 9 1,411  191 1,602 443 
Switzerland 7 525,000 2 1,405  191 1,596 444 
Norway 11 520,000 18 1,391  189 1,580 445 
Bulgaria 7 511,000 43 1,368  186 1,553 446 
Slovakia 7 408,000 36 1,091  148 1,239 447 
Lithuania 11 345,000 26 922  125 1,047 448 
Slovenia 13 270,000 45 723 98 821 449 
Latvia 9 191,000 29 511 69 580 450 
Estonia 11 128,000 18 342  46 388 451 
Luxembourg 9 42,000 1 113  15 129 452 
Iceland 7 18,000 9 47  6 54 453 
Malta 2 7,000 1 19  3 22 454 
 455 
Total - 35,234,000  - 94,260 12,785 107,045 456 
 457 
  458 

Table 4: Population density-based screened market potential for small modular wastewater management systems in Europe and current population 459 
percentages without central treatment (Eurostat, 2017). 460 

 461 
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Figure 4a shows the geographical distribution of the three density classes, and Figure 4b 462 

shows the result of a standard parameter model. On average, the highest market potentials are 463 

found in rural areas and the lowest ones in urban areas (with peri-urban areas in-between) (cf. 464 

box plots in Figure 3). Furthermore, little variation is found for high-density values, whereas 465 

large differences are seen in the market potentials for raster cells with low densities. 466 

 467 

Figure 4: a) Geospatial distribution of the three identified density classes (b) and raster-based 468 

results for the market potential of decentralised wastewater treatment in Switzerland (geodata 469 

source: Swisstopo, 2015). 470 

A comparison between the catchment-based (a) and raster-based (b) approaches in Figure 471 

5 shows that even though the aggregated results change because of the different choice of 472 

geographical unit of analysis, the differences do not change the overall pattern. The choice of 473 
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geographical unit of analysis and raster cell size consequently has only a minor effect on the 474 

results of the present analysis.  475 

 476 

Figure 5: WWTP categories aggregated at a cantonal level on the basis of a) WWTP catchment 477 

calculations, and b) raster-based calculations. According to Figure 1, the results for VS, VD and 478 

TI (indicated in red) are not representative because of poor data availability (error bars 479 

represent ± one standard deviation). 480 

3 Identifying density measures as proxy indicators  481 

Transferring the methodology from the Swiss case study to other countries is challenging for 482 

reasons of data availability and computation time. Therefore, we propose an alternative 483 

approach, namely identifying potential proxy indicators for which data are widely available and 484 

which seem likely to provide a reasonable estimation of the more detailed calculations that we 485 

ran for the Swiss case. Density measures are obvious candidates for this purpose. We will first 486 

review the state of discussion of density measures as a means of infrastructure planning before 487 

going on to analyse three density indicators as correlates for our calculated market potentials.  488 

3.1 Density measures in UWM 489 

It has hitherto been suggested in the literature that population density can act as a generic 490 

indicator for infrastructure planning because it often ‘underlies the economic rationality when 491 
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planning the provision of basic public infrastructure’ (Prieto, Zofío and Álvarez, 2014). Overall, 492 

however, only a few studies support the argument that population density can indeed be used to 493 

identify the market potentials of centralised or small modular technologies. It would be far 494 

beyond the scope of the present paper to review the extensive literature on population density 495 

measures in infrastructure planning and we will therefore focus on how these arguments have 496 

been applied to the field of UWM.  497 

It is generally true for different infrastructures that ‘keeping all other factors constant, reduced 498 

urban density can be assumed to cause higher per-capita infrastructure costs’ (Siedentop and 499 

Fina, 2010). Álvarez et al. (2014) analyse the efficiency of public infrastructures with respect to 500 

optimal population densities and differentiate between network-based and other types of 501 

infrastructures because not all infrastructures are ‘equally affected by the spatial distribution 502 

patterns of population and dwellings.’ Hence, the economic efficiency of network-based 503 

infrastructures in particularly is closely linked to population density (McKinsey, 2014; Prieto, 504 

Zofío and Álvarez, 2014). Specifically with respect to wastewater management, there is general 505 

agreement about various cost effects based on (population)-densities: the most common 506 

argument is that capital costs decrease if more people are connected to a system within a 507 

catchment because of economies of scale in wastewater treatment and shorter per capita sewer 508 

transportation distances (inter alia Adams et al., 1972; O’Flaherty, 2005). However, the cost 509 

effects are not limited to capital but include operation costs. In a similar way, economies of 510 

density, for example, can be found for the operation of both centralised and decentralised 511 

wastewater management systems (Eggimann, Truffer and Maurer, 2016a; Fontecha et al., 512 

2016). Because of these various cost effects, population density has been suggested as a proxy 513 

in some studies, as it can act as an indicator for the optimal share of central and decentralised 514 

technologies in a region (Ho, 2005; Weber, Cornel and Wagner, 2007; Massoud, Tarhini and 515 

Nasr, 2009). Massoud, Tarhini and Nasr (2009), for example, write that in order to choose 516 

appropriate sanitation technologies ‘population density and location and the efficiency of the 517 

technology as compared to its cost should be considered’ (see also Cashman et al., 2018). 518 

Similarly, Van Afferden et al. (2010) state that the low population densities found in remote rural 519 

areas make the implementation of centralised treatment difficult. Urban form which is used to 520 
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estimate wastewater management costs is closely related to population density (ECOPLAN 521 

2000). Spirandelli (2015) also finds different patterns of wastewater infrastructures depending 522 

on the urban gradient. Finally, Bieker et al. (2010) write that ‘wherever certain thresholds of 523 

population density are exceeded,’ semi-centralised approaches offer new flexible solutions, and 524 

Kerstens et al. (2015) confirm that wastewater systems can be planned on a national scale on 525 

the basis of key parameters such as urban/rural features. However, putting forward the concept 526 

of population density as a measure for estimating centralised and decentralised treatment bears 527 

the risk of conveying the idea that high population density values are not suitable for 528 

decentralised treatment. Numerous examples however show that increasingly in highly urban 529 

settings new opportunities arise for decentralised treatment, such as e.g. in high-rises in cities. 530 

In summary, literature shows that population density clearly is an important and suitable 531 

indicator for drawing conclusion on the degree of centralisation in wastewater treatment. It is 532 

however also obvious, that population density is not able to capture all processing which lead to 533 

more centralised or decentralised infrastructures. Finally, even though population density is 534 

commonly put forward in theory, its quantification often lacks detail and little in the way of 535 

concrete analysis is available.  536 

3.2 Correlating density measures and market potentials 537 

Even though very different density measures are proposed in the literature, they are all 538 

based on the characteristics of buildings, settlement or zonal areas or catchments (inter alia 539 

Forsyth, 2003). We select three widely used indicators which are easy to calculate from a data 540 

availability point of view in the UWM, namely population (Equation 3), settlement (Equation 4) 541 

and building density (Equation 5) to correlate the calculated potential with the different WWTP 542 

categories defined in Table 1:  543 

population density = catchment population
catchment area 

∗  [PE]
[km2]

  (3) 544 

settlement density = catchment population 
settlement area 

∗  [PE]
[km2]

  (4) 545 

building density = number of buildings
catchment area

∗ [#]
[km2]

 (5) 546 
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In the Swiss case study context, the population density within WWTP catchments varies 547 

considerably, with generally lower values for smaller catchments and higher values for larger 548 

ones of almost 100 % connection rate, indicating that full connection might not be equally 549 

efficient for all catchments (Figure 6).  550 

 551 

 552 

Figure 6: Population density of Swiss WWTP catchments (n = 607). 553 

 554 

Figure 7 compares different density measures with the calculated market potential for 555 

decentralised wastewater treatment: with increasing population density, the market potential for 556 

decentralised systems decreases exponentially, resulting in low market potentials for higher 557 

densities and high potentials for low-density values (Figure 7a). However, high scattering can be 558 

observed, especially for lower densities. A possible explanation for the large differences for 559 

small densities is that our model-based approach considers actual network sewer layouts and 560 

topography. The overall fitting accuracy is considerably improved if we assume a piecewise 561 

linear approximation within the defined density classes, deduced from natural breaks in the data 562 

which can be identified at around 200 and 1000 PE/km2 (Figure 3). For the settlement density 563 

(Figure 7b), higher values are generally observed because wider areas not belonging to the 564 

settlements are excluded. However, the density differences are much smaller and no trend can 565 
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be deduced from this measure. The correlation of the market potential for decentralised systems 566 

with the building density (Figure 7c) is weaker than with the regular population density, and no 567 

clear natural breaks can be observed in the data. We therefore state that population density is 568 

the most valuable proxy for approximating cost-efficient treatment scales from the selected 569 

density measures. 570 

 571 

Figure 7: Comparison of density measures with the calculated market potential for decentralised 572 

wastewater treatment for all raster cells (cf. Table 1). 573 

Density measures imply several potential biases that should be considered when using them as 574 

a proxy. Because population density heavily relies on the territorial unit chosen for its calculation 575 

(Duncan, 1957) and obfuscates the distribution of population within the unit, this parameter 576 

reflects the spatial distribution of serviced households imperfectly. This can be clearly seen in 577 

Figure 7. Therefore, the extrapolation of the derived density values for Switzerland to other 578 

geographical contexts needs cautious reconsideration and alternative density measures may 579 

need to be developed that more effectively integrate influences of urban form, sprawl measures 580 

and topography. The present study is limited to a European screening. Screening of global 581 

market potentials would need further investigation of additional criteria such as climate, 582 

settlement structure and different regulations. Also, detailed on-the-ground analyses are 583 

necessary, particularly in low-density areas, because of the weak correlation between 584 

population density and market potentials for decentralised wastewater treatment. 585 
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4 Estimating market potentials on a continental scale 586 

Using population density measures as a proxy and taking current decentralised treatment as a 587 

starting point or entry market for small modular systems, enables us to extrapolate the market 588 

potential for small modular wastewater treatment systems at European level. European 589 

connection rates for centralised treatment vary between 0.6% (Kosovo) and 100% (United 590 

Kingdom), mostly ranging between 50% and 80% (Eurostat, 2017). For decentralised systems, 591 

the reported data are less consistent or may even be unavailable. The percentage of the 592 

connected population ranges from 0% (Greece, Malta, Albania, Kosovo) to 45% in Croatia 593 

(Table 4). However, the level of treatment (primary to tertiary) is not specified. Besides the 594 

population served by decentralised and centralised treatment units, some people are without 595 

any controlled wastewater treatment. Apart from some South Eastern European countries, this 596 

population share is below 10 %. 597 

Progress has been made since the introduction of European Urban Waste Water Directives 598 

91/271/EEC of 21 May 1991 and 98/15/EEC of 27 February 1998, which oblige member states 599 

to equip all communities of more than 2000PE with a sewer system and secondary treatment. 600 

Decentralised treatment is allowed if the cost of connection to a sewer system cannot be 601 

justified. Within this context, decentralised systems have been considered as a backward 602 

technology that needs upgrading in order to count as a viable alternative to centrally sewered 603 

systems. As the above data show, these policies have not yet been implemented in all member 604 

states, and some Eastern and Southern European countries in particular are lagging behind in 605 

this respect (European Commission, 2016). 606 

4.1 Applying the density-based screening method 607 

Due to data and computing limitations, the detailed approach applied to the Swiss case study 608 

cannot be reproduced on a European level (cf. Section 2). The scope of the screening is limited 609 

to countries for which geospatial data on population density is available (Eurostat, 2011). To 610 

guarantee consistency with the Swiss analysis, a grid with the same cell size (7.2 x 7.2km) is 611 

placed across Europe. Population density is then re-sampled for each raster cell (cf. Equation 3) 612 

and classified as either urban, peri-urban or rural according to the density classes derived from 613 
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the community-based classification of Switzerland (cf. Table 2). The relative population shares 614 

living in rural, peri-urban or urban regions in each country can then be determined by summing 615 

the population of the classified raster-cells and dividing by the total population of each country 616 

(see Figure 8). Finally, the various national market potentials are interpolated by multiplying the 617 

respective population in each density class by the corresponding calculated market potentials of 618 

the Swiss case study (Section 2). The market potential is presented in terms of population 619 

percentages and as PEs (Table 4 and Figure 8). For industry strategies, the number of small 620 

modular plants that could be sold every year is of more immediate interest. This number is 621 

calculated by assuming the same average distribution of treatment unit sizes as modelled for 622 

the case of Switzerland. Fig. 3shows that from the total number of small modular plants 88% of 623 

WWTPs fall into category A with a median treatment unit size of 10 PE and 12% fall into 624 

category B with a median treatment unit size of 110 PE. The overall number of WWTPs of 625 

category A and B would only lead to small differences in case country specific density classes 626 

were used, as the percentage of category A and category B plants are similar for the density 627 

classes (90.1% for rural, 84.4% for peri-urban, 88.8% for urban). By assuming the same 628 

average distribution for all European countries, we first calculate the absolute number of 629 

treatment units with 10 PE and 110 PE respectively. In a second step we divide this absolute 630 

number. by 15 years, as this is the average lifetime assumed in industry (Corominas et al., 631 

2013). Finally, all total annual numbers are summed to identify the market potential in terms of 632 

treatment units per annum within Europe. 633 

4.2 Market potentials in Europe 634 

The screened market potentials for small modular systems lie between 2% (Malta) and 13% 635 

(Irish Republic and Slovenia) of the total population (Figure 8). The summed total market 636 

potential within the considered European countries amounts to approximately 35.2 million PE, 637 

with 65% of this market potential being located in France (5.7 million PE), Germany (5.1 million 638 

PE), Poland (3.9 million PE), Italy (3.4 million PE), the United Kingdom (2.7 million PE) and 639 

Spain (2.1 million PE).  640 
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In the case of Switzerland, the Swiss population increased by ~5.7% or 428,000 inhabitants 641 

between 2006 and 2011, leading to more areas with higher density values overall. 642 

Consequently, the market potential for Switzerland is 2.7% lower than in Section 2, mainly 643 

because peri-urban areas were reclassified as urban areas. However, other factors may 644 

contribute to this difference in addition to the changing distribution of population density values 645 

in response to rapid demographic change. These may include statistical uncertainties, 646 

particularly in the case of low-density values (Section 3). Nevertheless, this issue of future 647 

demographic changes does not have trivial effects on the market potential, for instance because 648 

high uncertainty or a decreasing population might favour more flexible decentralised systems. 649 

The summed total number of small modular systems amounts to approximately 107,000 650 

annually (Table 4). To specify entry markets, we relate the market potential to the current 651 

situation (Figure 8). 652 

 653 
Figure 8: Comparison between extrapolated market potentials for small modular systems and 654 

population percentages with no central wastewater treatment. Three types of countries are 655 

defined depending on the ± 4% difference between the modelled and current situation. For data, 656 

see Table A1. 657 

The comparison of the current situation with the extrapolated market potential allows three 658 

broad types of countries to be distinguished:  659 
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i. Countries where the market potential is higher than the population share that is 660 

currently not connected to sewers. These have connected considerably more people 661 

(range of red, dotted line) to the centralised system than is economically justifiable 662 

(Luxembourg, Austria or Switzerland). If additional small modular units were to be 663 

introduced onto the market, this would involve disconnections from the centralised 664 

system. Resulting cost effects of disconnecting households from the existing network by 665 

transitioning towards more decentralised system configurations would need to be 666 

analysed in more detail (Eggimann, Truffer and Maurer, 2016b). 667 

ii. Countries in which the difference between the market potential and the currently 668 

unconnected population share is within a certain limited range (here ±4%). For these 669 

countries, the extrapolated and current statuses of decentralised treatment either align 670 

or the population currently unconnected to any treatment could be serviced primarily by 671 

small modular treatment units (e.g. The United Kingdom, Netherlands, Germany or 672 

Spain). 673 

iii. Countries in which the market potential is lower than the population unconnected to a 674 

centralised system (yellow, dotted line). This group can be divided into countries where 675 

a high share of the population unconnected to centralised treatment plants is served by 676 

decentralised units (e.g. France, Belgium, Irish Republic, Norway) and countries that 677 

need to increase their overall treatment infrastructure (e.g. Bulgaria or Romania). 678 

Different planning agendas can be identified for the three types of countries on how to achieve 679 

more optimal degrees of centralisation and sufficient wastewater treatment according to 680 

European and national law. Countries of type (i) should reconsider mandatory connection rules, 681 

as hybrid systems are more appropriate in specific areas. Countries of type (ii) could essentially 682 

focus on the segment of small modular systems and support its technological upgrading with 683 

more sustainable alternatives. Necessary investments in the near future pose opportunities for a 684 

‘system hybridisation’ (Marlow et al., 2013). Countries of type (iii) have to consider 685 

strengthening hybrid wastewater treatment. 686 
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5 Discussion 687 

We have identified a sizeable market for decentralised wastewater treatment systems in 688 

Europe. We will now elaborate to what extent this implies an innovation opportunity for novel 689 

and small modular concepts for handling urban waste water. The analysis identified a market 690 

potential of about 100’000 small modular treatment units (with a median of 10 PE) per annum 691 

within Europe (see Table ). The market is concentrated in a few large countries, possibly with 692 

considerable internal regional diversity. Currently, most installed decentralised systems in 693 

Europe are either sequencing batch reactors or biofilm systems, conventional activated sludge 694 

systems or treatment wetlands and only around 1% of systems are membrane-based 695 

(Schranner, 2014; Langergraber and Weissenbacher, 2017). In general, the application of these 696 

technologies suffers from a number of limitations, as they are typically owned and operated by 697 

non-professional organisations. Therefore, they are not very reliable in their operation, are 698 

costly to control and operate, especially if experts have to visit the plants on the ground, and are 699 

hard to regulate in conventional ways optimised for centralised systems (West et al., 2016). 700 

Also, there is little incentive for innovation and improvement in terms of future prospects: the 701 

market for decentralised plants is fairly splintered, utilities possess low innovation capabilities, 702 

regulations hinder improvements in treatment capacity, regulators tend not to promote the 703 

uptake of innovative options and professionals are generally risk-averse with respect to new 704 

approaches (Kiparsky et al., 2013, 2016). Consequently, decentralised systems have not been 705 

very well regarded by urban water professionals and regulators in the past, so connection to 706 

sewers is still seen as the preferred option. This in turn keeps the overall densities of 707 

decentralised units too low to develop cost-effective and reliable business models and 708 

regulatory approaches. 709 

Small modular infrastructures which can be mass-produced, automated and modularised, hold 710 

the promise that several of these limiting factors could be overcome and lead to dramatically 711 

different dynamics in terms of cost and performance. They may for instance improve treatment 712 

capacity compared to many of todays installed decentralised systems and result in overall 713 

system performance on a par with centralised concepts. As regards treatment system costs, 714 
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modular infrastructures would build on prefabricated processing units that can permit very 715 

strong economies of scale in production (Hillenbrand, 2009; Dahlgren et al., 2013). New 716 

business models and regulatory approaches based on novel communication and sensor 717 

technologies potentially enable systems to be supervised without involving individual house-718 

owners, and thus improve the reliability of modular systems (Eggimann et al., 2017). 719 

Implementing contracting concepts with centralised operation would additionally have the 720 

advantage that contractors could order and install larger numbers of identical systems, which 721 

would help to lower costs and help their diffusion (Hiessl et al., 2010). On a system 722 

configuration level, this would open up a number of new degrees of freedom to reorganise the 723 

urban water sector, most importantly enabling a different approach to storm water management, 724 

water reuse and resilience related to natural disasters, decrease the net use of water in 725 

households and reduce overall costs for communities and households (US-NRC, 2012; Cornejo, 726 

Zhang and Mihelcic, 2016; Mangone, 2016; Naik and Stenstrom, 2016; Vázquez-Rowe, Kahhat 727 

and Lorenzo-Toja, 2017). The question about public or private operation however needs to be 728 

discussed elsewhere (Lieberherr and Truffer, 2015; Eggimann, Truffer and Maurer, 2016b). 729 

All told, we posit that if a dedicated innovation effort were to be undertaken to develop modular 730 

systems, the sustainability record of the sector as a whole could improve (Larsen et al. 2016). 731 

These developments could eventually lead to market shares of small modular systems far 732 

above those that we have identified for current decentralised systems. This analysis is however 733 

not a forecast on what the future will hold in terms of deployed technologies as the market will 734 

depend on vast array of socio-technical developments and is context specific (taxation, 735 

regulatory framework etc.). It therefore only serves as an indicator for the geographies where 736 

these new system concepts could be developed and implemented. In terms of industry 737 

strategies, our extrapolation to the overall European market of about 100’000 small modular 738 

systems per annum would permit considerable economies of scale and learning. Furthermore, 739 

the market is concentrated in a few major countries, which would enable robust entry and early 740 

follower markets to be specified. These offer substantial prospects for Europe and even more so 741 

in other OECD countries that increasingly suffer from water shortages due to extended 742 

droughts, or where urban water systems are impacted by heavy storm events (Frei et al., 2006). 743 



Accepted in Land Use Policy 

30 
 

 

Also, small modular infrastructures would provide an interesting option for rapidly growing cities 744 

in emerging economies, where the building of centralised water infrastructure is difficult to 745 

achieve and high growth rates call for increased flexibility, which is much better provided by 746 

small modular systems (Maurer, 2009). Furthermore, standardised and mass-produced small 747 

modular systems would most likely lead to improved performance where infrastructures are 748 

poor, as is often the case in development contexts. Finally, the standardisation and mass 749 

production will lead to a substantial cost reduction and promise to reduce other obstacles which 750 

are preventing the technology to diffuse and find wide practical application (Wilderer and 751 

Schreff, 2000; Hiessl et al., 2010). 752 

Small modular infrastructures are therefore likely to play an important role in tackling future 753 

water-related problems due to global environmental change. However, incentives for embarking 754 

on these types of systemic innovation processes depend on initiatives by policy-makers, utilities 755 

and local governments to implement these technologies in an innovative way (Hoogma, 2002). 756 

Whether these opportunities will be grasped depends on political will and the further 757 

development of impacts due to global environmental change in the realm of water. This situation 758 

resembles earlier large policy programs that have led to fundamental changes in major industry 759 

sectors in the recent past (Foray, Mowery and Nelson, 2012; Larsen et al., 2016). 760 

s. 761 

6 Conclusions 762 

Given the benefits that small modular infrastructure concepts promise, the dominant sewer-763 

based approach to urban water management needs to be revisited in view of upcoming 764 

problems associated with global environmental change. Even though decentralised 765 

infrastructure concepts are suggested as emerging solutions to the water challenges of an 766 

urbanising world, so far only few studies have been available to assess the potential markets of 767 

novel small modular urban water systems. In most OECD countries, decentralised wastewater 768 

management has so far played a marginal role. Changing this state of affairs would necessitate 769 
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running a large number of interrelated innovation processes. As a necessary precondition for 770 

this to happen, we have assessed the size of a potential market for small modular wastewater 771 

treatment technologies based on the cost characteristics of current technologies. An 772 

assessment based on a geospatial model for the example of Switzerland suggests market 773 

potentials of ~10 % of the overall population for decentralised wastewater treatment (<200 PE). 774 

This represents a potential market increase by a factor of almost twenty for these technologies. 775 

By correlating market potentials and density measures, we propose to use population density as 776 

a first approximation indicator to provide an orientation of transition potentials for small modular 777 

treatment systems and act as a guide to infrastructure investments. Density-based screening on 778 

a European scale reveals different realisable market potentials across different countries (about 779 

100’000 plants per year, cf. Table 4). Whereas eastern European countries in particular still 780 

need to realise their centralised and modular market potentials to provide sustainable sanitation 781 

to their whole populations, this analysis suggests that other countries such as Austria or 782 

Switzerland should transition towards more hybrid system configurations. Finally, tapping the 783 

considerable market potentials overall would require a major transition in the way the UWM 784 

sector is currently organised. This would additionally create major market opportunities for 785 

further developing and maturing small modular infrastructure concepts. 786 

Footnotes 787 

(1) A population equivalent is a unit used to compare pollution loads, including both 788 

industrial and residential organic loads. One PE corresponds to an organic load with a 789 

biochemical oxygen demand of 54 g of oxygen per day (OECD, 1997). 790 

(2) The number of modelled category C WWTP (2,823) by far exceeds the actual number 791 

of centralised WWTPs in Switzerland. On the one hand this can be explained by the 792 

heuristic used in the SNIP approach, which is optimised to identify households that 793 

could potentially be decoupled from the system. The merging of very large WWTP is not 794 

equally well implemented. On the other hand, there are mainly reasons other than costs 795 

as to why larger WWTP are encouraged by regulators in Swiss practice. 796 



Accepted in Land Use Policy 

32 
 

 

(3) The optimisation is performed only within raster cells containing more than 300 PE to 797 

allow for potential centralised treatment. The value of 300 PE is taken as a selection 798 

criterion because in case fewer than 200PE are found within a raster cell, the algorithm 799 

would not detect centralised treatment as treatment systems would be classified as 800 

decentralised by definition (cf. Table 1). 801 

(4) The difference in population percentages between the calculated optimal modular 802 

market potential and the current decentralised treatment (see Table 4) is 5% for 803 

Switzerland (375,000 PE or 886 small modular systems per year), 7% for Austria 804 

(493,500 PE, 1’499 small modular systems per year) and 8% for Luxembourg (37’333 805 

PE, 115 small modular systems per year). The total potential maximum number of 806 

overestimated small modular treatment systems is roughly 2.5% (2’500 small modular 807 

systems per year or 900’000 PE) for the whole of Europe.808 
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