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In 2018 the European Union has recognized wastewater as a renewable energy source, particularly due to its thermal energy content. To create and further develop knowledge on the possible role that wastewater could play in the energy transition, this article pursues two objectives: 1) it presents an overview on the electric and thermal energy potentials available at the wastewater treatment plants (WWTPs) in the Central European area also taking their spatial context to adjacent settlement structures into account. 2) It introduces a small number of easy to apply criteria to (pre-)assess the suitability of WWTPs for being integrated into local energy (heat) supply concepts from an integrated perspective (considering energetic, spatial and environmental aspects). The investigations address the energy generation potentials of 3,315 WWTPs (with a treatment capacity of at least 5,000 population equivalents) in the area under survey. Analysis reveal, that notable amounts of heat ranging to almost 26 TWh/a are available. Their exploitation appears very promising, as investigations also show, that about 73% of the considered WWTPs are situated near or even within existing settlement structures implying very advantageous heat supply distances. Following the estimation of energy potentials, which is made available in the supplementary material, the presented suitability criteria can then be used to identify the most promising WWTPs in a specific regional/local context, in the investigated Central European area and beyond.
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1 INTRODUCTION
The European Green Deal (EC, 2019) aims at making the European Union (EU) climate neutral until the year 2050. For decarbonizing the energy systems, heating (and cooling) are of crucial importance. This is due to the fact that this sector already is and will continue be the biggest energy sector in the EU (EC, 2016). At least for today, it is still widely dominated by fossil energy sources. On the search for renewable heat sources wastewater has come into focus in recent years. Basically, one can distinguish between the chemical and the thermal energy content of wastewater (Frijns et al., 2013). The former can be accessed in the form of methane containing digester (biogas) produced during anaerobic digestion of sewage sludge. The latter can be recovered by heat exchangers situated in the wastewater flow. In this way, heat is then usually made available with an externally installed heat pump (Mo and Zhang, 2013). The application of biogas in combined heat and power (CHP) units to (partly) cover the internal electricity and heat demand has been common practice at many wastewater treatment plants (WWTPs) around the world for decades. Consequently, optimization of (electric) energy consumption and improved biogas generation to increase self-sufficiency of WWTPs has a long history in international research. In this context, Nowak et al. (2015) describe ways to optimize the energy balance of WWTPs. Schopf et al. (2018) introduce a tool to identify bioenergy potentials of WWTPs considering mass and energy flows of digester gas and sewage sludge. Yang et al. (2020) explore the correlations among wastewater internal energy, energy consumption and generation at WWTPs to model and predict energy self-sufficiency levels. Furthermore, alternative approaches for wastewater-based electricity generation at WWTPs have attracted increasing research intention in recent times. In this context one can mention hydropower installations (Llácer-Iglesias et al., 2021) and the application of microbial fuel cells (Munoz-Cupa et al., 2021).
In contrast, thermal energy provision through wastewater heat recovery still can be considered a rather novel approach in the field of wastewater and energy management. However, also in this field research efforts are constantly increasing. Wastewater heat gains, among others, more attention as excess heat source for district heating (Nielsen et al., 2020). It can be recovered at different locations - 1) in-house, 2) in-sewer, and 3) in the effluent of a WWTP - taking different technical solutions for its installation into account (Culha et al., 2015). Concerning 1) in-house solutions, research covers wastewater-based heating and cooling of multipurpose buildings (Cecconet et al., 2019), financial analysis of drain water heat recovery units on building level (Pochwat et al., 2020), and methodological developments to analyze the temporal evolution of domestic heat consumption (for hot water provision and space heating) and availability of wastewater heat in domestic drains (Spriet and McNabola, 2019). An overview of opportunities and threats of implementing drain water heat recovery units is provided by Kordana et al. (2019). In regard to 2) in-sewer wastewater heat recovery Piotrowska et al. (2020) summarize the current state of knowledge. Huber et al. (2020) present an approach to pre-assess the suitability of possible in-sewer sites for wastewater heat recovery. Referring to 3) in-effluent, Neugebauer et al. (2015) estimate the energy potential of (Austrian) WWTPs considering their spatial context. Additionally, Spriet et al. (2020) analyze spatial and temporal characteristics of wastewater-based heat supply. Different options to integrate WWTPs into local energy (heat) supply concepts are investigated by Kollmann et al. (2017) and Gruber-Glatzl et al. (2020). In line with academic research several countries have already released national guidelines to support the practical implementation of thermal use of wastewater (e. g. DWA-M114 (2020) in Germany, ÖWAV-AB 65 (2021) in Austria and AWEL (2010) in Switzerland). Finally, Hao et al. (2019) highlight the importance to further exploit the thermal energy content of wastewater instead of biogas related optimization. Elías-Maxil et al. (2014) argue in a comparable way, stating that the amount of heat recovered from urban (waste)water is still rather small compared to the available potential.
In the context of the above described activities and efforts, it also has to be highlighted, that in 2018 the EU recognized wastewater as a renewable energy source due to its content of thermal energy (Directive (EU) 2018/2001). When further thinking the presented academic and administrative discourse, the question about the specific role of wastewater in the energy transition becomes evident, and relating thereto, what basic information is needed to broadly develop this resource in a strategic approach. In our point of view, the first basis for answering this question is knowledge about the actual energy potentials of wastewater, and this not only from a single site perspective but rather from a trans-regional point of view. The second basis is a concept to identify suitable locations (WWTPs) to avoid unsustainable solutions. The recently completed Interreg Central Europe (CEU) project REEF 2W (https://www.interreg-central.eu/Content.Node/REEF-2W.html) already made a first attempt in this regard. Our article now further elaborates the obtained project results. To provide the required (data) basis as support for developing and establishing wastewater as a renewable energy (heat) source, this article introduces 1) an overview of available energy (electricity and heat) potentials at Central European WWTPs also considering their specific spatial context in regard to surrounding settlement structures. The analysis includes all 3,315 WWTPs of a treatment capacity of at least 5,000 population equivalents (PEs) in the 47 NUTS 2 regions of the concerned project countries (in alphabetic order): Austria, Croatia, Czech Republic, the eastern and southern parts of Germany, and the northern parts of Italy. The work further indicates those regions in the area of survey with the highest heat power potential to be exploited. To identify, in the following, the most promising WWTPs to be integrated into local energy (heat) supply concepts in the different regions, this article also suggests 2) a small number of easy to apply criteria addressing energetic, spatial and environmental issues of wastewater energy/heat use. These criteria provide a quick impression on the general suitability of a WWTP to serve as a local energy (heat) cell. Concluding, this (pre-)assessment helps to identify the most promising WWTPs/locations in a region, worth being further investigated in a subsequent more detailed feasibility study. To better illustrate this integrated suitability pre-assessment, the presentation of the concept is supported by a case study.
2 MATERIALS AND METHODS
Materials and methods are presented for the estimation of energy potentials of WWTPs first, and for the integrated suitability pre-assessment of WWTPs as local energy cells second. Step one is applied on all WWTPs of the Central European project area, while step two is demonstrated on one Austrian case study.
2.1 Estimation of Energy Potentials
The estimation of the available energy potentials considering the specific spatial context of a WWTP and its adjacent infrastructure is oriented on the approach and the assumptions presented by Neugebauer et al. (2015). In addition to wastewater heat recovery from the WWTPs effluents by the application of heat exchangers and heat pumps, electric and thermal energy generation from digester gas (biogas) combustion in combined heat and power (CHP) units is taken into account. These energetic potentials are analyzed in their spatial context, since an efficient heat supply strongly depends on the actual supply distance to the energy consumers.
2.1.1 Energetic Context
The core material to analyze the energetic context is the “waterbase” dataset on treatment plants reported under the European Urban Waste Water Treatment Directive (UWWTD data call 2019) and presented by the European Environmental Agency (EEA, 2019). The data is available in different formats (e. g. CSV, GIS-Shapefile, Microsoft Access database) and gives an overview on the WWTPs in all EU member countries including treatment capacity and current load. However, it does not include any information on the type of sewage sludge stabilization applied at the WWTPs (aerobic, anaerobic). Consequently, this information was added through expert judgement conducted on a country-specific basis. Hereby, the “waterbase” dataset was used as working base. In this dataset, which was transformed into an Excel-file, an additional column for anaerobic digestion (yes/no) was introduced. The related information was then entered manually by the local REEF 2W partners, supported by local experts where needed. Taking into account a minimum capacity of 5,000 population equivalents (PEs) based on an analysis of relevant international guidelines presented in Huber et al. (2020), a total of 3,315 WWTPs situated in the REEF 2W project area were used to estimate the energetic potentials.
The thermal energy potential from wastewater heat recovery (PWW) is estimated based on the current entering loads (LE) of the concerned WWTPs. Furthermore, we assume an average wastewater flow rate (VWW) of 150 1/PE*d (which has to be converted into m³/h for calculation), a wastewater heat extraction in the WWTP effluents (ΔT) of 5 K, and a heat capacity of (waste)water (c) of 1,16 kWh/m³*K. To further derive the related energy supply (ESth,HP) based on the thermal performance of a subsequent heat pump (PHP) we apply in accordance with Neugebauer et al. (2015) a coefficient of performance (COP) of four and an operation time of the heat pump (tHP) of up to 4,500 h/a (for settlement structures with mixed land uses).
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The energy supply from digester gas (ESDG) is calculated for 720 WWTPs with anaerobic sludge digestion based on the current entering loads (LE) and average energy generation values (EGV) derived from Austrian WWTPs benchmarking investigations (Lindtner, 2008). We apply the following values for the electric (EGVel) and thermal (EGVth) energy generations from digester gas: 15 kWhel/PE*a, and 30 kWhth/PE*a, respectively.
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2.1.2 Spatial Context
The “waterbase” dataset also includes the coordinates for the exact spatial location of the WWTPs as relevant information for the spatial assessments. For all (energetic and spatial) analyses the provided shapefile format was preferred, as it simplifies the GIS based presentation of the analyses. Further core materials to analyze the spatial context are 1) Copernicus CORINE Land Cover data (EEA, 2021) which include the occurrence and spatial distribution of different settlement structures as an indication of potential heat consumers, and 2) EuroGeographics for the administrative boundaries (European Commission et al., 2018). Starting point for the spatial analyses are the administrative boundaries on NUTS 2 level (NUTS version of 2016). In accordance with the territorial focus of the REEF 2W project, WWTPs located in 47 different regions across the five investigated countries were considered.
To acknowledge an economically reasonable heat supply distance (between the sites of heat recovery/generation and heat demand) each WWTP is categorized according to its spatial context in regard to the surrounding settlement structures. Starting from the WWTP as a point of heat source, overlays with three selected CORINE Land Cover categories “continuous urban fabric” (Code 111), “discontinuous urban fabric” (Code 112) and “industrial or commercial units” (Code 121), which are used as an indication of the presence of potential heat consumers, are calculated in radial supply distances of 150 m and 1,000 m. Finally, each WWTP was categorized into one of the following three categories according to Neugebauer et al. (2015):
• “A- within the settlement”: CORINE Land Cover settlement structures of at least 8,000 m2 within a range of 150 m and a minimum of 25 ha within a distance of 1,000 m to the WWTP.
• “B- near to the settlement”: CORINE Land Cover settlement structures of at least 25 ha within a range between 150 m and 1,000 m away from the WWTP.
• “C - far from the settlement”: Allocation of all remaining WWTPs, with a distance of more than 1,000 m to the settlement structures.
The categorization was further used to assign the heat recovery potential and thermal energy from wastewater, as well as thermal and electric energy from digester gas (biogas) combustion (in CHP units) in their specific spatial context. With respect to electricity supply, the spatial context between generation and consumption (transport loss) can be neglected.
2.2 Procedure for the Integrated Suitability Pre-assessment
The proposed suitability pre-assessment of WWTPs as local energy cells is designed for single cases and can be applied in specific regional/local contexts. The method is demonstrated on an Austrian case presented in Section 3.2. As illustrated in Figure 1, the approach involves an assessment in three categories 1) energetic, 2) spatial and 3) environmental.
[image: Figure 1]FIGURE 1 | Process Scheme for the Integrated Suitability Pre-Assessment (own illustration).
Category 1) addresses the internal energy situation at the WWTP, considering both the electric and thermal energy perspectives. The assessment of energy consumption reveals, if the energy consumption of the wastewater and sludge treatment (aerobic or anaerobic) processes is efficient. The consideration of energy generation shows whether energy generation from digester gas is efficient and with the excess energy potential is shown whether additional energy (excess energy) can be provided by improved energy efficiency or increased energy generation (e. g. wastewater heat recovery). The list of criteria is shown in Table 1. The efficiency is assessed according to Austrian national benchmarks for (activated sludge) WWTPs according to Lindtner (2008). As these figures are influenced by local conditions, it is recommended to use country or region-specific benchmarks if available.
TABLE 1 | Criteria for the energetic pre-assessment (based on Lindtner, 2008).
[image: Table 1]In category 2) the vicinity of the WWTP (external perspective) is taken into consideration with criteria related to the energy demand of spatial structures. To secure or create energy-efficient spatial and settlement structures, the issue of heat supply is of particular importance as a subject of integrated spatial and energy planning (Stoeglehner et al., 2016). Therefore, three criteria are proposed that can be used to make a rough assessment of the suitability for a grid-bound heat supply system. The first criterion takes into account the heating (and/or cooling) demand of different spatial structures like residential, commercial and industrial sites as well as agricultural sites like greenhouses, if present. With the second criterion, the energy demand is related to the area under consideration. The third criterion takes into account that the linear heating (and/or cooling) density is an important criterion for energy supply (Dochev et al., 2018), determining the feasibility of district heating (and cooling) systems and establishes a relation between the estimated energy demand and the supply distance (pipe length). Both density parameters mentioned are essential for assessing the suitability of an area for connection to a thermal network (Jalil-Vega and Hawkes, 2018).
To establish the criteria, first a supply area has to be zoned that is suitable for district heating. Of particular interest are areas with dense building stocks such as city, town or village centers, multi-storey buildings or large energy consumers (ARGE QM Fernwärme, 2021). Second the energy demand is estimated with rough key figures or with more detailed models and supplemented with additional data (e.g. for industry, commercial sites) if applicable and available. Furthermore, the spatial distribution of the energy demand is considered and analyzed with the proposed density values according to Table 2. This approach is focused on heating demand as excess electricity can be fed into the grid and thus the spatial context is of little relevance.
TABLE 2 | Criteria for the spatial pre-assessment (based on ARGE QM Fernwärme, 2021).
[image: Table 2]Category 3) evaluates environmental issues with criteria related to climate protection and the decarbonization of local energy supply systems (WWTP external perspective): The substitution potential of fossil energy addresses the replacement of fossil energies in the WWTPs surroundings by energy from wastewater and the reduction of the global warming potential expresses the associated savings in CO2 emissions in relation to the current (fossil) energy supply situation in the region/location under consideration according to Table 3.
TABLE 3 | Criteria for the environmental pre-assessment (own assumptions).
[image: Table 3]The potential for substituting fossil with renewable energy is derived from the WWTPs energy balance. In the electrical balance, the supply from the combined heat and power plant minus the current electricity purchase from the grid is compared with the electrical energy consumption of the WWTP. For the heat side, the supply by means of combustion of the sewage gas and the use of wastewater energy are compared with the WWTP-specific consumption. The reduction in CO2 emissions is expressed by comparing the emissions in the scenario under consideration with those of a reference system (e.g. natural gas supply for thermal energy as well as national electricity mix). Specific emission factors (see Table 4) are used for the calculations which can be adapted to the respective specific local context.
TABLE 4 | CO2-emission factors for different energy sources (UBA, 2019).
[image: Table 4]The Environment Agency Austria provides three different emission factors (Kranzl, 2018; UBA, 2019): The first emission factor “Electricity Mix Austria” is calculated on the basis of the Austrian power plant inventory, but also takes into account the emission factors of electricity generation in the countries from which electricity is imported. With the second emission factor “Power Plant Portfolio Austria”, only the electricity generation plants on Austrian territory are taken into account according to the territorial principle. The third emission factor “Eco-Label Green Electricity” represents an electricity generation mix entirely from renewable energy sources.
3 RESULTS
3.1 Available Energy Potentials in Spatial Context
In total 3,315 WWTPs of at least 5000 PEs capacity are located in the research area, which comprises 47 NUTS2 regions from Austria, Czech Republic, Germany, Croatia and Italy. The spatial distribution of all WWTPs in the research area is visualized in Figure 2. It is apparent, that due to the sole concentration on the Interreg CEU program area, only parts of Germany (eastern and southern part) and Italy (northern part) are considered.
[image: Figure 2]FIGURE 2 | Distribution of WWTPs in the research area (own illustration).
Table 5 shows an overview of the WWTP inventory (rounded values for the treatment capacities and entering loads). In absolute numbers most WWTPs can be found in the concerned parts of Germany (DE), followed by the concerned parts of Italy (IT), Austria (AT), Czech Republic (CZ) and Croatia (HR). Consequently, also the treatment capacity and entering load are highest for Germany, the same applies for the absolute number of WWTPs with anaerobic digestion. The relative shares of WWTPs with anaerobic digestion (related to the WWTPs capacities) are the highest for Austria, while for Croatia anaerobic digestions still seem rather underrepresented. These findings underline certain development potentials for anaerobic digestion (biogas generation) in the respective countries.
TABLE 5 | Technical inventory of WWTPs per country (REEF 2W eBook, s.a. adapted).
[image: Table 5]In a next step, the total number of WWTPs for each country (inventory) was further split according to their spatial context. The results of the WWTPs spatial inventory are presented in Table 6. From this data, it is apparent that about 35% (1,166) of all considered WWTPs in the research area are located directly within a settlement and another 38% (1,248) near to a settlement. In other words, approximately 73% (2,414) of the WWTPs are located within appropriate heat supply distances. Only 27% of the WWTPs are situated far from a settlement and therefore appear less suitable for local heat supply. Further, the highest share of A-categorized WWTPs was detected in the Czech Republic (60%), followed by Austria (43%) and Germany (32%) whereas the highest share of C-categorized WWTPs were found in Germany (32%), Austria (29%) and Croatia (25%). Croatia also comprises the highest share of B-categorized plants (49%).
TABLE 6 | Spatial context of WWTPs for each country (own illustration).
[image: Table 6]Table 7 shows the estimated wastewater heat recovery potentials (in MW) and the thermal energy from wastewater (in GWh/a) for each country considering the spatial context of the WWTPs. The results reveal the large amounts of thermal energy available in the wastewater, which in total corresponds to about 3,944 MW of heat recovery potential and around 23,667 GWh/a of thermal energy. Regarding the three spatial categories, the allocation of available energy shows high shares of available energy in A-categorized WWTPs. In total, heat recovery potential (2,257 MW) and thermal energy (13,544 GWh/a) from wastewater in A-categorized WWTPs represent more than twice the B-categorized potential (1,005 MW) and thermal energy (6,029 GWh/a). Finally, less than a sixth of the total available energy are allocated to C-categorized treatment plants, 682 MW and 4,093 GWh/a, respectively.
TABLE 7 | Estimation of wastewater heat recovery potentials (MW) and thermal energy from wastewater (GWh/a) in context to the adjacent settlement structures (own illustration).
[image: Table 7]Table 8 clearly shows that the total available energy from digester gas (thermal and electric) is significantly lower than thermal energy from wastewater, which is true for all countries and even for every single spatial category of each country. However, the analysis further reveals highest thermal (th) and electric (el) energy potentials in A-categorized WWTPs (1,432 GWhth/a and 716 GWhel/a) compared to B-categorized (413 GWhth/a and 208 GWhel/a) and C-categorized plants (294 GWhth/a and 148 GWhel/a). In Austria for instance, almost five times more energy (243 GWhth/a and 122 GWhel/a) can be allocated to A-categorized treatment plants than to B-categorized (50 Whth/a and 25 GWhel/a) or C-categorized plants (47 GWhth/a and 24 GWhel/a).
TABLE 8 | Estimation of thermal and electric energy generation from digester gas (in GWh/a) in context to the adjacent settlement structures (own illustration).
[image: Table 8]The results reveal significant potentials for the utilization of thermal (excess) energy from WWTPs. Obviously, depending on the location and the energy potential certain WWTPs appear more promising. Hence, we further investigated the spatial context of the WWTPs and identified the most promising NUTS2 regions with respect to their total heat power potentials and the spatial contexts of the WWTPs. Figure 3 color-codes the most promising regions. Simultaneously, the share (relative to the total number of WWTPs in the NUTS2 region) of the spatial categories A, B, C are visualized in the pie charts for each NUTS2 region.
[image: Figure 3]FIGURE 3 | NUTS2 regions with the highest heat power potential and its spatial context (own illustration).
It can be concluded that almost the entire part of northern Italy as well as certain parts of Germany show the highest heat power potentials, followed by regions in the east of Austria. Lowest potentials are detected in the Czech Republic and Croatia. The results of the total heat power potential need to be interpreted with caution, since the total amount is used in the visualization of the map. Therefore, the pie charts offer further opportunities to assess the regions. Taking a closer look at the pie charts, the Czech Republic for instance contains a relative high share of WWTPs within the settlement (A-categorized treatment plants) which also indicates rather beneficial framework conditions for heat supply. In total, in CEU 1,072 GWh/a of electric and 25,806 GWh/a of thermal energy can be generated, leading to 3,4 million tons of GWP-reductions compared to thermal natural gas supplies taking into account national emission factors (Koffi et al., 2017) for the electricity used to operate the heat pumps. How these potentials can be further assessed case by case, is demonstrated in the following section on behalf of an Austrian case study.
3.2 Integrated Suitability Pre-Assessment of WWTPs as local energy cells
To prove and illustrate the practicability of the presented approach the pre-assessment is applied to the Austrian REEF 2W case study site. The WWTP is situated in “Wallern an der Trattnach”, a small municipality in the province of Upper Austria. According to the concerned wastewater utility RHV (s.a.), 2021 the current treatment capacity is 74,000 PE, the average load amounts to 50,000 PE. The WWTP is equipped with mechanical pre-treatment (screens, combined sand and grease trap, primary clarifier) and a biological wastewater treatment stage (activated sludge process in two parallel aeration basins and four secondary clarifiers). Excess sludge stabilization takes place in two digestion towers. To increase the digester gas yield, liquid waste from WWTP external sources is used for co-fermentation. The neighboring settlements are “Wallern an der Trattnach” itself and “Bad Schallerbach”. Statistik Austria (2021a, 2021b) assigns the former with 3,085 inhabitants and an area of 14.6 km2, the latter with 4,209 inhabitants and 8.5 km2. Both municipalities are subsequently connected to the WWTP, the minimum distance between the settlements and the WWTP is around 2 km. Table 9 summarizes the key technical and operational parameters of the WWTP. Figure 4 illustrates the spatial context of the case study WWTP to its surrounding settlement structures. Further information in regard to integrated energy and spatial analysis at this WWTP is presented in Lichtenwoehrer et al. (2021).
TABLE 9 | Key technical and operational data of the case study WWTP (Zach et al., 2019 adapted).
[image: Table 9][image: Figure 4]FIGURE 4 | Location of the case study WWTP including its spatial context (own illustration).
The current energy consumption and the existing energy supply situation of the case study WWTP can be characterized with the values listed in Table 9. In addition, the basis for the estimation of the wastewater energy potentials is shown.
On the basis of the technical parameters for the case study WWTP presented in Table 9, the following results can be obtained for the pre-assessment of the suitability as a local energy cell, taking into account 1) energetic, 2) spatial and 3) environmental criteria. The calculated indicators and their classification according to the categories presented in Tables 1-3 are shown in Table 10.
TABLE 10 | Results of the case study pre-assessment (own illustration).
[image: Table 10]1) Energetic criteria: Based on a current load of 50,000 PE, a total annual thermal energy consumption of 2,309 MWh/a results in a specific thermal energy consumption of 46.2 kWh/PE*a. This value is higher than the defined threshold value which implies optimization potential in regard to thermal energy use and is reflected in a classification in category B. The electric energy balance shows a different picture: A total annual electric energy consumption of 2,041 MWh/a results in a specific electric energy consumption of 40.8 kWh/PE*a in relation to the actual entering load. This value lies just below the threshold value derived from Austrian WWTPs benchmarking results and leads to a class A rating.
The current thermal energy generation from digester gas combustion (2,848 MWh/a) is reflected in a specific thermal energy generation of 57 kWh/PE*a in relation to the actual entering load. The current electric energy generation from the combustion of digester gas (3,744 MWh/a) results in a specific electric energy generation of 74.9 kWh/PE*a. Both values are significantly higher than the defined threshold values, which can be explained by the application of co-digestion and leads in both cases to a classification in class A.
The comparison of energy consumption and generation results in surpluses in the annual electric energy balance. For long periods of the year, sufficient electricity can be provided for the WWTPs processes, only at a few times it is necessary to purchase electricity from the grid. The heat balance also shows surpluses that can be used to supply consumers outside the WWTP. Significant surpluses can be achieved in particular by tapping into the so far unused wastewater heat. Taking into account the thermal wastewater energy potentials, an even significantly higher result can be achieved (21,408 MWh/a). However, the use of wastewater heat by means of heat pumps also implies additional electricity demand, which adds up to a total of 6,681 MWh/a.
2) Spatial Criteria: By means of spatial analyses of the WWTPs surroundings, energy zones can be delineated that can be considered for a potential district heating supply. In the case study, 11 energy zones with a total area of 78 ha are considered, taking into account the location of municipal infrastructure facilities as potential heat consumers. With a model-based approach, a total heat demand in the vicinity of the WWTP in the amount of 20,300 MWh/a can be determined (Lichtenwoehrer et al., 2021). With the presence of potential heat consumers in the WWTPs surroundings, a classification in category A is applied. On average, the heat demand density is about 260 MWh/ha*a (category B), whereby clear differences occur between compact settlement structures with higher densities and parts of the potential district heating supply area with moderate building densities. A possible expansion of the district heating network over 17,4 km thus results in a linear heat density in the order of 1.17 MWh/m, which can be considered suitable for a district heating supply and is expressed with a category A classification.
3) Environmental Criteria: From an environmental perspective, it is evident that significant heat surpluses can be achieved by using wastewater energy as a renewable energy source to provide heat. Compared to the WWTP internal heat demand, more than nine times the thermal energy can be provided (21,408 MWh/a), including the heat potential from wastewater (18,560 MWh/a) and the heat from the combustion of the digester gas (2,848 MWh/a). This substitution potential is expressed with a classification in category A. However, in order for wastewater heat to be tapped by means of heat exchangers and heat pumps, additional electrical energy is required (4,640 MWh/a), which can no longer be provided in its entirety with electricity from the CHP unit.
The renewable heat provided by the WWTP which is not used to meet internal demands (19,099 MWh/a) can be used to substitute fossil energy in the WWTPs surroundings and thus achieve significant savings in greenhouse gas emissions compared to a reference heat supply system (e.g. natural gas in the case study). Savings in the amount of 5,176 tons of CO2-eqivalents are evaluated with a classification in category A. For the assessment of the actual greenhouse gas emissions savings, the electricity mix used for the operation of the heat pump is decisive. Calculated with the average Austrian electricity supply, emissions form heat pump operation amount to 745 tons of CO2 equivalent per year, with a 100% renewable electricity mix, the emissions are only in the amount of 46 tons of CO2 equivalent per year. Depending on the electricity mix used, savings in greenhouse gas emissions in a range of 4,431 to 5,130 tons of CO2 equivalent can be achieved if a heating system based on natural gas supply is replaced.
4 DISCUSSION
4.1 Interpretation of Results
4.1.1 Available Energy Potentials
The investigations confirm the availability of large quantities of thermal energy at the WWTPs of the CEU area. In addition, a vast majority of these heat sources is situated in close range to existing settlement structures, implying short and thus promising heat supply distances. Consequently, the widely untapped heat potential from WWTPs (mainly accessible through wastewater heat recovery) can certainly provide an additional and promising option for local heat supply.
Today, digester gas (biogas) is most commonly combusted in combined heat and power systems, but in practice, at least the thermal energy is often not fully used. The electric generation potential can reduce the purchased electricity demand, and depending on the regional mix of energy sources might increase the share of renewable electricity and reduce the global warming potential of the WWTP. The thermal energy provided from biogas combustions is partly used internally, partly considered as excess heat together with the wastewater energy from the effluent of the WWTPs. However, apart from a quantitative aspect one should keep in mind the qualitative aspects of the heat sources. Due to the combustion digester gas-based heat has a higher temperature level than wastewater heat recovered by a heat pump. Consequently, the appropriate application of the available heat source should also gain more attention in the context of energy efficiency. Kretschmer et al. (2021) investigate this issue at a location in Austria, where the WWTP internal (low temperature) heat demand shall be met by wastewater heat recovery from the effluent to make the entire heat from digester gas combustion available to be fed into the municipal (high temperature) district heating network. The feasibility study provided very promising results so that implementation is on the way.
However, on the following examples the dimensions of the estimated energy potential can be made more tangible: First, we assume an average per capita heat requirement for space heating and hot water (including heat losses in the system) for the investigated regions of 2.5 MWh/a. The energy analysis shows that the total estimated thermal energy supplied by wastewater heat pumps is around 23,700 GWh/a. Consequently, around 9.5 million people could be supplied with recovered heat from wastewater. Second, according to Lindtner (2008), the average thermal energy consumption of a WWTP can be up to 30 kWh/PE*a. The inventory of WWTPs in the CEU area implies a WWTP inflow load of approximately 109 million PE, which would result in a (theoretic) total heat demand of about 3,300 GWh/a. Reconsidering the total estimated thermal energy supplied by wastewater heat pumps of about 23,700 GWh/a, theoretically, the heat demand of all WWTPs in the CEU area could be met at least 7 times. Already these rather simple calculations, and even without considering the heat potential from digester gas combustion, clearly indicate large quantities of surplus heat available at the CEU WWTPs. The fact, that almost 75% of the WWTPs benefit from rather short supply distances to the surrounding heat consumers further emphasizes the great opportunities of WWTPs to be developed as local energy cells.
Yet, it has to be considered that the source of the electricity to run the heat pumps is of crucial importance for the reduction of the global warming potential. If the European electricity mix is applied to run the heat pumps, wastewater energy has the same global warming potential than heat generated from natural gas. But if renewable electricity is applied, the global warming potential of the generated heat can be reduced by a factor 72 (!) (Kollmann et al., 2017). Also the amount of renewable electricity needed has to be taken into account. To fully tap the 23,700 GWh/a of heat in the 3,315 WWTPs in CEU, around 6,000 GWh/a (depending on the coefficient of performance of the heat pump) of additional electricity is needed. This corresponds to the yearly energy generation of 850 standard on-shore wind power plants of 3 MW power each. In other words, on average four WWTPs would require one spin wheel.
4.1.2 Pre-assessment of the Case Study WWTP
By means of the proposed methodology, the question of what role a WWTP can play as a local energy cell in a sustainable energy system can be investigated based on energetic, spatial and environmental indicators. The WWTP under consideration as case study in this work represents an interesting example in this respect.
As indicated in Table 10, concerning the energetic context (internal perspective) the investigated WWTP has a very good energy balance, which can be explained due to a high proportion of co-fermentation. Over the course of the year, both thermal and electrical surpluses are achieved, electrical energy is only drawn from the grid at a few times during the year. The thermal balance is also positive in all months of the year, although only some of the surpluses are used to cover a demand external of the WWTP, some are not used and have to be “destroyed” in emergency cooling. Given that the thermal potential in wastewater that has not yet been utilized in the case study is significantly higher than the chemical potential (in line with Hao et al., 2019), it makes sense to look at the spatial context of the WWTP in order to identify potential energy consumers for the additional renewable energy source of wastewater heat.
To cover the heat demand in the vicinity of the WWTP (spatial context/external perspective), it is necessary to set up a district heating network starting right from the WWTP or to connect it to an existing network. According to this strategic approach presented here, initial rough analyses can be used to prepare the basis for further decisions, whether a grid-bound energy supply could be feasible. The spatial analyses with the representation of the heat demand in the vicinity of the WWTP and the estimation of density parameters (heat demand density, linear heat density) come to the result that a grid-bound energy supply starting from the WWTP can be a feasible option. Thus, sector coupling between wastewater treatment and heat supply appears to be possible in principle (Lichtenwoehrer et al., 2021) and should be considered in further detail.
In regard to the environmental context (external perspective), the use of wastewater energy can contribute to increase the share of renewable energy. Depending on the electricity mix for the additional electricity used to operate the heat pump significant greenhouse gas emissions savings can result. Therefore, WWTPs can make a substantial contribution to reducing greenhouse gas emissions in the heating sector if heating systems based on fossil energy sources are replaced.
With a few indicators, local actors and stakeholders can use the proposed methodology to gain a first impression how a WWTP can be integrated as an energy cell in a local energy system, considering energetic, spatial and environmental aspects. This can be used to identify potentials for sector coupling in the wastewater infrastructure (Schäfer et al., 2020).
4.2 Strengths and Weaknesses of the Presented Approaches
4.2.1 Estimation of Energy Potentials
The applied approach provides a quick and good overview on the situation in a specific area of interest only requiring a small set of easily and freely available data. The most promising regions/locations for wastewater-based energy supply can be identified, however, the accuracy of the analysis is limited due to certain assumptions and simplifications. In regard to wastewater heat recovery, this concerns the wastewater flow rate of 150 1/PE*d, the heat extraction of 5 K, the heat pump COP of 4, as well as the heat pump operation of 4,500 h/a. Referring to energy generation from digester gas, this concerns the sole application of mean values (derived from standard ranges) for electric and thermal energy generation (15 kWhel/PE*a and 30 kWhth/PE*a), which are based on Austrian national experiences. With the CORINE Land Cover data used, the spatial context of the WWTPs can be assessed for the entire research area, but in relation to more precise national or regional land-use data there may be limitations in accuracy.
In addition, estimations on the energy potentials are dependent on the input data. The “waterbase” data set is made available in different formats (e. g. csv, shp). Plausibility checks and quality assurance work during data preparation revealed that the different data “sources” are not 100% identical, neither from a quantitative nor a qualitative perspective. For instance, the amount of WWTPs in the study area, the information in terms of current WWTP capacities and loads as well as the NUTS allocation differ between both datasets. Consequently, missing information in the data source can also have a certain impact on the accuracy of the energy estimation results. Nevertheless, we are convinced that the applied approach provides a useful first impression on the available wastewater-based energy potentials in an investigated area.
4.2.2 Integrated Suitability Pre-assessment
Also the concept to pre-assess a specific WWTP’s suitability as local energy cell comprises the benefit of quick information at low data requirements. Based on a small set of rather simple-to-apply criteria, insights in the energetic performance and potential of a WWTP, its specific spatial context, as well as certain environmental boundary conditions are revealed. This provides indications whether a more detailed feasibility study for a specific location (WWTP) appears promising or not.
The evaluation of the energy self-sufficiency applies standard ranges of common activated sludge WWTPs derived under Austrian national framework conditions which neither include the application of co-fermentation nor any type of energy generation apart from digester gas application in CHP units. However, the suggested standard ranges can provide a certain guidance on possible energy optimization measures. Furthermore, more detailed local knowledge about the WWTP external energy demand, as well as the energy mix of the locality, would improve the expressiveness of results.
The simple analysis of WWTP energy efficiency and the comparison of energy generation potentials at a WWTP and the energy demands in the adjacent infrastructures already provide clear evidence on the basic suitability of a WWTP as a local energy cell. Further investigations only make sense, if surplus energy as well as a certain energy demand in the surroundings already is or can be made available (e. g. due to energy efficiency and generation measures at the WWTP or the development of new energy demanding settlement structures). The suggested environmental aspects are also of a rather general nature, but quickly highlight potential climate benefits related to a possible integration of a specific WWTP into the concerned local energy supply concept.
5 CONCLUSION AND FUTURE PROSPECTS
The estimation of the energy potential from wastewater in a spatial context shows great opportunities for the development of additional renewable energy, the integration of which into local energy supply concepts can be supported with a strategic approach grounded in theories and methods of strategic spatial planning and assessment (Stoeglehner, 2020) with the following features: strategic databases that make knowledge readily available and strategic at the beginning of a planning process when stakeholders form their interests and positions (see also Cherp et al., 2007); apply strategic planning and assessment methods that allow for social learning about future options (after Argyris, 1993; Innes and Booher, 2000), mainly deal with questions of demand and general strategic choices (e.g. technology networks) and reduce the information flow on decision makers by supporting strategic choices on the basis of only few indicators in the early stages of planning processes (after Stoeglehner and Narodoslawsky, 2008). The database for energy supply potentials of all 3,315 WWTPs over 5,000 PE in the area under survey (see Supplementary Material) and the proposed method for suitability pre-assessment of WWTPs as local energy cells should support social learning in stakeholder groups so that political decision makers, energy utilities and WWTP operators can jointly discover the potentials of wastewater energy use. Only if these stakeholder groups recognize these potentials, detailed planning processes can be started to pursue energy transition and climate protection by tapping wastewater energy.
The identification of the most promising regions/areas can be understood as a first step to establish WWTPs as local energy cells. The subsequent application of the suitability pre-assessment approach reveals those WWTPs appearing most appropriate for practical implementation. Detailed feasibility studies represent the third and final step of the process which should consider all relevant local framework conditions (e. g. existing energy supply systems, urban development planning) and the renewable electricity supply. Consequently, the involvement of the concerned stakeholders (e. g. wastewater utilities, energy suppliers, municipalities) at an early planning stage is strongly recommended. The joint elaboration of a feasibility study including the definition of intended energy generation and supply scenarios provides the appropriate basis for the development of sustainable and widely accepted solutions (Kretschmer et al., 2018). How to proceed in subsequent feasibility studies has already been well documented in international literature (e.g. Kollmann et al., 2017; Lichtenwoehrer et al., 2021).
To further establish energetic use of wastewater and the application of WWTPs as local energy cells, practical implementations are of crucial importance. Successful applications can serve as demonstration sites and, thus, spur further development. However, apart from technical solutions this also requires an adequate institutional framework, which can support a desired development by regulatory and/or incentive-based as well as stakeholder related measures (Kretschmer, 2017). In this context the REEF 2W eBook (s.a.), 2021 also summarizes various actions to further establish the energetic use of wastewater, differentiating between four different thematic fields – legislation, operation, finance, and cooperation.
The climate crisis is one of the great challenges of our times. The efficient use and the activation of all locally available renewable energy sources are crucial aspects to achieve the energy transition. Wastewater as a renewable source of (thermal) energy could be a valuable component of a future climate friendly energy mix, not only in the EU but in all countries around the world. This article shall help to further establish the energetic use of wastewater and to foster related activities.
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Spatial context (WWTP external perspective)
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Environmental context (WWTP exteral perspective)
SPy Substitution Potential of Fossil Thermal Energy %7 % >100 A
SPy Substitution Potential of Fossil Electricity 57 % <100 B8
GWP,, Reduction of Global Warming Potential (therma) 5176 tCOpequ >0 A
GWP,, Reduction of Global Warming Potential (electric) —46/-745 COsgsi <0 B
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Name Definition Unit Categories  Graduation

ECi,  Thermal Energy Consumption  The amount of thermal energy consumed at the WWTP divided by population  KWH/PE120.a <30 A
equivalents (PE) >30 B

ECs  Electric Energy Consumption  Theamount of electric energy consumed at the WWTP divided by population  KWH/PE120.a <50 A
equivalents (PE) >50 B

EGn,  Thermal Energy Generation The amount of thermal energy generated at the WWTP divided by population ~ KWH/PE z0.a 20 A
equivalents (PE) <20 B

EGs  Electric Energy Generation The amount of electric energy generated at the WWTP divided by population ~ KWH/PE z0.a =10 A
equivalents (PE) <10 B

EXCy  Thermal Excess Energy Potential  Difference between thermal energy generation and consumption Mwh/a >0 A
<0 B

EXCa  Electric Excess Energy Potential  Difference between electric energy generation and consumption MWh/a >0 A
<0 B
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Name Definition Unit Categories  Graduation

HDex  WWTP Exteral Heating Heating demand in the vicinity of the WWTP MWh/a >0 A
Demand -0 B

HDurea  (Areal) Heating density Heating demand in refation to the area under consideration MWhha'a 2500 A
<500 B

HDin  Linear Heating density Heating demand in the vicinity of the WWTP divided by the estimated pipe MWh/m'a 207 A
length <07 B
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entering load (PE) digestion (no.)
AT 403 20,832,000 14,263,000 154
cz 354 14,706,000 9,006,000 91
DE (partly) 1,580 67,941,000 50,671,000 377
HR 80 3,349,000 2,169,000 3
IT (partly) 808 47,265,000 32,703,000 9%

CEU area 3,315 154,093,000 108,812,000 7





OPS/images/fenvs-09-785557-t003.jpg
SPy,

SPy

GWP,,

GWPy,

Name

Substitution Potential of Fossil
Thermal Energy

Substitution Potential of Fossi
Electricity

Reduction of Global Warming
Potential (thermal)
Reduction of Global Warming
Potential (electric)

Definition

Renewable thermal excess energy in relation to WWTP intenal thermal
energy consumption (potential for the substitution of WWTP exteral fossi
thermal energy demand)

Renewable electricity excess energy in relation to WWTP intenal electric
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electricity demand)
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