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Abstract

:

To achieve the Paris climate protection goals there is an urgent need for action in the energy sector. Innovative concepts in the fields of short-term flexibility, long-term energy storage and energy conversion are required to defossilize all sectors by 2040. Water management is already involved in this field with biogas production and power generation and partly with using flexibility options. However, further steps are possible. Additionally, from a water management perspective, the elimination of organic micropollutants (OMP) is increasingly important. In this feasibility study a concept is presented, reacting to energy surplus and deficits from the energy grid and thus providing the needed long-term storage in combination with the elimination of OMP in municipal wastewater treatment plants (WWTPs). The concept is based on the operation of an electrolyzer, driven by local power production on the plant (photovoltaic (PV), combined heat and power plant (CHP)-units) as well as renewable energy from the grid (to offer system service: automatic frequency restoration reserve (aFRR)), to produce hydrogen and oxygen. Hydrogen is fed into the local gas grid and oxygen used for micropollutant removal via upgrading it to ozone. The feasibility of such a concept was examined for the WWTP in Mainz (Germany). It has been shown that despite partially unfavorable boundary conditions concerning renewable surplus energy in the grid, implementing electrolysis operated with regenerative energy in combination with micropollutant removal using ozonation and activated carbon filter is a reasonable and sustainable option for both, the climate and water protection.
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1. Introduction and Background


To achieve the Paris climate protection goals (temperature rise < 1.5 °C [1]), there is an urgent need for action in the energy sector. To accomplish that goal a rapid expansion of renewable energy generation capacities is needed and the provision of flexibility, long-term energy storage and energy conversion to maintain stable operation of the energy grids is essential. This is mandatory to defossilize all sectors by 2040 [2,3]. Water management is already taking part here, but can take more ambitious steps. From a water management perspective, the elimination of organic micropollutants (OMP) is of increasing importance. Both aspects can be combined and solved in a holistic manner.



1.1. Organic Micropollutants (OMP) in Wastewater


The topic of OMP is one of the top priorities on the international agenda in water management for several years [4,5,6,7,8]. Wastewater treatment plants (WWTPs) are presenting one of the main pathways of OMP into the environment and surface water [9]. In Europe several countries are taking activities in treating OMP at WWTPs like Denmark, Finland, France, Sweden, Netherlands, Germany and Switzerland [10,11]. However, legal regulations are actually implemented only in Switzerland [12,13], other countries shy away from compelling measures. In Germany, handling of OMP is still very different among the federal states and but was taken up as part of the national federal stakeholder process. The results of the process were summarized in a report in March 2019 [14] and give for the first time a framework for advanced wastewater treatment at the federal level. Up to now, in some federal states a large number of WWTPs of different sizes have already been equipped with an advanced treatment step for the removal of OMP. In Europe, the most commonly used process technologies to remove OMP are ozonation or active carbon (AC) technologies [11,15].




1.2. Sector Coupling and Energy Transition


The ongoing worldwide energy transition from fossil to renewable energy production is shown by the global increasing capacity of renewables [16] with a yearly growth rate of 7.4% and a total power generation capacity of 2537 GW at the end of 2019. The global share of renewable capacity is highest in Asia (44%) and Europe (23%) followed by North America (15%) and South America (9%) [17]. With an increasing share of renewables, sector coupling will become a central element of this transition process. It is defined as the integration of energy systems from different sectors, which are usually managed and optimized independently of one another via specific energy storage options. Relevant sectors are electricity, gas, heating, transport and the production of basic chemical materials [18]. Based on the electricity sector driven by renewables, power-to-x technologies can supply the required transformation of energy to the other sectors to substitute fossil-based resources and lead to more stability of the system.



A large review of the possible role of WWTPs by means of sector coupling is given in [19]. Practical implementations and their impacts on the processes are depicted, discussed and evaluated. The results show significant synergies, e.g., using electrical energy surplus from the power grid (secondary control reserve, to offer system service: automatic frequency restoration reserve (aFRR)) to produce hydrogen and oxygen with an electrolyzer. Hydrogen can be used for long-term storage and oxygen for enhancing purification processes on the WWTP. Furthermore, storable methane gas can be produced at WWTPs, which can contribute to an implementation of local heating networks. As explained in detail in [19], an interconnection in many fields of different research sectors is given and it is shown that it is possible and reasonable for WWTPs to contribute with sustainable energy concepts to defossilization. Thus it can be assumed that many WWTPswill be able to support the energy transition with its gas potentials and flexibility options if suitable management concepts are applied (cf. [20,21]).





2. WWTP Mainz


2.1. Description of the Plant


The WWTP Mainz (Germany) is a mechanical–biological treatment plant for enhanced nitrogen and phosphorus removal with separate anaerobic sludge digestion. It treats the wastewater of approximately 225,000 inhabitants plus wastewater from industry, summing up to 375,000 PE120 in 2017. The wastewater inflow amounts up to 55,000 m3 per day (average value) with peaks of 6300 m3 per hour.



A simplified flow chart is given in Figure 1. The rain overflow basin is placed upstream of the inlet with a total volume of 18,700 m3 feeding the first treatment stage consisting of a four-lane screen, four aerated grit chambers and a primary sedimentation tank (3700 m3). The second stage consists of six activated sludge tanks (4 × 5200 m3 + 2 × 2600 m3), each with five cascades, equipped with aeration panels and mixing devices. Nitrification and denitrification take place intermittently and alternately. Phosphate is chemically precipitated by two-point simultaneous precipitation (in the return sludge and the effluent of the activated sludge tanks). From the effluent of the activated sludge tanks the wastewater is pumped to twelve secondary clarifiers with an overall volume of 30,120 m3. Afterwards, the cleaned wastewater is discharged to the Rhine River.



Sewage sludge is anaerobically stabilized in two digesters with a total volume of 14,000 m3. The digested sludge is dewatered by centrifuges before incineration onsite (start of operations in second half of the year of 2020). Nearly 8900 Nm3/d raw biogas corresponding to 23.7 L/(PE∙d) are produced in the digesters and can be temporarily stored in two parallel operated low-pressure gas storage tanks with a volume of 6700 m3 [22]. The biogas is used in four combined heat and power plant (CHP) units with around 1.4 MWel. Furthermore, the thermal energy of the cooling water from the CHPs is used via a heat exchanger to heat the digestion tanks and the operation buildings of the WWTP.




2.2. Organic Micropollutants


In order to get a rough insight into the micropollutant situation at the WWTP Mainz as a base for the planning process, one influent sample and five effluent samples (all as 24-h composite samples) were taken during dry weather flow and analyzed for approximately 120 micropollutants. The results of the analysis of these samples are available in Supplementary Materials Data S1. An extract of the results for 12 drugs and five X-ray contrast agents is shown in Figure 2. For a better evaluation and ranking, the inflow concentrations are compared with concentration values of 40 other municipal WWTP based on [23]. The effluent values are compared to concentrations measured on five municipal WWTP based on [24].



The inflow concentrations in Figure 2a show that the concentrations from five substances are close to the mean values reported in [23], the others are at least within the range between the minimum and maximum values of [23]. This demonstrates that the concentrations for OMP in the influent of the WWTP Mainz are within a typical range of other municipal WWTPs. Nevertheless some substances like the common widely used analgetic diclofenac (DCF; influent concentration of 6.3 µg/L) occur in the upper concentration range, whereas the pain reliever ibuprofen can be found in a lower concentration range (4 µg/L) compared to the literature data from [23]. The X-ray contrast medium iomeprol has a concentration twice as high as the mean value of the measurements published in [23]. However, the other contrast media examined are in the lower part of the measuring range (e.g., amidotrizoic acid, iohexol and iopromid) or close to the determination limit (iopamidol).



Most substances measured in the effluent of the WWTP Mainz are within a typical range found on other WWTPs [24] (see Figure 2b). However, some substances show a different pattern. DCF reaches with an average concentration of 2.2 µg/L higher concentrations than the mean effluents concentrations described in [24]. An international review of DCF in municipal WWTPs [25] also confirms that DCF inflow concentration as well as effluent concentrations in Mainz are rather high, but are even found in higher concentrations on few WWTPs in Germany and worldwide [26].



Nevertheless, these results have to be regarded conditionally because




	
the limited sampling only shows a snapshot and is not statistically assured;



	
deviation between the concentrations found in Mainz and on other WWTPs might depend on regional differences in the application and prescription of substances.








The comparison of influent and effluent concentrations in Mainz shows the medium removal of DCF in the conventional wastewater treatment. This is in accordance with the removal rates quantified as “mainly in the scope of 21–40%” in [27].



Figure 2b shows additionally the chronic quality standard (CQS) values in order to assess the ecotoxicological relevance of a substance. CQS is described as follows in [8]: “Chronic quality standards are recommended for water quality monitoring. They can be used for assessing pollution over an extended time period. For the continuous input of micropollutants from treated effluents, the chronic quality standard is particularly relevant and helps to protect the organisms against the consequences of long-term pollution”. The value of the proposed CQS for DCF in Germany and Switzerland is 0.05 µg/L [8,28]. In the Rhine River, one of the large rivers in Europe, the DCF concentration is already in the area of the CQS and exceeds the CQS seasonally and clearly at different measuring stations [29]. The specific situation at the measuring point Mainz is shown in Figure 3. The mean value of the measuring period 2010–2017 amounts to 0.047 µg/L [30] and is thus only marginally lower than the proposed CQS. Therefore, a real need for OMP removal is pointed out.




2.3. Energetic Situation and Upcoming Changes


The WWTP Mainz has actually a total power consumption of 8200 MWhel/a, corresponding to a specific power consumption of 21.9 kWhel/(PE∙a). This is far below the median value of 35 kWhel/(PE∙a) of other comparable WWTPs in Germany [31] and characterizes the energetic efficiency of this WWTP. The electrical self-sufficiency rate averages actually around 78%, which is realized by 227 MWhel/a produced by onsite photovoltaic (PV) power and 6173 MWhel/a generated by onsite CHPs using biogas produced in the two digesters (see Figure 1). In the current situation only 81% of the total yearly biogas amount of 3,250,000 m3/a with an energy content of 19,825 MWhCH4/a (heating value: 6.1 kWh/m3) can be used to produce electricity via CHPs (ηel = 38.5%) onsite. Due to a dynamic energy demand of the WWTP and limited storage capacity for the biogas, ca. 19% (621,475 m3/a    →  ·   6.1   kWh /  m 3      3791 MWhCH4/a    →  ·   0.385     1460 MWhel/a) of the biogas, respectively, its energy content is not used onsite and needs to be flared because a conversion into electricity via CHP and feeding into the public power network is uneconomic due to low feed in compensations. As a consequence, 1800 MWhel/a have to be purchased from the regional power utility to ensure the continuous power supply of the plant. The here mentioned energetic indicators are summarized in Table 1.



In the second half of the year 2020 a new sewage sludge incineration plant (TVM—Thermische Verwertung Mainz, Mainz, Germany) will start operation at the site of the WWTP Mainz, processing sewage sludges from several WWTPs in the surroundings corresponding to a total capacity of nearly 2,400,000 PE120. This will affect the energy balance and consumption for the operation of the WWTP Mainz: the processes of sludge dewatering and drying will then be integrated in the TVM system reducing the power consumption of the WWTP by the amount of 328 MWhel/a. The sludge drying will be realized by the waste heat of the turbine of TVM, which will provide an electrical surplus power of up to 500 kWel, producing 4000 MWhel/a, used for the wastewater treatment. This will significantly change the current situation of external electricity procurement and the use of biogas for self-sufficiency purposes: a purchase of external power is no longer necessary. Launching the TVM, the theoretical power (energy) surplus onsite will increase to 3988 MWhel/a (corresponding to 10,357 MWhCH4/a biogas). The summarized energy balance is illustrated in Table 1.



This expected amount of surplus biogas (Table 1) of 10,357 MWhCH4/a generated onsite should be used under a holistic point of view and thus under aspects of energy storage and energy efficiency. Flaring of biogas as well as the conversion into electricity due to a full (local) gas storage has to be avoided because this will lose the flexibility and therefore energy-efficient properties of the renewable biogas. This is why a forward-looking energy-concept was in demand.





3. Practical Implementation: The “Arrived” Project


3.1. Integrated Concept


The aim of the project was to equip a municipal WWTP with an electrolysis and an advanced treatment step for the removal of OMP and to operate for the first time both process stages together, just using renewable energy sources.



On the one hand, electrolysis provides oxygen as the starting product for ozone generation, needed for ozone treatment of the wastewater to remove OMP. The ozonated wastewater is then led to a biologically activated and granulated active carbon filter (GACF) to reduce possible transformation products (Figure 4). This combination of OMP elimination processes has already been successfully demonstrated in several research projects [32,33,34] and has been investigated since 2017 in the frame of two pilot projects at the Paderborn WWTP (30,000 PE120) [15] and the Weißenburg WWTP (35,000 PE120) [35]. This technology is also operated at WWTP Altenrhein (120,000 PE120) since 2019 [15] and proposed as combined treatment technology for the removal of OMP in Sweden [36]. However, up to now this combination is not implemented on a WWTP with a capacity of 375,000 PE120 and connected to the energy market as it is planned for WWTP Mainz.



On the other hand, hydrogen generated by electrolysis can be used in different ways and is usually the much more valuable product. The natural gas infrastructure (NGI) acts as a long-term storage. Thus, particularly the direct feed into the natural gas grid of the local gas grid operator (Mainzer Stadtwerke, Mainz, Germany) may be considered due to a favorable location to the NGI. One focus of its use is the marketing of hydrogen (produced by the power-to-gas (PtG) technology) to the heating sector to replace natural gas in the public gas grid as an important contribution and component for the energy transition.



In addition to the feed-in into the natural gas grid the planned project also considers the use of H2 in the mobility sector and the public transport system of the city of Mainz (hydrogen buses).



At a later point, methanation with the CO2 from the flue gas of TVM or the 35% constituent of CO2 in the biogas could be a further option in the future.



The process chain of the above-described concept is shown in Figure 4. Before implementation two feasibility studies were conducted determining the planning constraints for the construction of such a system and demonstrating the feasibility for Mainz [22,37]. Both studies combine the investigations into the two innovative processes of micropollutant elimination and integration of a WWTP into the energy grid and their combination. Concerning WWTPs, especially for the last-mentioned area of electrolysis, there is only little experience when using surplus power and grid system services. In comparison to other initiatives, the challenge lies in coupling a sustainable energy concept with the removal of OMP. Experiences made in the single sectors were transferred and adapted to the specific local conditions of the WWTP Mainz. The result shows that the overall concept is sustainable, innovative and energy-efficient.



In the outcome of the studies, implementing an advanced treatment step for the removal of OMP for 89% of the wastewater stream (see Section 4.2.1), combined with an electrolyzer with an electrical capacity of 1.25 MW [22] (see Section 4.3) was proposed. This capacity enables a sufficient production of oxygen for ozonation and also the sustainable use of the energy surplus onsite (see Section 2.3).



The set-up of the new concept leads to a complex energetic situation with different given or fluctuating power generators and sources of renewable energy (a new photovoltaic (PV) will be installed, the TVM delivers surplus energy (see Table 1), temporarily available energy from the power grid to offer system service) and consumers (several devices on the WWTP, a new electrolyzer). No additional conventional electricity should be required for the cleaning process and an energy-efficient and sustainable generation of oxygen should take place. This will enable the self-generated electricity to be used locally and, in an energy-efficient manner under the very complex energetic conditions of a WWTP of such a size.



This requires a precise control of the flexible power generators (CHP), which cannot be ensured manually, but with the support of innovative software concepts and technology. Therefore, the establishment of storage and CHP management is planned to ensure the most regenerative and sustainable supply of the overall concept. The software aims to optimize the use of the biogas in the CHP and the gas storages for oxygen and hydrogen.




3.2. Objectives and Environmental Impact


The project pursues several objectives on two levels causing different positive environmental effects.



Level 1: contribution to the energy transition (thus, positive effects on climate protection):




	
Expansion of renewable energies on site through extension of the PV plant.



	
Provision of short-term flexibility: integration of fluctuating renewable energy, and supply of system services in the form of aFRR (secondary control reserve).



	
Sector coupling: integration of the WWTP in the energy market (hydrogen feed-in into the gas grid, hydrogen for public transport, gas storage and CHP management).



	
Substitution of fossil fuels in different areas (gas and heat market, public transport and on-site of the WWTP).



	
Coupling the regenerative energy generation on site with the advanced wastewater treatment to be implemented for the removal of OMP.



	
Increasing resource efficiency by the use of the oxygen generated during electrolysis as the starting product for ozone production.








Level 2: improving water quality:




	
Further reduction of OMP in the effluent of the WWTP by the innovative coupling of ozonation and GACF in combination (see Section 4.2) with resource-efficient operation of this process stage (see above) beyond the state of the art.



	
Further reduction of phosphate and solid substances emissions into the Rhine River (see Section 5.1).










4. Planning Principles, Boundary Conditions and Results of the Feasibility Studies


4.1. Energetic Environment


In an ideal case, electrolyzers are operated with green volatile surplus energy. Both products should be used afterwards, hydrogen for energy purposes and, in the described case, sufficient oxygen should be available for the ozonation (see Section 4.3.3). To evaluate the energetic situation, a detailed analysis of the regional energetic environment of the WWTP as the location for the electrolyzer was carried out examining different hydrogen distribution paths, with a focus on feeding hydrogen into the natural gas grid. Additionally, the availability of renewable surplus energy, e.g., from wind or solar power plants was investigated.



Due to current German technical regulation, the maximum proportion of hydrogen in the natural gas grid is 10 vol.-% under favorable conditions [38]. Depending on technical restrictions local authorities can require lower proportions. In the case of Mainz the gas grid operator and Mainz municipal utility company determined that it is feasible to feed-in part of the produced hydrogen, but only up to 2 vol.-% of the gas flux in the grid. A higher amount is actually not possible, because of industrial and chemical processes nearby, which are using natural gas from the grid and would have problems with high amounts of hydrogen.



Regarding the availability of the temporarily renewable surplus energy of wind and PV power, the situation in Mainz is rather unfavorable. Due to the electricity demand in the Mainz region, no regional renewable energy surplus situations are to be expected in the near future.



Therefore, a location-specific electricity supply with renewable energy for the electrolyzer had to be ensured integrating fluctuating PV electricity (onsite) and a more flexible power supply by the CHP. Furthermore, the electrolyzer at WWTP can offer system services in the form of aFRR (secondary control reserve). An important aspect of the energy transition is the supply of system services based on renewable energy. Until now, conventional power plants mainly offer system services like frequency stabilization and load management. In a renewable future, this must be provided also by renewable energies and its flex options. Due to the feed-in capacity into the gas grid in Mainz, only discontinuous system services in the form of aFRR (secondary control reserve) are possible to be offered.



The emerging procedural changes at WWTP (commissioning of the TVM, relocation of sludge dewatering and drying) and the associated effects on the energy balance (see Section 4.5) need to be considered in the concept development as well. Furthermore, possibilities to increase the local renewable power generation by expansion of the PV capacity on the WWTP site were analyzed.




4.2. Organic Micropollutant Elimination


The reduction of OMP can be realized by different technologies: Oxidative technologies such as ozonation and advanced oxidation processes, adsorptive technologies like powdered activated carbon and granulated activated carbon (GAC) or physical technologies like nanofiltration and reverse osmosis [11,36]. Among these, ozonation and adsorptive technologies are most common. Physical technologies and advanced oxidation processes are the most cost intensive [39] and less proven at the technical scale and were therefore not considered in this project. Ozonation was compulsive in order to use the oxygen produced during electrolysis.



For the WWTP Mainz the micropollutant removal unit is designed as a two-step treatment with an ozone stage and a granulated active carbon filter (GACF) stage in series, treating the effluent of the secondary clarification. The advantage of combining both processes are as follows [36,40]:




	
Increasing cleaning performance compared to one-step processes: in comparison to a pure ozone or GACF plant, both elimination mechanisms, oxidative degradation and GAC adsorption with their respective strengths are used for the removal of OMP. This effectively eliminates a wider range of micropollutants.



	
Cleaning performance concerning micropollutant removal: depending on the desired elimination of various key substances, the ozone dosing in combination with the bed volume of the GAC can be adjusted.



	
Reduction of the resource consumption for both stages and possibly the operating costs: Compared to single-stage ozonation or GAC processes, significantly lower ozone dosing and higher GAC bed volumes can be achieved. This reduces the resource consumption for each level.








4.2.1. Treated Amount of Wastewater


The treated amount of wastewater is a central design parameter for the advanced treatment step on the one hand influencing significantly the total elimination of OMP, on the other hand having a high impact on the investment costs. Therefore, a compromise between both aspects has to be found.



For the WWTP Mainz a maximum flow of 800 L/s was scheduled for the final expansion. This exceeds the maximum dry weather inflow Qd,h,max of 760 L/s and ensures that the complete dry weather and large parts of the rainwater inflow will be captured and treated. With the maximum flow of 800 L/s around 17.8 million m3/a can be treated, corresponding to 89% of the annual wastewater volume.




4.2.2. Plant Design


The ozone reactor is designed for a retention time of 20 minutes, for the maximum flow of 800 L/s, resulting in a 960 m3 volume. The reactor consists of three lines each having a dimension of L × W × D = 13.5 m × 4.0 m × 6.0 m (arrangement see Figure 5).



The ozone requirement depends on the treated flow and on the composition of the wastewater, where mainly the nitrite concentration of the feed flow is important. Actually the effluent of the WWTP Mainz comprises of partially increased nitrite concentrations attributed to high ammonium loads in the process water. In order to disburden the biological treatment step and thus reduce the effluent nitrite concentrations, a deammonification step for process water treatment was planned to be set up. For both scenarios (actual nitrite concentration and nearly no nitrite in the effluent) the ozone requirement was calculated and averages between 86.2 (status quo) and 53.1 kgO3/h (no nitrite in the feed flow; further information see Appendix A). The produced gas from the ozone generator usually containing an ozone mass fraction of 10%, thus 1 kg of O3 will be produced from 10 kg of O2. The average oxygen requirement will be therefore in the range between 2068 (status quo) and 1275 kgO2/d (no nitrite in the feed flow).



The GACF cells were designed for a contact time of 20 min and a filter speed of 6 m/h, based on the maximum flow of 800 L/s. This resulted in a number of 10 filter cells with a dimension of L × W = 9.6 × 5.0 m. The filter bed height is 2 m. The total filter area was thus designed with 480 m² (arrangement see Figure 5).





4.3. Electrolysis


4.3.1. Sustainable Operation Options


The electrolyzer should provide the oxygen required for ozonation and produce hydrogen for feed-in into the natural gas grid and for use in public transport. Whether an electrolysis operation is energy-efficient depends primarily on the mode of operation and the power supply. Continuous operation under a full load, which does not consider the current power grid situation or the fluctuating feed-in of renewable energies, does not support the energy transition due to its rigid additional load. In contrast, such a mode of operation rather damages the energy transition and causes more emissions of CO2. If the hydrogen would be produced with the conventional electricity mix, the greenhouse gas emissions would currently be about three times higher than the emissions from steam reforming [42]. Greenhouse gas emissions can only be reduced by supplying the electrolyzer with green electricity in combination with a flexible operating mode. The following modes of operation can be considered an energy transition supporting electrolysis operation:




	
The use of renewable surplus energy in the power grid/reaction to the curtailment of renewable energy systems,



	
The use of a negative residual load caused by fluctuating renewable power,



	
The structuring of fluctuating renewable energies for integration in renewable energy portfolios or for sales to consumers,



	
Participation in the balancing power market/system services using renewable energy (in combination with points 1., 2. and 3.).








In a 100% renewable electricity system and alone in the context of point 1. to 3. it is assumed that an electrolyzer will have approximately 2500 full load hours [43].




4.3.2. Operating Concept


The analysis of the energetic environment (see Section 4.1) has shown that bottlenecks in the distribution grid or surplus energy from the curtailment of renewable energy plants are not to be expected in the region around WWTP Mainz in the near future. Furthermore, the analysis points out, that both, the structuring of fluctuating renewable energies and the reduction of forecast deviation of fluctuating renewable energies onsite, can be carried out more efficiently for the existing CHP units than the electrolyzer. Since offering a primary energy control reserve alone is not seen as a sustainable operation mode (see above) and due to the limited feed-in capacity into the gas grid, this system service for the power grid is not possible. Therefore, the only operation modes within the framework are expansion and integration of a new PV plant combined with the secondary control reserve aFRR.



To calculate the power consumption through aFRR, the provided system services of the years 2017 and 2018 were analyzed. The analysis shows that about 40–50% of the time aFRR is called. Today, the negative secondary control power is advertised daily in 4 h blocks, whereby the bid must be divided into performance and work price. To achieve high full load hours for the electrolyzer in order to reduce the specific fixed cost per kWh of hydrogen generated, a successful offer strategy for the working price must be developed. If the offer strategy places the electrolyzer in the lowest one to five percent of the merit order in each tender, around 3500 full load hours (40% of 8760 h a year) of the electrolyzer can be reached. It must be considered that the actual calls by aFRR depend on the offer strategy and can therefore deviate from the quantities assumed here.



In order to react to the secondary control signal as quick as possible a permanent minimum load of approximately 20% of its capacity, the minimal load of the electrolyzer, is needed.



This base load of the electrolyzer has to be covered with the local power production of fluctuating PV, the additionally installed PV plant onsite and the CHP units, which will supply the rest of the power needed. This is possible, as soon as the TVM is put into operation and therefore less biogas is needed to provide the electricity demand of the WWTP. The favorable maximum production of the PV plant matches the base load of the electrolyzer (20% of the capacity). Altogether, the power supply of the electrolyzer will not reduce the renewable energies (RE) in the power grid. The addition of PV onsite provides renewable electricity for the electrolyzer and therefore reduces the need for electricity from the grid.



Figure 6 shows an example of electricity consumption for the electrolyzer for a week in summer, in which the locally generated PV electricity at the WWTP Mainz would be included.



Simulation results of the energy consumption of the electrolyzer at WWTP showed that about 15% of the energy consumption could be covered by the already existing and newly planned PV plants on site and 34% from CHP electricity. Approximately 50% of the electrolyzer’s power calls were made up of system services, the energy requirement of which, due to the short-term nature, mostly comes from the supply of green electricity from the grid. Since PV plants are already installed on the appropriate roof areas at the buildings of WWTP Mainz, the additional PV will be installed via an innovative construction above the secondary clarifiers, resulting in a double use of a portion of the WWTPs area (waste water treatment and power generation).




4.3.3. Hydrogen and Oxygen Production


A 1.25 MW electrolyzer provided the sustainable production of hydrogen (H2) and the production of oxygen (O2; cf. Table 2). The efficiency of converting electricity to hydrogen was assumed as 68% based on manufacturer specifications and [44].



The maximum oxygen requirement for the advanced treatment step is around 150 kgO2/h and on average around 53 kgO2/h or 465,206 kgO2/a (see Section 4.2.2) after reducing the nitrite concentration in the effluent of the WWTP (cf. Table 3, additional and more detailed information see Appendix A). With the operating concept presented above, the base load of 20% of the electrolyzer’s capacity (see Table 2) covers approximately 60% of the average oxygen demand for ozonation. The residual required oxygen has to be generated via discontinuous calls of control reserve (aFRR) and is temporarily stored in an oxygen storage tank (possibly supplemented by a backup liquid oxygen tank).





4.4. Interface O2 Storage


The central coupling element between the two usually separately operated technologies for OMP removal on the one hand and electrolysis on the other hand is oxygen storage with upstream O2 treatment.



The necessary inlet pressure for O2 at the ozone generator is at least 6 bar. Depending on the manufacturer, the pressure of the oxygen generated by PEM electrolysis varies from unpressurized to 10 bar (for electrolyzers with an electrical power greater than 500 kW) and up to 30 bar (for electrolyzers with an electrical power less than 500 kW) [45,46]. An O2 outlet pressure of 10 bars was assumed for the electrolysis provided at the Mainz WWTP. 10 bars were chosen because this pressure is easier to handle for manufacturers and more economical prices compared to higher pressures are expected.



The co-product oxygen of the electrolysis will be saturated with water and must be dried before storage. This can be realized with the same technology applied for the drying of hydrogen described in [47]: drying is realized in two steps. A gas-cooling-drying separates a high quantity of water via condensation followed by a temperature change adsorption.



If oxygen is considered to be an ideal gas in the relevant pressure range, the storage volume for the average daily requirement of O2 (basing on 1275 kg/d) will be provided in the form of a storage tank with a volume of 100 m3




4.5. Energetic Situation after Implementation of the Concept


The energetic situation after implementation of the concept and operation of the incineration plant will be influenced by the power consumption of the advanced wastewater treatment step (−1240 MWh/a) as well of the operation of electrolysis (−2146 MWh/a for base load operation powered from onsite PV and CHP; −2229 MWh/a for aFRR operation powered from the grid), and the generation of additional renewable PV power (500 kWp; +500 MWh/a), see Table 4.



The power consumption of only the ozonation step was calculated with 830 MWh/a covering pumping energy, cooling, ozone generation, ozone dosing and residual ozone destruction. Considering the annual wastewater feed flow of this step (17,975,520 m3/a) a specific consumption of 0.046 kWh/m3 is expected. This value is expected fort the future operation-mode, corresponding to the lower ranges of values on energy demand technologies for OMP reduction (0.03–0.2 kWh/m3, depending on the specific conditions) on WWTP presented in [48]. The GACF process for the WWTP Mainz was calculated with 410 MWh/a or 0.023 kWh/m3. In the literature energy consumption for a single operated GACF process is specified to be 0.04 kWh/m3 [48]. Thus, the total energy consumption of 1240 MWhel/a of the combined advanced treatment remains within the scope of the energy demand for single operated ozonation.



The power consumption of electrolysis for the base load operation, fed with surplus CHP power generated from surplus biogas, was calculated with 2146 MWhel/a and for aFRR services with 2229 MWh/a. Thus, electrolysis produced 2975 MWhH2/a of renewable and storable hydrogen each year, whereby one part will be fed into the natural gas grid and another part will be used for mobility purposes (filling station and public transport). The energy consumption for aFRR services was not considered in the balance in Table 4, because the use of energy from the grid was obligatory and could not be replaced by power generated onsite.



This shows that a large part of expected energy surplus in 2020 could be used for two sustainable processes: green hydrogen and oxygen production as well as OMP removal. Both processes will be coupled and operated for the first time together at one location. If the theoretical remaining surplus of 2861 MWhel/a (see Table 4) will be confirmed after implementation of the process, an even more sustainable utilization pathway will be implemented (e.g., additional use in the electrolyzer).





5. Environmental Effects


The implementation of the proposed project will lead to significant environmental improvements:




	
Reduction of OMP discharges,



	
Reduction of standard parameters discharges (total phosphorus (Ptot), total suspended solids (TSS) and chemical oxygen demand (COD)),



	
Supporting the energy transition and,



	
Multilevel reduction of CO2 emissions.








5.1. Environmental Improvements through Improved Water Protection


One central environmental improvement will be the reduction of emissions of OMP. Table 5 presents an estimation of the expected reduction of emissions from substances included in the following substance groups and fields of application:




	
Drugs,



	
X-ray contrast agent,



	
Household chemicals,



	
Personal care and,



	
Others.








Comprehensive experiences from full scale plants for OMP elimination with a combined ozone and GAC process do not exist yet. Thus, the elimination percentages listed in Table 5 are expected to be the minimum eliminations, derived from experiences with one-step OMP treatment plants. It is assumed that these values should normally be exceeded in the context of large-scale implementation in Mainz, especially due to the combination of ozonation with additional GACF. Other studies are proving theses expected eliminations [5,49,50]. Although the values in Table 5 are calculated at the safe side, they show a significant reduction in emissions for a large number of substances, especially for substances occurring in critical concentrations in the Rhine River, such as DCF.



Considering these key substances, a significant reduction of the effluent load can be expected. Table 5 points out, too, that the elimination varies strongly between 10 and 90%, depending on the substance. For some substances CQS are available. For most of those a significant reduction can be achieved, e.g., for the drug substances carbamazepine, diclofenac and ibuprofen. For further OMP, e.g., the origin of household and personal care products, relevant reductions are expected to be between 50 and 80%. Although the complexing agent EDTA was only reduced in the order of 10%, its concentration was far below the proposed CQS value of 2200 µg/L [8].



A downstream installed filter (GACF) step will have positive aspects on the elimination of conventional wastewater constituents, too. The efficient reduction of Ptot and TSS of municipal wastewater effluent by GACF could be shown in [51] with a reduction of up to 85% for Ptot and 75% for TSS. Additionally, COD concentrations can be reduced significantly by a filtration step [52]. Therefore, due to the combined implementation of ozonation and GACF a reduction of the parameters COD, Ptot and TSS is also expected.




5.2. Environmental Improvements through Contributions to the Energy Transition


The implementation of the proposed concept will demonstrate that the transition of the energy system is possible and sector coupling as well as hydrogen play a decisive role. Currently some major problems regarding the energy sector are still unsolved:




	
How can renewable power be stored at a large scale?



	
How do we manage a heat supply system based on renewable energies?



	
How can we realize a proper defossilization in the transport and industry sectors?



	
How can we offer system services for the power grid based on RE?








Electrolysis provides a key answer to these questions. On the one hand, electrolysis enables (green) electricity to be converted into renewable gas and stored in the gas grid over a longer period. The hydrogen can be used in a natural gas–wind gas mixture for cooking and heating. Converted to methane [53], it could even completely replace fossil natural gas. On the other hand, there are diverse applications for hydrogen in the transport and industry sector.



In addition to the innovative provision of oxygen for ozonation, the operation of the electrolyzer enhances the energy transition and reduces the environmental pollution in Mainz:




	
With the amount of hydrogen fed into the NGI at the WWTP, 250 apartments (each 50 m2 living space) could be supplied with renewable heat. In this case, the use of green hydrogen reduces greenhouse gas emissions by 83% compared to the use of fossil natural gas. Furthermore, hydrogen enables long-term storage of electricity.



	
Supplementary to the feed into the NGI, the hydrogen produced at the WWTP can supply four fuel cell buses, saving around 190,000 L of diesel per year. By using green hydrogen in fuel cell buses, greenhouse gas emissions are reduced by 89% compared to a diesel bus.



	
By offering secondary control reserve (aFRR), the electrolyzer contributes to the stability of the local power grid. Thus, conventional and CO2 producing power generation plants are replaced from the national balancing market.



	
By expanding the PV capacity on the WWTP site, less biogas is required in the CHP unit and is saved for other situations. Thereby the overall greenhouse gas balance of the WWTP is improving.









5.3. Environmental Relief through CO2 Reductions


With an assumed feed-in limit for hydrogen of 2 vol.-% of the gas flux, 1240 MWh of hydrogen could be fed into the NGI annually, displacing natural gas and thus avoiding around 200 tCO2e/a (natural gas from steam reforming causes around 202 gCO2e/kWh [54]. The greenhouse gas emissions of the produced hydrogen at the WWTP amount to around 34 gCO2e/kWh H2, considering the electricity supply (renewable electricity, CHP unit based on local biogas and local PV plants), the production of the electrolyzer, the compression of hydrogen and an efficiency of the electrolyzer of 68%). By using the remaining 1735 MWh of hydrogen in fuel cell buses in public transport, another approximately 500 tCO2e/a (calculated greenhouse gas emission for the diesel bus: 166 kgCO2e/100 km and for the fuel cell bus: 17 kgCO2e/100 km. With a consumption of 13 kgH2/100 km [55], four fuel cell buses driving 220 km daily can be used) could be saved in comparison to diesel buses. Additionally, greenhouse gas emissions are avoided through the replacement of conventional power plants for providing control reserve by the electrolyzer. The avoided greenhouse gas emissions through an alternative oxygen supply via air separation should be considered, too. In order to generate one kilogram of oxygen via air separation, approximately 0.3 kWh of electricity is needed [56]. Assuming a supply of grey electricity, the conventional oxygen production would cause approximately 70 tCO2e/a (the amount of oxygen produced: 600 t/a; 400 gCO2e/kWh grey electricity (data set: EL-KW-Park-DE-2020) [57]) [22,37]. Beyond that, by using the local biogas from the WWTP in the CHP unit to provide electricity for the advanced treatment step, a further 500 tCO2e/a (electricity consumption 4th cleaning stage: 1.250 MWh/a and greenhouse gas emissions: 400 gCO2e/kWh grey electricity (data set: EL-KW-Park-DE-2020) [57] 2,3 gCO2e/kWh for electricity from sewer gas (data set: Klärgas-BHKW-GM 200-OxKat-2020/en [57]) can be reduced in comparison to the use of grey electricity from the grid.



Overall, as shown in Figure 7, this results in savings of 1279 tCO2e/a. This corresponds to the annual CO2 storage capacity of around 128 ha of forest (1 ha of forest binds around 10 t CO2 yearly [58]).





6. Techno-Economical Aspects


As shown in Section 2.3 the launch of TVM will change the energy situation at the WWTP Mainz fundamentally: the plant will have a significant amount of surplus of energy. The common renewable power feed of CHP electricity into the public grid is uneconomical for the operator. It would be a losing deal and at the same time it would not be sustainable, due to the loss of flexibility characters of the biogas. These were central aspects for the operator to look for alternative options and a new and more holistic business case.



For the economic evaluation the operation of the electrolyzer and the oxygen storage unit as the central coupling element are considered. The advanced treatment step for OMP removal is neglected, because it is part of the wastewater treatment and will be financed by charges.



If hydrogen is fed directly into the gas grid, hydrogen equates with biogas. For biogas, a market with a higher willingness to pay already exists in Germany. The price for 1 kWh of biogas is actually around €0.06 and varies depending on the quality of the biogas. Depending on the full load hours, the production costs for hydrogen are about 0.15 €/kWh, with an EEG surcharge and network charges up to 0.38 €/kWh [59]. Main driver for the economy of PtG-projects are the operating costs, among them the electricity costs are dominating. Due to the expansion and integration of the local renewable electricity generation in the energy concept of the electrolyzer on the WWTP, the economic advantages of self-supply (mainly reduction of the EEG surcharge) are helping to improve the economic situation. Nonetheless, due to the high hydrogen production costs, the electrolyzer can only be operated economically if the consumer is willing to pay more than the above mentioned 0.06 €/kWh or if appropriate subsidies are given. The energy supplier Greenpeace Energy involved in the project at WWTP Mainz offers a special gas tariff to encourage innovative and energy-transition-supporting concepts with power-to-gas technologies. This tariff includes a premium for each kilowatt-hour of consumed gas. Through this support, the supplier is able to build its own power-to-gas plants and to buy green hydrogen from plants operated by third parties in an energy transition supporting manner [60]. The higher willingness to pay enables the economical operation of these power-to-gas plants and helps to foster the technology.



To avoid blow off situations of parts of the O2 production due to the flexible operation (in the frame of aFRR calls) of the electrolyzer on the one hand and to provide ozonation as high as possible with O2 as the co-product from the electrolyzer, on the other hand, an O2-storage will be installed (see Section 4.4). This will reduce the additional liquid oxygen demand significantly. To guarantee the permanent supply with O2 of the ozone generator a liquid oxygen tank will still be available. By using an oxygen storage tank, the use of external liquid oxygen can be minimized, thus reducing costs in this field. Table 6 shows that by using O2 with an origin from control energy calls (aFRR), the coverage gap can be closed and 17,320 €/a for liquid oxygen can be avoided, when assuming costs for liquid O2 of 0.10 €/kg.



In total 47,000 €/a of costs for liquid oxygen can be saved by utilizing the co-product of electrolysis. These yearly savings can be used to calculate the amortization of the oxygen storage including the pre-treatment. The range of costs for the O2 treatment and storage is indicated for each relevant component in Table 7 based on [37]. In the best case the components amortize in 10.5 years, in the worst case in 14.3 years. This shows the medium-term economic feasibility of this central coupling component of both processes of the presented concept.




7. Discussion and Outlook


Hydrogen and thus electrolysis are a relevant part of a successful progressing energy transition as shown in different studies [3,18,61,62,63]. In early 2019, 95 projects with electrolysis and methanation technologies were active worldwide, most projects were located in Germany, Denmark, the United States and Canada [64]. Actually, the framework conditions, respectively, the regulations in Europe, are not perfectly suited to PtG and are still not promoting a faster rollout. Today most hydrogen projects are pilot projects with lifetimes up to 3 years, depending on funding to cover operating costs or on additional willingness-to-pay of consumers [64]. To improve economic efficiency, it would be beneficial to use all products of the plant: hydrogen or methane, heat and oxygen, but only few projects worldwide address this topic [64]. In the long term, an exponential global increase of PtG projects is expected, which will lead to an enormous reduction of the investment costs from today’s 1.300 €/kW to about 500 €/kW [59,64]. However, in respect to the regulation in Europe, the main driver for the economy of PtG projects is the operating costs, among them particularly the electricity costs. In Germany mainly regulation about the electricity taxes and levies are hindering the economy of an electrolyzer project. According to the EEG 2017, every natural and legal person who consumes electricity is a final consumer. Since an electrolyzer fulfills the criteria for electricity storage or the energy converter, it is considered as a final consumer and is therefore obliged to pay all electricity levies and taxes [65]. Reductions and exemptions only arise in very few cases. Today these costs for state taxes and levies can amount to up to 160 €/MWhel [66]. Solely out of the EEG tax results an amount of 103.94 €/MWhH2 (67.56 €/MWh divided by the efficiency of the electrolyzer of 65%) [67]. Furthermore, there is no European regulation for the certification of hydrogen and for the feed into the European gas grid as well as the cross-border trade of hydrogen.



As described in Section 4 the mode of operation and the power supply mainly influence whether an electrolysis operation is energy-efficient and/or supports the energy transition. This should be considered when designing further funding programs and new regulations for the electrolyzer.



The implementation of an advanced treatment step for the reduction of OMP at WWTP is already regulated in Switzerland and is discussed in many other countries to improve the surface water quality. This additional treatment step will lead to increasing energy consumption (e.g., operation of the new process, oxygen production and AC production/regeneration) onsite or offsite. Plant operators have to decide about the sustainability of this new step.



The combination of both processes offers the opportunity to use synergy effects:




	
Increasing the efficiency of the electrolyzer by using the co-products O2 (for ozonation) and heat (e.g., in the digester of WWTP);



	
Economizing the purchase of liquid O2;



	
Enhancing the energy transition by the expansion and integration of the local renewable energy generation in the energy system of the power-to-gas plants and by optimizing the overall energy management at the WWTP site.








In particular with a view to the mandatory progress made in the energy transition (in the electricity, heating and mobility sectors) in combination with possible nationwide obligations on WWTP to specifically eliminate OMP, the proposed process combination has a model character and might be transferable to numerous other WWTP locations. The economic conditions are likely to improve significantly in the near future, but will not be available at the current time. Therefore, funds are required for an economical operation.



Electrolysis technology is the key technology to defossilize the energy and material cycles and is therefore imperative to achieve the climate protection goals [3]. This also significantly increases the possibility of transferring the concept to other WWTPs.



The energetic environment and boundary conditions are an important aspect of each electrolyzer project. The Mainz site showed rather unfavorable boundary conditions due to the local grid situation. However, despite (currently) missing surplus energy situations, an ecological and energy-transition-supporting operating concept could be developed. Due to the feasibility at such an unfavorable location, transferability is ultimately possible to many other locations. In Germany, this affects 100 large WWTPs with anaerobic sludge stabilization, without an advanced treatment step for the reduction of OMP, and they are still emitting considerable loads of OMP into waters.



The combination of power-to-gas technology and advanced wastewater treatment and the selected process combination for the OMP treatment in this size will be implemented for the first time in full scale on a municipal WWTP and underlines the innovative character of the entire project. With possible stricter requirements for wastewater treatment in the future and an advancing energy transition worldwide, the transferability of this combination of processes has great potential for WWTP in and out of Germany. Therefore, further investigations are needed to develop additional business cases as well as to assess a transferability of the present study results.
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Abbreviations








	AA-QS
	annual average-quality standard AA-QS, chronical quality standard



	AC
	active carbon



	aFRR
	automatic frequency restoration reserve—automatic activated reserve as system services for the power grid (secondary control)

Background: the German transmission system operators (TSOs) have to maintain the balance between electricity generation and consumption within the control areas at all times. Therefore, the TSOs need different types of control reserve, which can be divided into three groups:

	-

	
Frequency containment reserve (FCR, also called the primary control reserve):




	○

	
Automatic and complete activation of the primary control reserve within 30 seconds










	-

	
Frequency restoration reserve with automatic activation (aFRR, also called the secondary control reserve)




	○

	
complete activation within five minutes (at most)










	-

	
Frequency restoration reserve with manual activation (mFRR):




	○

	
Complete activation within fifteen minutes












[68]



	CO2e
	Equivalent carbon dioxide



	COD
	chemical oxygen demand



	CQS
	chronical quality standard or annual average-quality standard (AA-QS): “Chronic quality standards are recommended for water quality monitoring. They can be used for assessing pollution over an extended time period. For the continuous input of micropollutants from treated effluents, the chronic quality standard is particularly relevant and helps to protect the organisms against the consequences of long-term pollution.” [8]



	DOC
	dissolved organic carbon



	ηel
	electrical efficiency



	GAC
	granulated active carbon



	GACF
	granulated active carbon filter



	OMP
	organic micropollutant



	MWel
	Megawatt electrical power



	NGI
	natural gas infrastructure



	PE
	population equivalent



	PE120
	PE120 is population equivalent, assuming 120 g of chemical oxygen demand (COD) per PE and per day



	Ptot
	total phosphorus



	PtG
	Power to Gas



	PV
	photovoltaic energy generation



	Qd,h,max
	Maximum hourly wastewater flow during dry weather



	RE
	renewable energies



	TOC
	total organic carbon



	TSS
	total suspended solids



	TVM
	Thermische Verwertung Mainz—sludge incineration plant



	WWTP
	wastewater treatment plant








Appendix A. Oxygen and Ozone—Effects of different NO2-N concentrations


The oxygen demand for ozonation depends on different parameters of the treated water. For the determination of the oxygen demand for the planned ozonation at the WWTP Mainz the potential influent of the planned ozonation step (which is the actual effluent of the WTP) was analyzed concerning the following relevant parameters with average concentrations of:




	
DOC = 12.9 mg/L;



	
Nitrite-Nitrogen (NO2-N) = 0.47 mg/L (25% percentile = 0.10 mg/L; 85% percentile = 1.00 mg/L).








Especially elevated nitrite-nitrogen (NO2-N) concentrations can cause an additional demand for ozone. The oxidation of 1 g NO2-N consumes 3.43 g of ozone. The operator and authors expect that the nitrite concentration will be reduced with the operation of a deammonification step in 2020. To show the sensitivity of this parameter, two further NO2-N concentrations were used to quantify the influence on ozone demand.




	
Reduction of NO2-N concentration in the feed by 50% to 0.235 mg/L;



	
Reduction of NO2-N concentration in the feed by 100% to 0.0 mg/L.








If ozonation is operated without a subsequent GACF, usually ozone concentrations are applied in the range of 0.6–0.9 gO3/gDOC [69]. Based on the own experiences of the working group of this study with combined ozone–GACF technology at the experimental scale [70] the following ozone doses were chosen:




	
Maximum concentration: 0.4 gO3/gDOC;



	
Average concentration: 0.2 gO3/gDOC.








The ozone demand resulting from maximum and average flows combined with two different dosing rates and the effect of changing the nitrite concentration is illustrated in the Table A1. The produced gas from the ozone generator contains a mass fraction of 10% ozone (out of 10 kgO2, 1 kgO3 can be generated).
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Table A1. Impact of the reduced nitrite-concentration on oxygen and ozone demand in the advanced treatment step for OMP reduction.






Table A1. Impact of the reduced nitrite-concentration on oxygen and ozone demand in the advanced treatment step for OMP reduction.





	

	

	
Status-Quo

	
−50%

NO2-N

	
−100%

NO2-N

	
Unit






	
necessary ozone dose

	

	

	

	

	




	
feed to advanced treatment

	
maximum

	
800.0

	
800.0

	
800.0

	
L/s




	
average

	
570.0

	
570.0

	
570.0

	
L/s




	
specific ozone dose with regard to DOC

	
maximum

	
0.4

	
0.4

	
0.4

	
g O3/g DOC




	
average

	
0.2

	
0.2

	
0.2

	
g O3/g DOC




	
average feed concentration of DOC

	

	
12.94

	
12.94

	
12.94

	
mg DOC/L




	
specific ozone dose with regard to nitrite-nitrogen

	

	
3.43

	
3.43

	
3.43

	
g O3/g N




	
average feed concentration of nitrite

	

	
0.47

	
0.24

	
0.00

	
mg NO2-N/L




	
necessary ozone dose

	
maximum

	
6.79

	
5.98

	
5.18

	
mg O3/L




	
average

	
4.20

	
3.39

	
2.59

	
mg O3/L




	
Oxygen demand

	

	

	

	

	




	
spec. oxygen demand for ozone production

	

	
10.0

	
10.0

	
10.0

	
mgO2/mgO3




	
necessary oxygen

	
maximum

	
195.5

	
172.3

	
149.1

	
kg O2/h




	

	

	
4692

	
4135

	
3578

	
kg O2/d




	

	
average

	
86.2

	
69.7

	
53.1

	
kg O2/h




	

	

	
2068.5

	
1671.5

	
1274.5

	
kg O2/d




	

	

	
754,989

	
610,098

	
465,206

	
kg O2/a




	
Ozone demand

	

	

	

	

	




	
Ozone demand

	
maximum

	
19.55

	
17.23

	
14.91

	
kg O3/h




	
average

	
8.62

	
6.96

	
5.31

	
kg O3/h









Table A2 illustrates the range of a reduction of the oxygen demand due to a reduction of the nitrite concentration in the feed up to 38% compared to the status quo. Compared to the status quo the oxygen demand would be decreased by 290,000 kg/a. The coverage of oxygen demand by the electrolyzer is illustrated for the different nitrite-scenarios in the following table. Considering a complete nitrite reduction, the 1.25 MW electrolyzer would be able to cover approximately 63% of the yearly oxygen demand by its base load power of 20%. For the design of O2 storage (Section 4.4) a zero-nitrite concentration was assumed, which has to be specified in the implementation planning.





[image: Table] 





Table A2. Oxygen demand and coverage gaps depending on the nitrite concentration in the feed of the ozonation step.
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Change in Nitrite-Nitrogen Concentration

	

	




	

	

	
Status-Quo

	
−50% NO2-N

	
−100% NO2-N

	
Pos

	






	

	
Oxygen demand

	
(kg/a)

	
754,990

	
610,098

	
465,206

	
P1

	




	

	
Oxygen reduction compared to status-quo

	
(kg/a)

	
0

	
144,892

	
289,783

	
P2

	




	
Use of oxygen from 20% base-load

	
Oxygen from electrolysis (20% base load)

	
(kg/a)

	
292,000

	
292,000

	
292,000

	
P3

	




	
Oxygen coverage gap

	
(kg/a)

	
462,990

	
318,098

	
173,206

	
P4

	
=P1 − P3




	
Use of total oxygen (including aFRR-calls of the electrolyzer

	
Oxygen from electrolysis (from aFRR)

	
(kg/a)

	
307,569

	
307,569

	
307,569

	
P5

	




	
thereof need in ozonation

	
(kg/a)

	
307,569

	
307,569

	
173,206

	
P6

	
=P5 (if P5 < P4)




	
=P4 (if P5 > P4)




	
remaining oxygen coverage gap

	
(kg/a)

	
155,421

	
10,529

	
0

	
P7

	
=P4 − P6




	
thereof remaining oxygen surplus

	
(kg/a)

	
0

	
0

	
134,363

	
P8

	
=P5 − P6
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Figure 1. Simplified flow chart of the wastewater treatment plant (WWTP) Mainz. 
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Figure 2. Micropollutant concentrations at WWTP Mainz compared to results from other WWTP: (a) Inflow values of WWTP Mainz compared to results in [23] and (b) effluent values of WWTP Mainz compared to values in [24] complemented by chronic quality standard (CQS)-values. 
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Figure 3. Concentrations of the analgetic diclofenac in the Rhine River [30]. 
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Figure 4. Process chain of the “arrived” project. 
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Figure 5. Aerial view of WWTP Mainz (www.geoportal.rlp.de; “Data license Germany—attribution—Version 2.0” referring to the license text available at www.govdata.de/dl-de/by-2-0; left side) and extract of a side plan with the new system components (right side) [41]. 
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Figure 6. Example of electricity consumption for the electrolyzer in a summer week [41]. 
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Figure 7. Annual savings in greenhouse gas emissions through the use of electrolysis after implementation of the project in comparison to conventional power use [41]. 
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Table 1. Energetic situation based on annual average values of the WWTP Mainz before and after the start of operation of the sludge incineration plant.
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1: calculated on the basis of a heating value of biogas of 6.1 kWh/m3; 2: calculated on the basis of the biogas amount and an electrical efficiency of the combined heat and power plant (CHP) unit with 38.5% and a heating value of biogas of 6.1 kWh/m3; 3: electrical surplus power of TVM after electrical supply of internal TVM processes (including dewatering of sludge). 4: calculated on the basis of an electrical efficiency of the CHP unit with 38.5%.
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Table 2. Characteristics and performance data of the 1.25 MW electrolyzer.
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	Characteristics
	Amount
	Unit





	Power
	1.25
	MW



	Hours of operation 20% band
	8585
	h/a



	Full load hours
	3500
	h/a



	O2 production (20% band)
	292,000
	kg/a



	O2 production (aFRR)
	307,569
	kg/a



	Total O2 production
	599,569
	kg/a



	H2 production
	2975
	MWh/a
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Table 3. Oxygen requirement of the advanced treatment for OMP reduction.
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	Amount
	Unit





	specific oxygen demand for ozone production
	10.0
	mgO2/mgO3



	maximum required amount of oxygen
	149.1
	kg O2/h



	average required amount of oxygen
	53.1
	kg O2/h
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Table 4. Simplified energetic situation based on the annual average values of the WWTP Mainz before and after the start of the operation of the sludge incineration plant and the implementation of the innovative concept.






Table 4. Simplified energetic situation based on the annual average values of the WWTP Mainz before and after the start of the operation of the sludge incineration plant and the implementation of the innovative concept.





	 [image: Energies 13 03599 i002]







1 Not included in the balance, due to linkage to external energy market situation; 2 calculated on the basis of a heating value of biogas of 6,1 kWh/m3; 3 electrical surplus power of TVM after electrical supply of internal TVM-processes (including dewatering of sludge).
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Table 5. Assessment of the environmental relief through implementation of the advanced treatment for OMP removal at WWTP Mainz (elimination values based on experiences from full-scale WWTPs with the single stage OMP treatment).
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Substance

	
Substance Group/Field of Application

	
Specification

	
Elimination by Advanced Treatment [%] 1

	
Average Effluent Concentration n = 5 [µg/L]

	
Dry Weather Runoff 2017 [Mio m3/a]

	
Calculated Emission Load Status Quo (kg/a)

	
Reduction of Emission Load in (kg/a) with 4th Treatment Stage

	
CQS ([µg/L) 4






	
Carbamazepine

	
drug

	
anti-epileptic

	
90

	
0.45

	
15.59

	
7.04

	
6.3

	
2.00




	
Diclofenac

	
anti-inflammatory

	
90

	
2.34

	
15.59

	
36.47

	
32.8

	
0.05




	
Ibuprofen

	
anti-inflammatory

	
80

	
0.22

	
15.59

	
3.42

	
2.7

	
0.11




	
Metoprolol

	
beta blockers

	
50

	
1.71

	
15.59

	
26.69

	
13.3

	
8.60




	
Sulfamethoxazole

	
antibiotics

	
90

	
0.29

	
15.59

	
4.46

	
4.0

	
0.60




	
Amidotrizoic acid

	
X-ray contrast agent

	
X-ray contrast agent

	
10

	
2.76

	
15.59

	
43.02

	
4.3

	
- 5




	
Iomeprol

	
X-ray contrast agent

	
50

	
75.80

	
15.59

	
1,181.41

	
590.7

	
-




	
Perfluoroctane sulfonic acid (PFOS)

	
household chemicals

	
fluorosurfactant

	
50

	
0.046 2

	
15.59

	
0.72

	
0.7

	
0.022




	
Perfluorooctance acid (PFOA)

	
fluorosurfactant

	
50

	
0.010 2

	
15.59

	
0.14

	
0.1

	
-




	
Terbutryn

	
herbicide

	
80

	
0.044 2

	
15.59

	
0.69

	
0.5

	
0.065




	
HHCB

	
personal care

	
synthetic fragrances

	
90

	
0.54

	
15.59

	
8.48

	
7.6

	
-




	
Triclosan

	
disinfectant

	
80

	
0.046 3

	
15.59

	
0.72

	
0.5

	
0.11




	
EDTA

	
others

	
complexing agent

	
10

	
96.00

	
15.59

	
1496.24

	
149.6

	
2200








1 Elimination quantity is assumed to be conservative and is based on the elimination of other studies such as [5,49,50]; 2 based on 2 effluent samples; 3 based on 1 effluent sample; 4 CQS values taken from [8]; 5 no CQS value available.
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Table 6. Oxygen demand and avoided costs depending on the “source” of oxygen.






Table 6. Oxygen demand and avoided costs depending on the “source” of oxygen.












	
	Oxygen
	Unit
	Avoided Costs for Liquid O2 1
	Unit





	Oxygen demand for ozone production:
	465,206
	kgO2/a
	
	



	Oxygen production by 20%-load of electrolyzer:
	292,000
	kgO2/a
	29,200
	€/a



	Resulting coverage gap:
	173,206
	kgO2/a
	
	



	Oxygen production by control energy calls (aFRR):
	307,569
	kgO2/a
	
	



	Usable to close coverage gap:
	173,206
	kgO2/a
	17,320
	€/a







1 Costs for liquid oxygen 0.10 €/kg.
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Table 7. Ranges of gross costs of the components for oxygen storage and treatment.
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	Costs
	Unit





	O2 dryer
	180,000–264,000
	€



	Compressor
	80,000–131,000
	€



	O2 storage (100 m3)
	170,000–220,000
	€



	Pressure reduction
	66,000
	€



	Set gross costs
	(496,000)–681,000
	€











© 2020 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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