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Abstract

:

Existing urban water infrastructures need to be modified if they are to cope with such challenges as demographic change, energy sufficiency and resource efficiency. It is believed that less centralised and hence more flexible systems adapt better to changing conditions. The main goal of this paper is to compare conventional and novel urban water infrastructures in five model areas in two German cities with regard to their sustainability. The novel technical options comprise modules such as blackwater and greywater separation, treatment and reuse as well as heat recovery, which are believed to be much more resource efficient than conventional systems. An assessment framework was developed which is able to comprehend corresponding transformation processes. An integrated assessment was conducted using multi-criteria decision analysis. The assessment results show that no particular technical option prevails over all the others and that the performance of the various options in the assessment is influenced by the general conditions found in the model areas. However, it can be concluded that novel water infrastructures can compete with or even perform better than conventional ones, especially when ecological and social criteria are emphasized.
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1. Introduction


Existing infrastructures for urban wastewater disposal (and water supply) need to be transformed if they are to cope with such challenges as demographic and climate change, micropollutants, energy sufficiency or resource efficiency and conservation [1,2,3]. In this context, conventional centralised water infrastructures are less flexible in the face of changing conditions due to their long lifetimes, high capital investment and lengthy depreciation periods [4]. Because of these path dependencies, system transformations are neglected and only incremental improvements made [5,6]. Thus, centralised water infrastructures can be seen as a constraint for future transformations [6,7].



In contrast, it is believed that less centralised and hence more flexible systems adapt better to changing climatic and demographic conditions and use patterns [8,9,10,11,12,13,14]. Cities are thought to be highly vulnerable due to uncertain future developments and they should therefore change their water management and decrease their dependency on large-scale, energy-consuming water infrastructures [15]. Multiple and local water resources enable cities to reduce supply vulnerability by strengthening their resilience [16]. Furthermore, technological innovations, such as the separation of different domestic wastewater streams (e.g., greywater from showers and washing machines and blackwater from toilets), the use of treated wastewater for flushing toilets, watering and heat recovery, help reduce the ecological footprint [10,17,18,19]. However, such systems have so far only been implemented in individual cases in Germany mainly for financial reasons [14,19]. There are multiple technological components available for the abovementioned purposes that can be combined in various ways. Heat recovery from wastewater, for instance, can be carried out within a building, within a block of houses or at district level. The combination of these technical components produces a vast number of theoretically feasible technical options.



Furthermore, numerous semi-centralised designs (e.g., on the block or quarter level) are also possible in addition to decentralised and centralised infrastructures. Depending on the material flows considered, even hybrid forms of centralised and semi-centralised structures are conceivable, e.g., drinking water supply and blackwater disposal at the central level and greywater reuse and service water supply at a semi-central level. Such novel urban water infrastructures might play a crucial role in the transformation of conventional infrastructures but have not yet been implemented on a large scale or examined in detail.



Although the adoption of alternative water infrastructures, especially decentralised ones, is still rather rare [20,21], a number of examples can be found in the USA [22,23,24,25] and worldwide [26,27]. However, these cases are either examples of decentralised and centralised systems or examples of water reuse with a focus on indirect potable reuse or non-household uses (e.g., landscape irrigation, groundwater recharge, industrial use).



Hence, the main research question in this paper involved a comparison of conventional and novel water infrastructure systems in specific model areas in terms of their sustainability using an integrated assessment method. Therefore a corresponding assessment framework was applied which is able to comprehend innovation and transformation processes. Within this context, the assessment goal was to find the most sustainable option or the option with the greatest potential for transforming the existing infrastructure. A comprehensive and multi-dimensional understanding of sustainability was applied here [28,29,30]. Multi-criteria decision analysis (MCDA), a conventional method for resolving issues of this kind, was used in the study.




2. Materials and Methods


2.1. Case Studies and Technical Options


The assessment procedure and results to be presented in this paper are based on preceding research [16,31] which comprises, among others, the selection of five model areas as well as technological water infrastructure options. Three of the five model areas are located in the city of Frankfurt am Main, Germany, and two in the city of Hamburg, Germany. Frankfurt am Main, for instance, obtains its water resources from its hinterland where groundwater resources are already under pressure due to population growth and climate change [32].



All five model areas are currently the subject of an urban planning or conversion process, i.e., none of the proposed water infrastructures has been implemented here so far. The five model areas can be assigned to different land-use types: a commercial/industrial area, a conversion area and two development areas (well-located, built-up areas with partial fallow land) on the edge of the city centre, and one mixed-use area on the urban periphery [31]. All the selected neighbourhoods were on the verge of transformation, for instance from exclusively office or commercial areas to mixed use areas for commerce and living, as was the case in one of the neighbourhoods in Frankfurt am Main. Table 1 shows the characteristics of the model areas A to E (including sizes) and assigns them to land use types and spatial categories.



For each of these five model areas, three different technical water infrastructure options were ultimately assessed and compared. The options were all based on the following assumptions [31]: (i) The central water supply system basically remains unaffected, however some of the proposed technical options include the use of service water provided by treating greywater or rainwater (model area C). This will probably lead to a reduced consumption of potable water, which might necessitate a downsizing of pipeline schemes or even the construction of separate fire water supply pipelines. (ii) Rainwater is handled separately in the model areas, which is the requirement for focussing on domestic wastewater streams [33]. Conventional and novel water infrastructure options to some extent consider local infiltration of rainwater after appropriate treatment. Furthermore, green roofs are taken into account in some cases. (iii) Service water is only used for the purpose of flushing toilets (and not for showers, laundry and watering gardens, for example) in all the corresponding technical options owing to legal requirements.



The above-mentioned water infrastructure options of each model area consist of combinations of the following technical modules:




	
conventional wastewater disposal and treatment



	
greywater separation, treatment and reuse



	
blackwater separation and treatment, possibly by using vacuum sewer systems for blackwater disposal



	
heat recovery from wastewater (streams).








These modules can be compiled to general technical water infrastructure options which are described below [31]:



Conventional System Frankfurt: Wastewater in Frankfurt is collected and conveyed by a centralised combined and separate sewerage system. After treatment, the sewage sludge is incinerated without prior anaerobic digestion. Waste materials are used in the construction industry and heavy metals are deposited [34]. Electricity and heat from the combustion process are used. The conventional system reflects the current state of the art and can therefore be seen as a reference system.



Conventional System Hamburg: Wastewater disposal is carried out by a separate sewerage system. Sewage sludge and co-substrates are fermented and the fermentation residues and digester gas are incinerated [35]. The generated heat and electricity are used at the wastewater treatment plant. Additional heat is also used at an external container terminal [35]. Other than that, a small amount of purified biogas is fed as biomethane into the gas distribution system. Other incineration residues, i.e., ash and gypsum, are used as building materials in the construction industry and heavy metals are deposited [35]. Again, the conventional system serves as the reference system.



ConvGrey Frankfurt: In this water infrastructure option, light greywater (wastewater from showers, sinks and washing machines) and blackwater with heavy greywater (wastewater from toilets and kitchens) are collected and disposed separately (Figure 1). Blackwater with heavy greywater is treated conventionally while light greywater is treated separately and its heat is recovered. Any excess of light greywater is conveyed to the combined wastewater sewer; any excess of service water is either used externally (e.g., in other houses) or infiltrated (dashed lines in Figure 1). Treatment of light greywater and heat recovery takes place at house, block or quarter level, where a block comprises a block of houses and a quarter’s area is identical to the model areas. At the block level, light greywater treatment is conducted by a fluid bed reactor including disinfection [36]. At the quarter level, full biological treatment including Phosphorus precipitation is used [37]. It is assumed that this technical option is generally used at the quarter level unless otherwise stated. Electricity and heat are generated from blackwater with heavy greywater at the central wastewater treatment plant, while energy and materials (i.e., heat for domestic hot water or heating, service water for toilet flushing) are obtained locally from light greywater. A technical option of this kind requires few behavioural changes from the users’ point of view and is already being discussed by private investors and implemented locally at the house or block level. Various technical systems for this purpose are already available on the market. In addition, the legal and institutional framework is already relatively safe and has been proven to be manageable [36,38,39].



ConvGrey Hamburg: In this technical option, greywater (light and heavy greywater, i.e., wastewater without toilet water) and blackwater (wastewater from toilets) are collected and conveyed separately (Figure 2). A vacuum sewer system can be used for blackwater at the quarter level. On the border of the quarter, it is conveyed to the conventional sewerage system. Greywater is treated for further use as service water and its heat recovered [37]. Any excess of greywater and service water (dashed lines in Figure 2) is handled just as in the case of ConvGrey Frankfurt. At the block level, greywater is treated with fluid bed reactors and then disinfected [36], while it is assumed that full biological treatment including P precipitation is used for this purpose at the quarter level [37], unless otherwise stated. The idea behind this technical option is to link areas with the same infrastructure and convert them into the Hamburg Water Cycle (HWC, see below) technical option. In contrast to the ConvGrey Frankfurt option, greywater rather than light greywater is collected and treated. The vacuum sewer system requires less water to convey blackwater and hence requires less water for flushing toilets.



Hamburg Water Cycle (HWC): Blackwater and greywater are collected and disposed separately in the HWC (Figure 3; [40]). Greywater is treated biologically including P precipitation so that it can be used for infiltration (dashed lines in Figure 3). Blackwater is conveyed by a vacuum sewer system and treated with co-substrates (organic waste) and sewage sludge from the greywater treatment process through a continuously stirred tank reactor (CSTR) and an upflow anaerobic sludge blanket (UASB). Solid and liquid components are separated. The liquid phase is treated in the UASB, the solid phase in the CSTR. Recovered biogas is used for power generation. The solids of the digestate can be used for composting, the production of compost or agricultural purposes. The liquid phase of the digestate is conveyed to the greywater treatment and used with the treated greywater as service water [37]. Any excess of service water is either used externally or infiltrated (dashed lines in Figure 3). The proposed technical option is an alternative version of the original HWC [37], which has not yet been implemented. It requires less treatment and provides a better reuse of resources from the (highly concentrated) blackwater, better treatability of pharmaceutical residues and pathogens, relief for sewers and increased biogas production. This makes the quarter self-sufficient in terms of energy and improves its carbon footprint.



The general technical options presented have slight modifications in order to consider local conditions and requirements of the five model areas. The assessment process is finally based on three specific options for each model area: one conventional water infrastructure option (reference option) and two novel water infrastructure options (Table 1).




2.2. Methodology


2.2.1. Stakeholder Involvement


A participatory approach allowed relevant actors in the planning and decision-making around the novel water infrastructures to participate in the assessment process. This was accomplished by holding preliminary roundtable discussions and, most importantly, three participatory stakeholder workshops. In order to prepare for the workshops with relevant stakeholders, roundtable discussions with scientists, representatives of professional (technical) associations and technical authorities were conducted. The discussions with other scientists from research projects dealing with the assessment of novel water infrastructure systems covered the assessment framework and the methodological questions. Specifying the assessment framework mainly aimed at defining the system boundaries and the assessment goal(s). Representatives from water supply, wastewater disposal, energy and district heating associations and organisations then took part in the discussions with professional associations and authorities. Issues with regard to the contents, current problems and future prospects of conventional and novel water infrastructures were discussed.



Three stakeholder workshops were conducted in total. The first workshop aimed at identifying relevant assessment categories and criteria with stakeholders from the authorities, especially urban planning, interest groups, involved companies, utilities and science. This workshop took place a few months after the beginning of the assessment process and stakeholders from both model cities were invited to establish a common basis for the assessment process. In total, 20 participants attended the workshop. The researchers subsequently created a structure for the criteria that had been identified. In order to avoid “blind spots”, existing sets of assessment criteria [41] and indicators from technical guidelines of the German water sector [33] were used to fill any gaps where necessary. Apart from this, the abovementioned multi-dimensional sustainability concepts [28,29,30] helped to scrutinise the completeness of the set of criteria.



Based on the compiled list of assessment criteria, data integration and the assessment process itself were conducted by an interdisciplinary team of researchers and industry partners of the overarching research project of which the presented assessment process is only a part. The data consisted of qualitative statements, available quantitative data, results of material flow analyses [31] and cost estimates of the specific technical options for example (Supplementary Table S1). Finally, the aim of the second and third workshops, which took place about one year after the first workshop, was to present and discuss preliminary assessment results and, most importantly, weight the assessment categories and criteria with regard to their importance or relevance from the stakeholders’ points of view. One workshop was held in Frankfurt (with 15 participants) focusing exclusively on the model areas in Frankfurt and another was held in Hamburg (with 12 participants).




2.2.2. Multi-Criteria Decision Analysis


Multi-criteria decision analysis (MCDA) is suitable for comparing specified options with regard to the identified assessment criteria and can therefore be applied here. In doing so, the specific technical option with the highest utility value in terms of the aforementioned assessment goal can be identified in each model area. Such methods for assessing options are obviously much more comprehensive than conventional monetary and/or one-dimensional tools for decision analysis, such as cost-benefit analysis [42]. MCDA tools are able to consider an arbitrary number of assessment criteria, which can be monetary and non-monetary as well as quantitative and qualitative. This means that one-sided decisions driven purely by economic aspects can be avoided, allowing other aspects such as ecological and social benefits to be included in the assessment. In addition, the integrated assessment presented here was a holistic approach that corresponded far more to an integrated mode of research capable of tackling complex systemic challenges such as those mentioned above [43]. Apart from that, MCDA methods have been applied in the water sector already and have proven to be successful [44,45,46,47,48,49,50,51,52,53,54,55].



The MCDA methods taken into consideration for the sustainability assessment were the Weighted Sum Model (also known as Utility Analysis) [56,57,58], the Analytical Hierarchy Process (AHP) [59,60] and the Analytical Network Process (ANP) [61]. The Weighted Sum Model was eventually chosen over the other methods due to its greater transparency and traceability. Both aspects were given greater importance within a participatory approach than would be the case in a purely scientific study without any societal relevance. Nevertheless, the weaknesses and pitfalls of the method [62] were also taken into account in the subsequent process (e.g., preferential independency, double counting).



Within the Weighted Sum Model, the (total) utility value of an option can be calculated as follows:


    U i  =   ∑   j = 1  n   w j   u  i j     











for i = 1, 2, 3, … m



Ui = total utility value of an option i



uij = achievement degree of an option i regarding a criterion j



wj = weight of a criterion j



Qualitative data have to be transformed into quantitative values using a transformation function. In our case, qualitative assessments using a high–medium–low scale, for instance, were transformed by a linear function into achievement degrees of two, one and zero respectively. Quantitative data can also be converted into achievement degrees of two, one and zero by assigning them to the maximum, medium and minimum value measured. After each option’s utility value has been determined, they can be compared to one another on an ordinal scale. The procedure results in a ranking of the options according to the defined assessment goal. The option with the highest utility value is the most sustainable water infrastructure system in a given model area compared to the other options.




2.2.3. Criteria Weighting


Several “weighting scenarios” were applied to the assessment results (Table 2). Three weighting scenarios were determined in advance by the team of researchers in order to represent a broad range of contrasting weightings. An additional weighting scenario was compiled by the stakeholders in each model city to integrate their preferences. In the first weighting scenario, all four eventually selected categories (i.e., technology, ecology, economy, society) had an equal weight of 25%. The indicators’ weights came from the number of indicators in a category (category weight divided by number of indicators) and were equally distributed within a category. In the second weighting scenario (“Tech+Econ”), the technological and economic category had a weight of 41.7% each and the ecological and social category 8.3% each. This weighting scenario represented a conventional assessment approach focussing on economic and technical aspects. The actual weights resulted from a cross-impact analysis among the four categories in which a category received two points if it was rated higher than another category and one point if two categories were equivalent. In this way, the technical and economic category each gained five points in total (out of 12 points distributed to all four categories) and the ecological and social one point each. In the third weighting scenario (“Ecol+Soc”), the ecological and social category correspondingly had a weight of 41.7% each and the technological and economic category 8.3% each. This “scenario” represented a contemporary or alternative assessment approach placing more weight on ecological and social aspects.



The stakeholders’ weightings were discussed and determined by all of the actors involved for each city separately. In terms of the categories, this was achieved through negotiations between the stakeholders. In terms of the criteria/indicators, the stakeholders were asked to award points, which is why their weights were not equally distributed, in contrast to the other weighting scenarios. The number of points was then converted into percentages for each indicator (Table 2). Other than that, the weighting scenarios were used to test and verify the assessment results and therefore practically served as a sensitivity analysis.




2.2.4. System Boundaries and Assessment Goals


The preliminary roundtable discussions resulted in three assessment levels or scopes that differed in terms of their system boundaries (Table 3), however the main focus in this paper was on assessment level one: the short-term view of the model areas. The research question was: Which specific technical option is the most sustainable in each model area compared to the other options? This question referred to concrete project planning in the five model areas and therefore covered a period of up to approximately ten years.



Assessment level two was based on the results of the comparative assessment undertaken at assessment level one and widened the focus to the entirety of the model cities (in this case Frankfurt and Hamburg). The research question was: Which of the new general technical options (i.e., the two ConvGrey options) has the greatest transformation potential at city level? If it is assumed that one of the new general technical options will be implemented across the city with high development dynamics and low transformation efforts, which of the options has the greatest potential? Since this scenario encompassed a large-scale transformation of the model cities, a period of a couple of decades could be assumed here.



Finally, assessment level three tried to answer the question: Which of the technical modules (e.g., greywater separation and reuse plus heat recovery) has the greatest transformation potential in different types of regions? These types of regions comprise growing and shrinking urban agglomerations as well as rural areas. Since these kinds of transformations take a very long time, a period of up to 100 years or even longer was considered here.



All three assessment levels attempted to answer the question of whether and under what conditions conventional or novel water infrastructures are more sustainable or have greater transformation potential. Apart from this, the assessment scopes were addressed to stakeholders at different political or organisational levels and in different sectors (Table 3). The local scope of assessment level one, for instance, included investors and urban planners as well as supply and disposal utilities, whereas assessment level two was also addressed to (urban) policy makers and city councils. Assessment level three referred to nationwide technical and municipal associations, businesses and, last but not least, scientists.






3. Results and Discussion


3.1. Assessment Categories and Criteria


As a first step, the stakeholder process produced a set of indicators comprising 31 items and covering a total number of seven categories representing a broad range of topics such as technological, ecological, economic, social, organisational and legal aspects, as well as governance. Internal discussions among the researchers resulted in the differentiation of criteria and indicators describing the direct impacts of the technical options (e.g., impact on existing infrastructure and buildings) whereas others represented the requirements of a transformation process (e.g., adaptation of organisational structures).



Categories describing the requirements of a transformation process were “organisation”, “legal aspects” and “governance”. Many of the eleven criteria within these categories represented adaptation needs and efforts, for instance laws, technical guidelines or urban development contracts, but also organisational structures within the wastewater utility that have to be adapted in order to implement novel water infrastructure systems. In the conventional systems (reference option), the efforts or requirements were generally lower since the infrastructure system was “only” being optimised and there were no systemic changes involved (in contrast to the novel systems).



In this paper, criteria and indicators describing the impacts of the various options were considered in the actual assessment. Table 3 shows the final set of categories, criteria and indicators, their dimensions and their weightings within different weighting scenarios. The list comprises the four (impact) categories “technology”, “ecology”, “economy” and “society” including 20 indicators identified jointly by the stakeholders and researchers. Hence, it also represents the multi-dimensional sustainability concepts considered.




3.2. Assessment Results


The assessment process was carried out based on the developed set of criteria and resulted in utility values and rankings of three compared water infrastructure options in each of the five model areas (Table 4). Based on the stakeholders’ criteria and weightings, the options were assessed by project researchers responsible for a specific topic or category because they were also undertaking relevant research and hence had the largest database and/or overview of their topics. This approach enabled the technical option with the highest utility value of each of the five model areas to be determined within each weighting scenario. (The achievement degrees of all options and all indicators can be found in Supplementary Table S1.)



The results showed that out of 20 possible first rankings, conventional options were given the highest utility value eleven times, while novel or at least adapted conventional systems had the highest utility value nine times. Five of the latter systems were “ConvGrey” systems with greywater separation (with or without greywater treatment) and four were (adapted) conventional water infrastructure systems equipped with heat recovery (as in the case of model area D).



While the results in Frankfurt’s model areas were rather varied, i.e., conventional and novel options scored equally well depending on the weighting scenario (e.g., model area B, Figure 4), the results in Hamburg were clearly dominated by one technical option in each model area. In Hamburg’s model area D, the conventional option equipped with heat recovery ranked highest in all weighting scenarios. In model area E, the novel water infrastructure options could not compete with the conventional system, possibly due to the fact that both corresponding novel options have technically already been prepared for conversion into HWC systems in the future. This means that they carry the burden of higher costs due to their technical complexity (e.g., vacuum sewers) but have possibly not yet been rewarded for their potential benefits. However, Frankfurt’s model area A proved that its HWC option including heat recovery was evidently inferior compared to the conventional system and the ConvGrey option (Table 4). Nevertheless, general conclusions could not be drawn from the latter example since the results were case specific and every model area had its own conditions and requirements.



When taking a closer look at the weighting scenarios, it could be seen that with equal weightings novel options had the highest utility value in three cases (model areas B, C, and D) while conventional systems were at the top in two model areas (A and E). The weighting scenario with an emphasis on the technical and economic assessment category resulted in four highest rankings for the conventional options, except in one case (model area D). This was mainly due to the fact that these systems generally perform well regarding the categories technology and economy (e.g., model area A, Figure 5). However, it should be emphasised that novel water infrastructure options have consistently prevailed over conventional options within the technological category in terms of flexibility and adaptability, as well as their synergy potential with other infrastructures and within the economic category in terms of revenue, long-term competitiveness or innovation leadership and the ability of system change (Supplementary Table S1). The higher valuation of conventional options was mainly due to the fact that they were considered to have a lower need for adaptation concerning existing infrastructures.



Novel water infrastructures, in contrast, have the highest utility value in four model areas if social and ecological categories and criteria are weighted higher due to their good performance in the corresponding categories (e.g., model area C, Figure 6). The only exception was model area E, for the abovementioned reasons.



Interestingly, the stakeholders’ weightings always had the same outcome as the technological and economic weighting scenario. Although stakeholders particularly valued the ecological benefits of the novel systems, monetary and technical arguments still seemed to be important to them. Finally, a conventional option ranked third in just one case (model area B) in an ecological and social weighting scenario. Apart from this, only novel water infrastructure options came last.



Finally, a manual sensitivity analysis was carried to reveal the criteria which contributed in particular to the performance of a technical option in the assessment. The reference option always performed best in terms of its low impact on existing infrastructure (i.e., need for adaptation of existing water/building infrastructure), its low annual costs and good economic viability (impact on specific costs, e.g., rent, rent including heating), its good usability and practicality (e.g., ease of handling, ease of use for operators and residents) as well as its few socio-economic and cultural barriers (e.g., risk of exclusion). The novel water infrastructures partially scored well in terms of their synergetic potential with other infrastructures (e.g., waste heat, cooling buildings, biogas), their systemic flexibility (e.g., regarding changes in climate, demography, law, usage patterns), their good resource balance (in particular heat recovery if this technology was involved), potential revenues from products and their awareness raising regarding resource use.





4. Conclusions


The question as to whether conventional or novel urban water infrastructures are more sustainable can be answered depending on how much emphasis is placed on technological and economic or ecological and social criteria. This should not be misinterpreted as being bad news for novel options, but rather should lead to a reassessment of the general assumptions made about conventional water infrastructures. Novel water infrastructures can not only compete with conventional ones but even perform better than these, especially when ecological and social criteria are emphasized, but also in terms of certain technological and economic criteria, such as adaptability, flexibility, synergy potential, revenues and innovation leadership.



It is assumed that water infrastructures will continue to be characterized by an increasing diversification of conventional and novel systems. An integrated assessment provides a good basis for the identification of the novel infrastructure option with the greatest transformation potential. In doing so, the options’ impacts, transformation efforts, and arising opportunities have to be assessed. Even though no specific novel option has prevailed over the other alternatives, the assessment results suggest that the novel systems examined here will play a crucial role in the transformation of the existing water infrastructure.



Nevertheless, it should be stressed that the most sustainable technical option in a specific model area is not necessarily also the one with the highest transformation potential for an urban district, a growing agglomeration or a structurally weak area. A model area’s infrastructure has numerous impacts on and interfaces with the city-wide infrastructure. These can be grasped as external effects and are essential at assessment level two (city level), for instance. An advancing implementation of novel water infrastructures leads to potential changes in the municipal water infrastructure (e.g., under-utilization) that should be viewed from the long-term perspective of a system transformation of the whole city. Therefore, a wider spatial and temporal scope has to be considered in order to minimize possible negative repercussions and to enhance corresponding synergies and potentials.



A major novelty of the assessment framework developed in this study is that it is able to take aspects of innovation and transformation into account. Innovation and transformation, however, are of course not confined to technological issues but, for instance, also refer to social and ecological issues. Thus, the advantages and disadvantages of innovative and conventional options alike can be incorporated comprehensively. In terms of the assessment process, it is an important finding that surrounding conditions and requirements of the transformation process have to be handled separately from the direct impacts of a transformation due to the fact that novel options often go hand in hand with systemic changes compared to “only” optimised conventional options. However, how these transformation efforts for surrounding conditions are concretely handled in an assessment process remains an open question for further research.
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The following is available online at http://www.mdpi.com/2073-4441/10/2/211/s1, Table S1: Methods of data collection regarding assessment criteria and indicators as well as achievement degrees of compared options.
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Figure 1. Scheme of the ConvGrey Frankfurt technical option at the quarter level (based on [31]). 
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Figure 2. Scheme of the ConvGrey Hamburg technical option at the quarter level (based on [31]). 
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Figure 3. Scheme of the Hamburg Water Cycle (with heat recovery) technical option at the quarter level (based on [31]). 
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Figure 4. Utility values of water infrastructure options in model area B depending on weighting scenario (“Tech+Econ” = weighting scenario with emphasis on technological and economic category; “Ecol+Soc” = weighting scenario with emphasis on ecological and social category; “Stakeholders” = weighting scenario with the stakeholders’ weightings). 
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Figure 5. Utility values of water infrastructure options in model area A depending on category (equally weighted). 
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Figure 6. Utility values of water infrastructure options in model area C depending on category (equally weighted). 
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Table 1. Technical water infrastructure options for model areas (based on [31]).






Table 1. Technical water infrastructure options for model areas (based on [31]).





	
Model Area

	
Land Use Types, Spatial Categories and Sizes

	
Reference Option

	
Novel Option 1

	
Novel Option 2






	
Frankfurt am Main




	
A

	
Conversion area, edge of city centre, 15.75 ha

	
Conventional system Frankfurt

	
ConvGrey Frankfurt

(quarter level)

	
Hamburg Water Cycle with heat recovery




	
B

	
Mixed use area, urban periphery, 63.34 ha

	
Conventional system Frankfurt

	
ConvGrey Frankfurt

(block level)

	
ConvGrey Frankfurt

(quarter level)




	
C

	
Commercial/industrial area, edge of city centre, 28.5 ha

	
Conventional system Frankfurt

	
ConvGrey Frankfurt without greywater treatment, only heat recovery from greywater at block level; additional heat recovery from combined wastewater

	
Conventional system Frankfurt with heat recovery and service water use from rainwater




	
Hamburg




	
D

	
Development area, edge of city centre, 5.2 ha

	
Conventional system Hamburg

	
Conventional system Hamburg with heat recovery

	
ConvGrey Hamburg

(quarter level)




	
E

	
Development area, edge of city centre, 13.5 ha

	
Conventional system Hamburg

	
ConvGrey Hamburg

(quarter level) with additional heat recovery from combined wastewater

	
ConvGrey Hamburg

(block level)
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Table 2. List of assessment criteria and indicators for the impact assessment and weighting scenarios.
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Category/Field of Action

	
Criterion

	
Indicator

	
Weighting scenario/Weight [%]




	
Equally Weighted

	
Tech+Econ

	
Ecol+Soc

	
Stakeholders Frankfurt

	
Stakeholders Hamburg






	
Technology

	

	

	
25.0

	
41.7

	
8.3

	
25.0

	
30.0




	
Integrability

	
Impact on existing infrastructure and buildings

	
Need for adaptation of existing water/building infrastructure [low, medium, high]

	
5.0

	
8.3

	
1.7

	
5.0

	
5.3




	
Synergetic potential

	
Synergies with other infrastructures and concerning renewable energy (waste heat, cooling buildings, biogas etc.) [high, medium, low]

	
5.0

	
8.3

	
1.7

	
3.8

	
7.5




	
Adaptability

	
Flexibility

	
Degree of flexibility regarding changes in climate, demography, law, usage patterns etc. [high, medium, low]

	
5.0

	
8.3

	
1.7

	
6.9

	
5.3




	
Operational reliability/robustness

	
Process stability

	
Impact of extreme events (heavy rainfall, wastewater reduction, power failure, vandalism etc.) [low, medium, high]

	
5.0

	
8.3

	
1.7

	
5.0

	
5.3




	
Effects of failure of individual system components (resilience) [low, medium, high]

	
5.0

	
8.3

	
1.7

	
4.4

	
6.8




	
Ecology

	

	

	
25.0

	
8.3

	
41.7

	
27.5

	
23.8




	
Resource protection

	
Local ecosystem functions

	
Contribution to the production, preservation and strengthening of blue and green infrastructure [high, medium, low]

	
3.6

	
1.2

	
6.0

	
3.4

	
3.4




	
Water protection (surface waters)

	
Reduction of inputs of nutrients (N, P) and ecotoxicological substances [high, medium, low]

	
3.6

	
1.2

	
6.0

	
4.9

	
2.1




	
Soil and groundwater protection

	
Reduction of inputs of ecotoxicological substances [high, medium, low]

	
3.6

	
1.2

	
6.0

	
5.4

	
2.5




	
Energy and climate protection

	
Emission of greenhouse gases (CO2 equivalents) [t/a]

	
3.6

	
1.2

	
6.0

	
5.9

	
3.8




	
Resource use

	
Resource balance

	
Drinking water demand [m3/a]

	
3.6

	
1.2

	
6.0

	
2.5

	
2.5




	
Electricity demand [MWh/a]

	
3.6

	
1.2

	
6.0

	
2.9

	
4.2




	
Heat recovery [MWh/a]

	
3.6

	
1.2

	
6.0

	
2.5

	
5.1




	
Economy

	

	

	
25.0

	
41.7

	
8.3

	
25.0

	
21.3




	
Utilities, investors

	
Costs

	
Annual costs [€/a]

	
5.0

	
8.3

	
1.7

	
6.3

	
4.3




	
Revenues

	
Potential revenues from products of novel water infrastructure systems [€/a]

	
5.0

	
8.3

	
1.7

	
2.5

	
2.7




	
Long-term competitiveness, innovation leadership

	
Effects on image and know-how [high, medium, low]

	
5.0

	
8.3

	
1.7

	
4,4

	
5.8




	
Ability of system change (flexibility)

	
Duration of depreciation [low, medium, high]

	
5.0

	
8.3

	
1.7

	
3.8

	
3.7




	
Investors, residents

	
Economic viability

	
Impact on specific costs (rent, rent including heating) [low, medium, high]

	
5.0

	
8.3

	
1.7

	
8.1

	
4.8




	
Society

	

	

	
25.0

	
8.3

	
41.7

	
22.5

	
25.0




	
Exclusion

	
Socio-economic, cultural barriers

	
Risk of exclusion [low, medium, high]

	
8.3

	
2.8

	
13.9

	
7.5

	
3.1




	
Usability, practicality

	
Ease of handling

	
Ease of use for operators and residents [high, medium, low]

	
8.3

	
2.8

	
13.9

	
8.4

	
15.6




	
Environmental awareness

	
Awareness raising regarding resource use (water, energy)

	
Sensitisation potential (residents, operator, investor, politics) [high, medium, low]

	
8.3

	
2.8

	
13.9

	
6.6

	
6.3
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Table 3. Assessment framework [63].
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	Assessment Level
	1
	2
	3





	Spatial scope
	Model areas
	Model cities
	Types of regions



	Temporal scope
	Short-term
	Medium-term
	Long-term



	Research question
	Which specific technical option is the most sustainable in each model area compared to the other options?
	Which of the novel general technical options has the greatest transformation potential at city level?
	Which of the technical modules has the greatest transformation potential in different types of regions?



	Addressees
	Investors/builders, planners, supply and disposal utilities
	Policy-makers, city councils, supply and disposal utilities
	Policy-makers, technical authorities, technical and municipal associations, business companies, science
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Table 4. Assessment results of water infrastructure options in the model areas (first ranks are highlighted).






Table 4. Assessment results of water infrastructure options in the model areas (first ranks are highlighted).





	
Model Area/Weighting Scenario

	
Reference Option

	
Novel Option 1

	
Novel Option 2




	
Utility Value

	
Rank

	
Utility Value

	
Rank

	
Utility Value

	
Rank






	
Frankfurt am Main




	
A

	
Conventional system Frankfurt

	
ConvGrey Frankfurt

	
HWC with HR




	
Equally weighted

	
89

	
1

	
84

	
2

	
76

	
3




	
Tech+Econ

	
83

	
1

	
68

	
2

	
59

	
3




	
Ecol+Soc

	
95

	
2

	
99

	
1

	
93

	
3




	
Stakeholders

	
99

	
1

	
86

	
2

	
73

	
3




	
B

	
Conventional system Frankfurt

	
ConvGrey Frankfurt (block level)

	
ConvGrey Frankfurt (quarter level)




	
Equally weighted

	
80

	
2

	
87

	
1

	
78

	
3




	
Tech+Econ

	
80

	
1

	
69

	
2

	
66

	
3




	
Ecol+Soc

	
81

	
3

	
105

	
1

	
90

	
2




	
Stakeholders

	
89

	
1

	
82

	
2

	
75

	
3




	
C

	
Conventional system Frankfurt

	
ConvGrey Frankfurt (1)

	
Conventional system Frankfurt with HR (2)




	
Equally weighted

	
90

	
2

	
98

	
1

	
78

	
3




	
Tech+Econ

	
83

	
1

	
79

	
2

	
73

	
3




	
Ecol+Soc

	
96

	
2

	
117

	
1

	
84

	
3




	
Stakeholders

	
97

	
1

	
90

	
2

	
75

	
3




	
Hamburg




	
D

	
Conventional system Hamburg

	
Conventional system Hamburg with HR (4)

	
ConvGrey Hamburg(quarter level)




	
Equally weighted

	
97

	
2

	
110

	
1

	
78

	
3




	
Tech+Econ

	
86

	
2

	
97

	
1

	
66

	
3




	
Ecol+Soc

	
108

	
2

	
124

	
1

	
91

	
3




	
Stakeholders

	
99

	
2

	
106

	
1

	
71

	
3




	
E

	
Conventional system Hamburg

	
ConvGrey Hamburg (quarter level) (3)

	
ConvGrey Hamburg (block level)




	
Equally weighted

	
90

	
1

	
82

	
2

	
82

	
2




	
Tech+Econ

	
83

	
1

	
74

	
2

	
74

	
2




	
Ecol+Soc

	
96

	
1

	
89

	
2

	
89

	
2




	
Stakeholders

	
92

	
1

	
72

	
3

	
74

	
2








Tech = technology; Econ = economy; Ecol = ecology; Soc = society; HR = heat recovery; HWC = Hamburg Water Cycle. (1) without greywater treatment, only heat recovery from greywater at block level; with additional heat recovery from combined wastewater; (2) with service water use from rainwater; (3) with additional heat recovery from combined wastewater; (4) It should be noted that this technological option is a conventional system that has been equipped with heat recovery, while energy aspects were not considered in the corresponding reference option. The option therefore gains an advantage but does not transform the existing water infrastructure. 














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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