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Abstract

:

Anaerobic digestion (AD) and sewage sludge digestion (SD) plants generate significant quantities of ammoniacal nitrogen in their digestate liquor. This article assesses the economic viability and CO2 abatement opportunity from the utilisation of this ammonia under three scenarios and proposes their potential for uptake in the United Kingdom. Each state-of-the-art process route recovers ammonia and uses it alongside AD-produced biomethane for three different end goals: (1) the production of H2 as a bus transport fuel, (2) production of H2 for injection to the gas grid and (3) generation of heat and power via solid oxide fuel cell technology. A rigorous assessment of UK anaerobic and sewage digestion facilities revealed the production of H2 as a bus fleet transport fuel scenario as the most attractive option, with 19 SD and 42 AD existing plants of suitable scale for process implementation. This is compared to 3 SD/1 AD and 13 SD/23 AD existing plants applicable with the aim of grid injection and SOFC processing, respectively. GHG emission analysis found that new plants using the NWaste2H2 technology could enable GHG reductions of up to 4.3 and 3.6 kg CO2e for each kg bio-CH4 supplied as feedstock for UK SD and AD plants, respectively.
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1. Introduction


Anaerobic digestion (AD) from both commercial facilities and wastewater treatment plants (WWTPs) in the UK are significant contributors to national energy production, with a 10% share of the bioenergy and wastes sourced electricity generated in 2019 [1]. AD has been a bastion in UK efforts to tackle climate change since the passing of the Climate Change Act in 2008 and the industry continues to grow, with, for example, 5.7% and 4.0% increases in WWTP and commercial AD generation, respectively, between 2018 and 2019 [2]. With renewed ambitions from the 2021 United Nations Climate Change Conference (COP26) to adhere to the Paris Agreements 1.5 °C global warming limit, the role of improving energy from biomass and waste has never been more important with AD at its spearhead [3]. WWTP AD is also referred to as sewage sludge digestion (SD) and the resulting biogas as sewage gas and may be referred to as such throughout this report.



One notable advantage of AD is its inherent flexibility in terms of both acceptable feeds and product end-use. The vast majority of biogas generated in the UK is used for the production of heat and power [4]. However, biogas is also increasingly being scrubbed of its CO2 content and utilised as a transport fuel or injected into the natural gas grid. For example, biogas injected into the gas grid increased by 58 kilotons of oil equivalent or ‘ktoe’ (13%) to 497 ktoe in 2019.



Despite the impressive state of AD in the UK and globally, studies such as Grasham et al. [5,6], Babson et al. [7] and Xu et al. [8] suggest that these facilities are missing the chance to maximise yields and outputs by wasting a precious resource, in the form of ammonia. Ammoniacal nitrogen accumulates during anaerobic digestion due to the breakdown of nitrogenous compounds. Some nitrogen is found in the gas phase as free ammonia (NH3), yet the vast majority is emitted in the digestate’s liquid fraction as soluble ammonium (NH4+).



This circular economy approach to the wastewater industry is important, providing opportunity for current wastewater treatment operators to maximise their environmental and economic potential [9]. However, the future outlook is even more promising where recovery, regeneration and valorisation of materials, nutrients and energy will be at the forefront of infrastructure design with ever intensifying and condensing global populations [10]. The recovery and utilisation of ammonia for energy purposes is clearly attractive with operators such as Northumbrian Water piloting ammonia recovery for H2 production [11].



The state of the art process presented in Grasham et al. [5] demonstrated the effective recovery of ammonia from digestate liquor for use alongside biomethane in a solid oxide fuel cell (SOFC) stack. A case-study of an operational wastewater treatment plant showed the potential to increase electricity generation by 45%. This was facilitated by a combination of additional fuel, in the form of recovered ammonia (which contributes to 4.5% of the device output), and use of SOFC technology, which can operate at far superior electrical efficiencies compared to the conventional combustion-based alternatives.



Significantly, recovery of ammonia from digestate liquor has further merits when performed at SD plants due to the customary practice of reintroducing digestate liquor to the sewage treatment process for nitrogen treatment. Under these circumstances, the ammonium present is treated biologically in the plant’s activated sludge process (ASP), which has considerable power demand due to the aerobic conditions required and the emission of the potent greenhouse gas nitrous oxide (N2O) as an intermediary and side product of nitrification and denitrification [12]. This is not to say ammonia recovery is inappropriate for commercial AD facilities, but that there are added benefits of doing so at sewage sludge digestion plants.



Ammonia recovery from digestate liquor may not be limited to the generation of electricity because there is the alternative opportunity for green H2 production instead. In the work by Grasham et al. [6], ammonia recovery and its decomposition (cracking) to H2 and N2 during biomethane steam reforming were simultaneously performed in a process generating a pure H2 product to be used as a fuel for a fleet of fuel cell electric buses (FCEBs) at a case study WWTP. Not only was it found to be financially attractive, but it could also enable impressive lifecycle greenhouse gas (GHG) emission savings due to abatement of emissions from traditional diesel buses and diversion of ammonia from biological removal.



There are multiple other manners in which H2 can be utilised as an alternative to a transport fuel. In the IEA’s Net Zero by 2050 Roadmap for the Global Energy Sector, biogases, hydrogen and hydrogen-based fuels make up almost 20% of global final energy in 2050 [13]. In the UK, projects such as Northern Gas Network’s ‘H21 Citygate’ and Keele University’s ‘HyDeploy’ are researching the potential for green hydrogen injection in to the gas grid [14,15]. Similar strategies are being carried out in other EU countries, such as RWE’s ‘power-to-gas’ project in North Rhine-Westphalia, Germany and DNV GL’s ‘HYREADY’ project [16]. In the US, the Department of Energy’s (DOE) ‘H2@SCALE’ project [17] has initiated R&D into hydrogen production for grid injection. The aforementioned projects are at various stages of development, but the consensus is that hydrogen can be injected safely into much of the existing gas grid infrastructure, such as polyethylene pipes, whilst multiple storage options have also been identified [14]. This begs the question as to whether the H2 production process presented in Grasham et al. [6] could instead be used for grid injection.



Decarbonising domestic heat is a complicated task and hydrogen is gaining further attraction due to the vast infrastructural changes required for electrification and heat pump networks [18]. For low carbon H2 to make its mark in domestic heat, subsidies will be essential due to the gap in the cost of natural gas and H2. Quarton and Samsati suggested partial H2 injection is currently plausible but only with feed-in subsidies of GBP 20–50/MWh [19]. This highlights the need for effective economic support for the decarbonising of domestic heat.



An overview of the different process options discussed has been illustrated in Figure 1, colloquially termed NWaste2H2 processes. Until now, the analysis of these systems has focussed on their application at a single case study facility. The work detailed in the present article places the innovative use of ammonia and biomethane in the context of all potential UK sites, investigating the possibility of uptake via in-depth techno-economic analysis of viable process implementation. By understanding the implications of scale on profitability of these novel systems, a robust conclusion can be made for UK roll-out and how NWaste2H2 technologies can affect the UK energy landscape and its vital role in combatting climate change articulated through a GHG emission balance study.



Figure 1 displays an overview of the processes developed and discussed in this article, whereby biomethane and recovered ammonia are either used for H2 production to be used as a fuel for FCEB (Scenario 1), for gas grid injection (Scenario 2) or with SOFC technology for CHP purposes (Scenario 3).



Hydrogen fuel-cell electric vehicles (FCEVs) are becoming more commonplace with all major manufacturers releasing or developing their own range [20]. Millions of FCEVs are expected to be on the road in China by 2030 [21]. However, a clear economic barrier for FCEVs are the high costs in compressing H2 for on-board storage. A recent study by Perna et al. concluded reasonable lifecycle levellised costs of hydrogen (LCOH) from refuelling stations to lie between 6.28–7.92 EUR/kg. This is considerably greater than LCOH figures when compression for vehicle refuelling is not considered such as, the International Renewable Energy Agency figure for hydrogen generated via electrolysis from wind in 2018 at USD 4/kg H2 [22]. Transport is one sector falling behind on its decarbonising targets, as evident in the European transport sector (RES-T) [23], and the development of FCEV pathways is expected to aid the transition to zero-carbon transport.



Novel hydrogen and fuel cell technologies will inevitably incur high start-up and capital expenditure costs. When investigating the economic feasibility of process implementation, it is important to understand the returns expected, especially in a semi-regulated industry such as UK wastewater. The weighted average cost of capital (WACC) represents the average rate paid to secure assets, whether that be in debt or equity [24]. It is a valuable metric on which to base expected returns. This can then be used as an effective discount rate in net present value (NPV) levellised cost analysis. A detailed report by OFWAT on the cost of capital detailed that for the UK wastewater industry, its WACC currently lies between 4.69–5.45% [25].




2. Materials and Methods


2.1. Economic Analysis with Scale


To understand the feasibility of NWaste2H2 implementation across the UK, a detailed economic analysis has been carried out for each process at a case-study facility. The results from this investigation were appropriately adjusted to infer economic feasibility changes with plant scale. Firstly, the six-tenths rule [26] was applied to capital expenditure (CAPEX) figures calculated for the case-study facility to estimate the impact of economy of scale on initial investments. The associated calculation is described in Equation (1):


    CAPEX   plant    b  =     CAPEX   plant    a        X    0.6     



(1)




where the CAPEX of plant a is the original case study figure and X is the multiplication factor for the known capacity difference between unit a and unit b      b a     . Each of the income streams and operational expenditure (OPEX) figures have been scaled directly with the multiplication factor. Where appropriate, an exchange rate of GBP 0.78/USD 1 and an interest rate based on the long-term UK RPI of 2.87% have been used throughout.



The net present value (NPV) over the projected 20-year lifetime of the plants, at scales ranging from 10% to 200% of the case study site at 10% increments, was calculated using Equation (2):


   NPV   i , N    =    ∑   t = 0  N     R t        1 + i    t      



(2)




where i is the discount rate (as a fraction), N is the plant lifetime, t is the year of operation and Rt is the net cash flow for the year. NPV takes into account the time value of money, considering whether project funding is worthwhile compared to other investment options by discounting future cash flows. The discount rate utilised in this analysis is 6%, which has been rounded up from the wastewater industry’s weighted average cost of capital (WACC) of 5.45% [25], to be as conservative as possible due to the high-risk nature of implementing complex processes. When NPV is positive (i.e., at the point of discounted payback), the investment is deemed profitable, securing the returns expected by the company. Further analysis was performed in the form of return on invested capital (ROIC), which is the percentage return made on invested capital, the formula of which is shown below:


  ROIC =   o p e r a t i n g   i n c o m e     1 − t a x   r a t e     I n v e s t e d   C a p i t a l    



(3)







The invested capital was calculated by assuming the CAPEX was financed using debt, weighted at 3%, in accordance with the industry’s average cost of debt [25]. The annual after-tax operating profit was used to reduce debt and the tax rate was fixed at 19%, in accordance with UK corporation tax. ROIC is often used as a metric for investors to calculate whether an investment in a company is worthwhile by incorporating their entire capital inventory and cost of equity/debt. However, it can also be used by accountants to check whether a new capital investment is adding value to the company. The required ROIC threshold is often determined as two percentage points higher than the company’s WACC [27,28]. For the wastewater industry, the minimum required ROIC would therefore be 8%, given the conservative 6% WACC [25]. This analysis was done on top of the NPV to provide a threshold facility size used to determine each of the UK SD and AD sites applicable for process implementation.



Levellised cost of energy (LCOE) and levellised cost of hydrogen (LCOH) are widely used as metrics to compare the cost of delivering alternative sources of energy and hydrogen, respectively [29]. In this article, LCOE and LCOH calculations have been performed to indicate the effect of facility size and type (commercial AD/SD) on the relative price of generating energy or hydrogen. It is important to recognise that the levellised cost analysis is a benchmarking tool and is to be used for comparison with alternative processes of a similar nature. The calculation for the levellised cost of energy is found in Equation (4):


  LCOE =     ∑   t = 0  T   C t  /     1 + r    t      ∑   t = 0  T   E t  /     1 + r    t     



(4)




where Ct is the net cost of the project at time t, r is the discount rate and Et is the annual energy production. The abated expenditure on electricity (discussed below) is deducted from the Ct to assess the difference between SD and standard AD facilities. For LCOH, Et is substituted with annual hydrogen production. The LCOE and LCOH data presented in this work are representative of the end of the plant’s proposed lifetime of 20 years.



In many cases, the removal of ammonia via nitrification and denitrification in the activated sludge process of WWTPs accounts for over ¼ of the facility’s total energy demand [30]. It is discussed by Garrido et al. [30] that the aerobic requirement of nitrification is 4.57 kg O2 per kg of oxidised N, and that aeration efficiency varies between 1–2 kWh per kg O2 [31]. To avoid overestimating the savings provided by ammonia diversion from the activated sludge process, the lower boundary of this range was chosen for energy balance calculations, providing an energy abatement factor of 4.57 kWh per kg of nitrogen diverted.




2.2. Interpretation for Anaerobic Digestion Sites


SD facilities are not the only sites suitable for this technology. In the presented analysis, standard AD plants are also considered. Under these scenarios, ammonia is also recovered from digestate liquor, but there is no diversion from conventional treatment and its associated benefits. Therefore, the financial outlook for standard AD sites will be worse compared to SD sites of identical size, as the abated electricity use from nitrification/denitrification diversion is omitted. Analysis of process implementation at standard AD facilities has been conducted under each of the three scenarios discussed.




2.3. CAPEX


2.3.1. Overall


An Aspen Process Economic Analyzer (APEA) [32] was used to estimate the capital expenditure for the majority of equipment in each NWaste2H2 process. CAPEX calculations from APEA include both the ‘equipment cost’ for simulated equipment unit costs and the ‘total installed cost’ for other plant requirements, such as above ground piping, poling, concrete, instrumentation underground/above ground electrics, grout and labour costs.



An RGibbs reactor (thermodynamic equilibrium reactor) was used in Aspen Plus (V.10) for the simulation of furnaces in both the SOFC and H2 production scenarios, but APEA was unable to appropriately cost CAPEX. As such, stainless-steel direct-fired heaters were costed as a factor of heat duty using Peters et al. [33]. Inflation accounting using the Bank of England’s inflation calculator [34] was performed from the date of publication to 2019, and a yearly price increase of 3% was found.



The cost of biogas clean-up (high pressure water scrubbing technology) prior to the processes simulated in Aspen Plus have been implied via a study from Barbera et al. [35], who evaluated installation costs for a biogas throughput of 500 Nm3 per hour at EUR 687,924. This figure was adjusted for scale using Equation (1) to meet the plant capacities analysed in this article.




2.3.2. H2 Transport Fuel: Scenario 1


The cost of the compression, storage and dispensing (CSD) units for the FCEB refuelling station was assessed under the transport fuel scenario. For costs unavailable for calculation in APEA associated with installation of the CSD, data from The National Renewable Energy Laboratory (NREL) techno-economic study [36] have been used. The 0.6 rule (Equation (2)), was again used to estimate costs adjustments with the NREL model distinguished by scale. The CSD system consists of the compression of generated H2 to 350 bar at 99.9% purity, ready for dispensing to H2-fuelled buses. Nickel-based reforming catalyst costs were calculated at USD 0.19 per kg of H2 [37].




2.3.3. H2 Grid Injection: Scenario 2


The capital expenditure in Scenario 2 is equivalent to Scenario 1 up to the pressure swing adsorption (PSA) unit. Downstream from this, it is proposed that H2 is pressurised to 7 bar and injected into the gas grid. Due to the limited number of current H2 to grid sites globally, much of the economic data have been based on information related to biomethane injection. Cost of connection to the gas grid is variable site-to-site. However, it is estimated that connection costs are in the region of GBP 750,000 for bio-methane grid injection [38]. This includes installation of units encompassing pressure control, gas quality monitoring, metering, odorising and telecommunications [39].




2.3.4. SOFC: Scenario 3


Data detailed in MosayebNezhad et al. [40] were used to infer various costs given manufacturing rate of at least 5000 units per year by the provider. This includes stack and clean-up system CAPEX and stack replacement costs, with the cost functions shown in Table 1. The Batelle Memorial Institute for the US Department of Energy [41] provided the DC/AC inverter costs given a manufacturing rate of 1000 units per year for 250 kW modules. The calculations for each unit also include installation costs.





2.4. OPEX


2.4.1. Overall


Calculations for total cost of labour was carried by first estimating the number of plant operators as described in Turton et al. [42] and Equation (5):


   N  O L   =     6.29 + 31.7  P P    2  + 0.23  N  n p       0.5    



(5)




where NOL is the total operators per shift, PP is the number of particulate solids handling processing steps and Nnp is the number processing steps with non-particulates.



An operator would work a 5-day week of 8 h shifts, 49 weeks per annum, making 245 shifts per operator per year. Mean salary for a process engineer has been set at GBP 34,523 [43] for plant operators. An annual salary inflation rate of 2.99% has been applied, corresponding to data from the UK Office for National Statistics (ONS) for the years between 2005–2015 [44].



Maintenance costs of 3% of the total installed costs were accounted, as suggested in Turton et al. [42] and Rotunno et al. [45]. Electricity purchasing price has also been applied at 10.55 p kWh−1, as detailed by the UK Department for Business, Energy & Industrial Strategy BEIS [46]. Heat expenditure was calculated at 2.33 p/kWh in accordance with the BEIS [46].



Supervision, supplies, laboratory and research variable costs were added; fixed costs for taxes, insurance and plant overheads were also added and general costs for administration, distribution and selling and development were included and calculated as in Galli et al. [47].




2.4.2. H2 Transport Fuel: Scenario 1


Replacement costs have been inferred from the aforementioned NREL economic model [36], whereby replacement costs equate to 15, 50 and 15% after 5, 10 and 15 years, respectively. For this scenario, these replacement costs exist on top of the maintenance costs, calculated as previously discussed.




2.4.3. H2 Grid Injection: Scenario 2


Additional electricity costs in the grid injection scenario (2) were calculated using power requirements calculated in Aspen Plus for the compression of H2 to 7 bar from atmospheric conditions.





2.5. Income Streams


2.5.1. H2 Transport Fuel: Scenario 1


For renewable H2 to be competitive with diesel for bus transportation, a market value of GBP 4.50 (EUR 5)/kg is required [48]. Accordingly, the H2 will be sold at this price. The renewable transport fuel obligation (RTFO) grants certificates to producers of low carbon/renewable fuel in the UK. The certificates are sold to organisations that need to meet their certificate obligations, providing additional income. Under conservative valuation, this study assigned a market value of GBP 0.15 per certificate with 4.58 certificates awarded per kg produced [49].




2.5.2. H2 Grid Injection: Scenario 2


In the UK, there are currently financial incentives provided for biomethane injection under the renewable heat incentive (RHI). They are provided under a three-tier system, with separate tariffs for the injection of (1) the first 40 TWh, (2) the next 40 TWh and (3) anything after that. The associated rates currently stand at (1) 4.92, (2) 2.90 and (3) 2.24 pence (GBP 1/100) per kWh (p/kWh−1) [50]. The equivalent tariffs per kWh of injected H2 have been used to assess the economic viability of utilising the NWaste2H2 process for grid injection. However, at the launch of the scheme in 2015, these rates were considerably greater and have reduced with market maturation. Given this, some additional analysis has been performed with a fixed RHI tariff of 4.92 p kWh−1, equivalent to the current tier 1 to consider potential higher tariffs often used for the introduction of fledgling technology and labelled scenario S2b.



Under the H2 grid injection scenario, there are two other income streams from gas sale agreements (price based on wholesale market) and Renewable Gas Guarantee of Origin (RGGO) under the Green Gas Certification Scheme (GGCS). The sale price has been speculated at GBP 20 MWh−1 [51] and RGGOs at GBP 2 MWh−1 [52].




2.5.3. SOFC: Scenario 3


The use of the IR-SOFC (solid oxide fuel cell with internal reforming) in the scenario 3 process would provide eligibility for an ‘advanced conversion technology’ (ACT) rate under the UK’s “Contracts for Difference” scheme (CfD). The UK’s Department for Energy and Climate Change (DECC) [53] detailed an administrative strike price the first auction round for ACTs at GBP 140 MWh−1. This figure has been utilised as additional income for electrical power generation from the SOFC in the NPV analysis.



On top of the revenue from CfD, there are proxy income streams in the form of the heat and power generated from the system which offset the expenditure on grid-based electricity and heat. Accordingly, each kWhelec generated from the SOFC abates the expenditure of GBP 0.1055, equivalent to the price for non-domestic sector given the facility size [46]. It is conservatively estimated that half of the net heat generated from Scenario 3 would be used on-site for standard facility operation. As such, the associated offset expenditure is calculated via Equation (6):


   E  h e a t   =   0.5    Q r  ×  C  N G      η  b o i l e r      



(6)




where Eheat is the heat expenditure (GBP day−1), Qr is the thermal output (kWhth day−1), CNG is the natural gas purchasing price (GBP 0.23 kWhth−1) [46] and ηboiler is the boiler efficiency at 80%.





2.6. Greenhouse Gas Emission Analysis


It is hypothesised that implementation of the discussed processes will have a positive impact on lifecycle GHG emissions—firstly, because ammonia recovery and valorisation provide additional fuel compared to conventional systems, and secondly, because alternative end-use strategies can provide added benefits. The GHG assessment has been performed in terms of a balance of added emissions from process energy inputs and reductions in the form of abated emissions from fossil fuel replacement. The carbon factors applied throughout can be seen in Table 2 and are detailed subsequently. For S1, diesel buses are used as the reference transport option to be replaced with fuel cell electric buses (FCEBs). The abated emissions are calculated using an emission factor of 1281.65 g CO2 km−1 [54] with FCEB requiring 9 kg H2 per 100 km [55]. The abated emissions in S2 were calculated as replacement of domestic heat with an emission factor of 180 g kWh−1 [54]. For S3, reduced emissions come in the form of abated emissions from grid electricity (emission factor as above) via power generated by the SOFC.



A key benefit of implementation in SD compared to AD plants is the added benefit of reduced emissions possible from the diversion of ammonia from conventional WWTP treatment. Therefore, for the AD scenarios the impact of nitrogen diversion from the WWTP has been omitted. This includes both the direct emission reductions of N2O during activated sludge processing and the reduced power requirement for aeration. For N2O emission reductions applicable for SD plants, an emission factor of 0.002 kg of N (as N2O) for every kg of nitrogen diverted is applied [56]. Aeration abatement for diverted ammonia is calculated via a conversion factor of 4.57 kWh kg−1 of oxidised nitrogen [30].



For S1 and S2, where H2 is generated for transport and grid injection applications, there are heat requirements during ammonia recovery, which is not the case in S3, where the SOFC provides adequate heat for the process. As such, there are GHG emissions associated for the high quality heat requirement in S1 and S2 at 210 g CO2e per kWhth [57]. Each scenario has a system net power demand which were appointed a CO2 emission intensity of 257.92 g CO2e per kWh [54]. The GHG analysis results have been reported in two ways: firstly, in terms of their improvement on the conventional AD-CHP technology, where the current GHG benefits are taken into account (subtracted from scenario total). This is useful for current operators to understand the potential benefits of conversion of existing facilities. Secondly, in terms of the scenarios’ full GHG reduction potential, which is deemed practical during the planning of new AD and SD facilities. The emissions generated in the construction of the plants and embedded in the equipment were considered negligible over the 20-year lifetime of the plant and were not included.





3. Results


3.1. H2 Production Overview


Further details on the novel ammonia recovery and H2 production system can be found in Grasham et al. [6], including a material and energy balance analysis. The full process flow diagram developed using Aspen Plus V10.0 [58] and stream compositions can be found in this article’s Supplementary Material. A basic process flow of the system is illustrated in Figure 2 with associated composition data in Table 3. Ammonia is recovered from digestate liquor generated from the anaerobic digestion (AD) of sewage sludge. This is combined with biomethane from AD and steam in a high temperature catalytic reformer to produce an H2-rich syngas (stream 8) via a combination of steam methane reforming (reaction 6), water-gas shift (reaction 7) and ammonia decomposition (reaction 8). Water-gas shift (WGS) reactors maximise H2 production via reaction 7 before pressure swing adsorption separates the hydrogen gas into a high purity stream (stream 11):


   CH 4  +  H 2  O   ↔   3  H 2  + C O  



(7)






  C O +  H 2  O   ↔    H 2  + C  O 2   



(8)






  2 N  H 3    ↔   3  H 2  +  N 2   



(9)








3.2. Scenario 1: H2 for Transport


The base system described in Table 3 and Figure 2 was developed for an operational UK WWTP serving a population of 750,000 people. It was stipulated that the 2.76 tonnes of H2 generated daily could be prepared and sold as a transport fuel. At a market value of GBP 4.50/kg, process implementation would be economically and environmentally attractive for the WWTP, with net present value analysis using a 6% discount factor showing a discounted return on investment after 14.6 years and a final NPV value of GBP 4.8 million, as illustrated in Figure 3.



The NPV analysis presented in Figure 3 was carried for various facility sizes and for both SD and standard AD sites along with the return on invested capital (ROIC). The final NPV value and the ROIC for varying scales for both SD and AD industries, under scenario 1, are presented in Figure 4. As expected, the smaller the facility, the lower the ROIC and NPV. This is due to the forcing of economy of scale, where CAPEX and some areas of OPEX are lower per unit of product when performed at larger scales. For example, SD plants with a biomethane production of 5 tonnes day−1 have a final NPV of GBP -8.3 million and an ROIC of 0.007, whereas the equivalent figures at 14 tonnes day−1 are GBP 36.9 million and 0.23, respectively.



Figure 4 also demonstrates the difference between profitability for AD and SD sites. For SD facilities, an ROIC of 0.08 is not reached until a daily bio-CH4 production capacity of 7.14 tonnes, whereas the same ROIC for AD plants is not achieved until a daily bio-CH4 production of 8.17 tonnes. The final NPV turns positive at almost exactly the same scale as an ROIC of 0.08 is reached, which may justify the selection of a 0.08 ROIC as a feasibility threshold. The difference in profitability is much more impactful at lower scales. For example, at 6.6 tonnes of bio-CH4 per day, the final ROIC is 60% greater at SD than AD facilities but is just 9% greater at 15 tonnes of daily bio-CH4 production. This is evident because the cost reduction facilitated by ammonia diversion at SD sites is more impactful on cash flows at lower scales.



Figure 5 illustrates the effect of plant capacity (in daily production of biomethane) on the levellised cost of H2 prepared as a bus fuel (S1) at SD sites. The exponential decay in levellised cost with increasing plant capacity means there is a sharp decline at lower capacities before levelling out with biomethane production scales greater than 7.5 tonnes of biomethane per day, providing a H2 levellised cost between GBP 5–6 kg−1. The levellised cost is only marginally greater (1.7–4.0%) for standard AD facilities, increasing with plant capacity. As such, at the scale of feasibility discussed previously the LCOH lie within the range found by Perna et al. (6.28–7.92 EUR/kg) for H2 prepared for transport fuelling and highlights the product’s potential market competitiveness.



Preparation of the H2 as a transport fuel requires compression and storage at 350 bar for fuel cell electric buses. This demands considerable capital (CAPEX) and operational (OPEX) expenditures. For example, 70% of the total electricity used during operation of the process and 32% of the system’s total CAPEX can be attributed to the preparation of the fuel. Historically, green H2 is most often discussed in reference to its use as a transport fuel, but there is increased attention for its use in other energy sectors, such as heat and energy storage. Alongside the high energy and cost demands for compression as a transport fuel, this report will now consider an alternative utilisation pathway for the generated H2 from this process as an option for grid injection.




3.3. Scenario 2: H2 for Grid Injection


The UK gas grid can be divided into three main bands: the national transmission system (NTS), the local transmission system (LTS) and the distribution system. The NTS, operated by National Grid, is a high pressure network (45–85 bar) that supplies gas around the country in 7660 km of pipes from import terminals to LTS networks (>7–70 bar) [59]. These higher pressure systems are thought to facilitate augmented hydrogen embrittlement of the high-strength steel that comprises the majority of pipes [60].



These concerns mean that currently, H2 is mainly being touted for injection into the distribution system [61]. The distribution system is made up of intermediate-pressure (>2–7 bar), medium-pressure (>75 mbar–2 bar) and low-pressure (>30 mbar–75 mbar) pipes [62]. The UK distribution system is currently undergoing a mass transition to polyethylene (PE) pipes under the Iron Mains Replacement Programme [63]. PE pipes are far less susceptible to hydrogen embrittlement, making them an attractive option for H2 injection.



There are eight local distribution networks in the UK, run by four companies. It is currently impossible to inject H2 into these networks, but this is likely to change in the future with government acceptance that it could be an effective way of decarbonising the gas grid [64]. As such, the H2 generated via the associated NWaste2H2 process is speculated for injection to the local distribution networks, hence our choice of the pressurisation of H2 to 7 bar for this scenario.



Figure 5 indicates the decreasing value of levellised cost of H2 for grid injection with plant size (S2). This is comparable to the trend seen for the transport fuel scenario (S1) (Figure 5), but this is where the comparisons end. Clearly, the levellised cost of H2 when prepared for injection is much lower than under scenario 1. This is attributed to the lower pressure requirements for injection into the national grid compared to those required for an FCEB tank.



Under S2, there is a considerable difference between the levellised cost at SD plants compared to that at standard AD facilities, which ranged between −17–22%. Comparatively, under Scenario 1, the maximum difference was 4%. The variance is due to the low-pressure requirements of grid injection and the low value of grid gas, which means ammonia diversion and the economic benefit of doing so plays a far more important role in the financial balance than under scenario 1.



The levellised cost range presented in Figure 5 for S2 is comparable to that found by the International Renewable Energy Agency for hydrogen generated via electrolysis from wind in 2018 (USD 4/kg H2) [22]. However, their projection is that wind powered electrolysis of water will generate hydrogen for grid injection at USD 1/kg by 2050 due to advancements in wind power. The levellised cost of generating hydrogen under the presented NWaste2H2 process is unlikely to see similar reductions due to the maturity of the technology involved.



The results displayed in Figure 6 were formulated using current RHI incentive for biomethane injection, which are tiered at GBP 0.0446 kWhth−1 for the first 40 TWh, GBP 0.0286 kWhth−1 for the following 40 TWh and GBP 0.0221 kWhth−1 for anything after. However, it could be argued strongly that H2 injection projects should be provided with greater incentivising tariffs given their fledgling nature.



Accordingly, in Figure 7, the impact of current RHI tariffs have been compared with a fixed RHI rate of GBP 0.0446 kWh−1, independent of cumulative output. In Figure 7, it is visible how much a fixed RHI impacts the final NPV. For example, with current RHI payment structures, a positive NPV is not achieved until a daily biomethane production of 17 tonnes. However, with a fixed RHI payment of GBP 0.0446 kWhth−1, the same ROIC is found at daily biomethane production of around 10 tonnes. It is clear that, even with improved RHI incentives, H2 production for grid injection is not as attractive as for use as a transport fuel, given the lower scales required to reach a positive NPV under S1.



Even where an adequate scale exists for grid injection, it must be reiterated that transferring a standard AD or SD facility to H2 injection would only be desirable under the scenario where the grid had already been converted to H2 or partial H2 to achieve total decarbonisation. These results show that if bio-H2 for grid injection under the NWaste2H2 process is to be realised, then the support mechanism must also respond. The clarity in which feasibility is only plausible with greater subsidies than are currently present aligns with the conclusions provided by Quarton and Samsatli [19], who highlighted the need for feed-in tariffs of GBP 20–50/MWh for H2 injection.hJHH.




3.4. Scenario 3: SOFC Operation


In contrast to Route A (hydrogen production), Route B in the series of the NWaste2H2 system proposes the utilisation of recovered ammonia and biomethane for heat and power generation using SOFC technology. In a way, hydrogen production is still present, but as an intermediate in the internal reformer of the SOFC. Accordingly, SD and AD operators will not be generating a product for sale, but utilities for onsite use and export potential whenever possible. The system was demonstrated in Grasham et al. [5] with robust modelling for the operation of the SOFC. However, the ammonia recovery steps have since been updated and improved, and economic feasibility analysis has been performed. The ammonia recovery steps equate to that presented in Grasham et al. [6], except a portion of the exhaust stream of the SOFC furnace is used as the stripping gas instead of air. A basic flow diagram for Scenario 3 is illustrated in Figure 8, with stream compositions in Table 4. The full process flow diagram modelled in Aspen Plus can be found in the Supplementary Material.



The mass flow results presented in Table 4 correspond to that associated with the case-study facility presented in Grasham et al. [5]. The SOFC was calculated to run at an efficiency of 48%, giving a boost in the case study WWTP’s daily power production from 40 MWh to 58.1 MWh (plant treating population of 750,000 and generating 8.229 bio-CH4 tonnes day−1). The ammonia recovered from digestate liquor contributes to roughly 5% of this and its diversion from conventional treatment reduces consumption by 4.12 MWh. However, the proposed biogas scrubbing process demands 5.24 MWh. Accordingly, the daily net energy consumption would be just 3 MWh compared to the current 20 MWh. The impact of this reduced consumption of grid electricity is two-fold, with lowered financial outgoing and grid-associated GHG emissions.



Figure 9 demonstrates the ROIC and final NPV for integration of the SOFC process (Scenario 3) with a varying scale for both SD (a) and AD (b) environments. As with Figure 4 and Figure 6, it indicates at what scale implementation of this process might be attractive for plant operators. At lower capacities, the ability to divert ammonia from conventional processing in the WWTP has a greater impact that at larger scale. For example, the final NPV for a plant generating 10 tonnes of biomethane per day is 80% greater at SD than at AD plants, whereas at 15 tonnes of daily biomethane generation, the final NPV is 18% greater at SD than AD facilities. Figure 9 also shows that an ROIC of 0.08 is achieved at a biomethane production scale of 9.18 tonnes per day for SD sites and 9.98 per day for AD facilities.



Figure 10 details the levellised cost implications for each unit of electricity generated from Scenario 3 with a varying scale at SD and AD plants. Accordingly, these data cannot be compared to that in Figure 5 and Figure 6, but can be used for comparison to other renewable power generation projects. The high levellised cost of the power produced can be seen at lower scales. It is not until a daily biomethane production at SD plants of over 12.5 tonnes is reached that the levellised cost becomes comparable with other advanced conversion technology methods, which the UK’s Department for Business, Energy & Industrial Strategy (BEIS) estimates to be GBP 130 MWh−1 [65]. This is also significant compared to other mature renewable options, such as onshore wind at an estimated LCOE of GBP 46 MWh−1 [65]. However, as the relative cost of SOFC technology reduces with time, as will its LCOE. Much like under Scenario 1, the difference in the levellised cost for standard AD facilities where the benefits of ammonia diversion from standard treatment are not felt is more significant at greater scales.




3.5. Direct Scenario Comparison


Figure 11 shows the results of the minimum scale required for process implementation under each scenario, based on an ROIC threshold of 0.08. It is clear Scenario 1 is the most financially attractive with the lowest required scale. However, it is expected that the cost of SOFC technology will lower as the market matures, which could have a considerable impact on its attractiveness. It is also the case that the SOFC system has the least processing steps of each scenario, and this may also be an attribute worth considering for plant operators.



It is an investor’s decision what ROIC is personally acceptable, but in this article, an ROIC of 0.08 was chosen, given it is two percentage points greater than the industry weighted average cost of capital (WACC). The associated minimum scale required in terms of daily biomethane production for each scenario at SD plants can be seen in Figure 11. These correspond to 7.14 tonnes, 17.02 tonnes and 9.18 tonnes for scenarios 1(H2 for transport), 2 (H2 for grid) and 3 (CHP by SOFC), respectively. For standard AD facilities, these figures are 8.17, 20.02 and 9.98 tonnes for scenarios 1, 2 and 3, respectively. It must be stated that the minimum scale requirements for S2 correspond to the provision of current equivalent variable RHI tariffs used for biomethane injection to the grid. When RHI payments are fixed at the equivalent of the upper tariff of the current variable incentives for biomethane injection (S2b), the minimum feasible scale for roll-out is 11.3 and 12.5 tonnes per day for SD and AD environments, respectively. Under this higher tariff, H2 injection would still be the least attractive option.



Due to uncertainty in the six-tenths rule, sensitivity analysis was performed, which altered the 0.6 factor to 0.7 for each SD scenario. This had the effect of increasing the minimum scale threshold for S1, S2, S2b and S3 by 1.44%, 4%, 1.34% and 1.8%, respectively.




3.6. Applicability to the Current UK Landscape


According to the NNFCC [66], there are 579 operational AD plants in the UK as of April 2020, which far outnumber the 162 SD facilities [67]. However, the difference is not as stark in terms of total installed capacity, where standard AD is thought to have a total installed capacity of 453 MW [66] and SD plants have a total installed capacity of 205 MW [67]. This shows that on average, SD facilities tend to be larger than standard AD sites. Nevertheless, AD facilities operate at higher load factors, equivalent to the mean percentage of capacity reached by generation. For example, in 2019, AD facilities ran at a load factor of 62.6%, whereas this figure for SD plants was 48.6% [68]. Utilising these capacity factors, AD generates a calculated 2.5 GWh electricity annually and SD generates 0.87 GWh. It should be noted that these figures are not without discrepancy. Data from BEIS suggest that there are 658 AD facilities and 194 SD sites and 2.9 GWh production per year and 1.05 GWh for AD facilities and SD, respectively [68]. Either way, AD generates roughly three times the amount of biogas and/or power than SD.



As discussed so far in this paper, the NWaste2H2 processes are not viable for all facilities. There is a certain scale for each process and facility type where it is economically feasible for process implementation. Therefore, it is important to analyse the size distribution of UK AD and SD facilities. Figure 12 and Figure 13 illustrate the percentage of total plants compared to the percentage of capacity as scale increases for AD and SD plants respectively. In these datasets, most biomethane to grid plants are displayed with data for both biomethane production capacity and installed power capacity. As such, where both are presented, only the installed power capacity has been employed.



Figure 12 details both cumulative plant capacity and total plant fulfilment as a percentage of their respective totals for standard UK AD facilities as scale increases. It illustrates that 90% of UK AD plants each generate less than 6.2 tonnes of methane each day. Yet, these plants contain just 56% of the industry’s capacity. It is a very similar story for SD plants, as demonstrated in Figure 13.



Figure 13 demonstrates that UK SD facility numbers are significantly weighted to smaller scales. However, the industry’s capacity is undoubtedly dominated by the larger plants. For example, only 10% of UK sewage sludge facilities generate over 7.3 tonnes biomethane per day but these facilities contribute to over 46% of the industry’s capacity. The significance of this is that alterations to a small number of plants with larger capacities, in both standard AD and SD, could have a considerable impact on in the sustainability of the industries.



Using the scale distribution of each industry, it is possible to calculate the proportion and number of plants suitable for implementation of NWaste2H2 processes. As examined in the techno-economic analysis and highlighted in Figure 11, the viability limit that has been set for each process route and technology type is for a discounted payback period of 8 years. Using this benchmark, the number of plants and the methane that could be viably utilised is detailed alongside the equivalent H2 or power generation potentials.



Table 5 reaffirms that scenario 1, where H2 is generated, prepared and sold as a fuel for buses, is the most economically attractive option of the three scenarios discussed. The analysis shows that 19 SD and 42 AD facilities in the UK are of the minimum scale for implementation of scenario 1. Although the required minimum scale for AD plants is greater than that for the SD industry, 23 more AD than SD plants are viable due to the comparative size of the industries. This difference also corresponds to the industries potential H2 generation with AD’s potential of 171 tonnes per day compared to 83 tonnes per day from SD plants. If all these plants were converted with the scenario 1 process, a total of 254 tonnes of H2 per day could be generated from both industries.



Only three SD and one AD facilities are of a minimum scale applicable for conversion to Scenario 2 given equivalent RHI incentives for grid injection, which would enable the production of just 23 and 7 tonnes of H2, respectively. This is the only scenario where the capacity conversion from SD outweighs that of the AD industry. If the RHI was fixed at the highest tier, as presented previously (S2b in Table 5), then considerably more plants could be upgraded with NWaste2H2 technology with 11 potential SD and 15 standard AD facilities. This would act to increase the potential H2 production from the AD industry by a factor of 11 and almost triple that from SD plants.



There are 13 SD and 23 AD facilities identified as viable for upgrading using scenario 3, where SOFC technology is used for on-site heat and power generation. This would enable daily power generations of 1.4 and 2.3 GWhel for the WWT and AD industries, respectively. With the consideration that implementation of scenario 3 increases net power generation by 45% at SD plants and 42% at AD facilities from conventional CHP technology, equating to boosts in renewable electricity production of 0.44 and 0.71 GWh each day for the two industries, respectively. This would be a considerable growth for the industries, equating to an 18% and 10% increase for the SD and AD plant totals.




3.7. Greenhouse Gas Emission Analysis


The greenhouse gas emission savings that would arise from the implementation of the discussed processes have been assessed in terms of their totality or what would be the case for new systems. Secondly the improvement on the conventional process, where GHG emission reductions that would have been in place via conventional AD power production are taken into account. It should be noted that these figures could be considered ‘best-case’ because the greenhouse gas emissions generated in the construction and embedded in the process materials were note accounted. The breakdown of the results is displayed in Table 6.



Scenario 1 provides the greatest potential in lifecycle GHG emissions at 4.3 and 3.6 kg CO2e for each kg bio-CH4 supplied as feedstock for SD and AD environments, respectively. This can be reasoned by the intensity of the emissions from the diesel buses the generated H2 would replace. The equivalent figures for S1 are 1.4 and 0.7 and for S3 are 2.2 and 1.5 kg CO2e for each kg bio-CH4 for SD and AD environments, respectively. These results could be used for new plants to understand the overall impact of process implementation.



However, if the processes presented in S1–S3 were appended to existing plants, improvement figures detailed in Table 6 could be used instead for GHG implications. Again, S1 outperforms the other scenarios. It should also be highlighted that H2 produced for grid injection (S2) at AD sites would not see emission improvements compared to the current system. This is because the abated emissions from domestic heat is outweighed by the system’s net heat and power demand and the previous AD process power generation, which is assumed to be replaced with grid electricity.



Combining the GHG improvement figures with the analysis of the UK plants applicable for process introduction under each scenario, an estimation of industry-wide GHG emission reductions can be made. Under the assumption that all plants financially viable for process introduction were introduced with the NWaste2H2 technology, the SD industry could enable daily GHG reductions of 784, 22 and 220 tonnes CO2e, respectively, for S1, S2 and S3. For the AD industry, S1 and S3 scenarios could see GHG reductions of 1274 and 145 tonnes CO2e, whereas S2 would see a net gain of 8 tonnes each day.





4. Conclusions


This work has presented the three NWaste2H2 process options and considered the economic viability with scale to interpret their suitability for implementation in the UK energy landscape. The processes are best suited for application at wastewater treatment plants with sewage digestion (SD plants) due to the added benefits of ammonia diversion from conventional removal. However, viability assessments for implementation at standard AD plants have also been performed throughout.



Net present value, ised cost and return on invested capital were calculated as key viability metrics. Scenario 1 details the generation and preparation of H2 to be sold as a transport fuel for fuel cell electric buses (FCEBs). Scenario 2 specifies a H2 production process for injection into the UK’s gas grid. Scenario 3 presents a combined heat and power process option using solid oxide fuel cell technology.



As expected, process implementation was shown to be more attractive at SD facilities compared to standard AD plants of an equivalent scale. However, the difference was far less pronounced under scenario 1, where the offset in OPEX created by ammonia diversion was overshadowed by the cost of compressing H2 to 350 bar in preparation for fuelling fuel cell electric buses. For the same reason, the levellised cost of H2 under scenario 1 was significantly greater than under scenario 2, where H2 required compression to just 7 bar. This advantage did not carry to NPV, because the value of gas in the UK’s grid is considerably lower than the value of transport fuel, and thus, the profitability of scenario 2 was comparatively worse. It was shown that the potential viability of scenario 2 could be emphatically improved with greater financial incentives under the renewable heat incentive (RHI) scheme compared to its current level provided for standard biomethane injection.



An ROIC of 0.08 was chosen as acceptable limit, being two percentage points greater than the industry’s weighted average cost of capital; SD plants would need to be generating at least 7.1 tonnes, 17.0 tonnes and 9.2 tonnes of biomethane daily for each scenario, respectively, to achieve this. For AD plants, these figures correspond to 8.2, 20.0 and 10 tonnes, respectively. These scale thresholds were applied as the minimum required for implementation in the UK and the number of plants and capacity that could be applicable were found.



For scenario 1, 19 SD and 42 AD plants generated a total of 83 and 171 tonnes of H2, respectively, per day. For scenario 2, 3 SD and 1 AD facilities produced 23 and 7.4 tonnes of H2 per day for each industry, respectively. For Scenario 3, the 13 SD and 23 AD plants suitable for process implementation could see the generation of 1.4 and 2.3 MWh of power produced daily from SOFCs. This would see sector-wide power generation boosts of 18% and 10% for respective wastewater/sludge and AD industries.



The key reason scenario 1 exhibits the most promise is due to the high value of H2 as a transport fuel compared to the revenue potential of generating heat, power and gas for grid injection. Its high market value means it can easily offset the expenditure on compression during its preparation for bus fuelling. However, with the expected reduction in SOFC capital expenditure, there could be a significant potential for scenario 3 implementation in the future.



Analysis of the GHG emissions for each scenario showed that new plants using the NWaste2H2 technology could enable GHG reductions of 4.3, 1.4 and 2.2 kg CO2e for each kg bio-CH4 supplied as feedstock for SD plants and 3.6, 0.8 and 1.6 kg CO2e for each kg bio-CH4 at AD plants. If the technology was used at the existing facilities at viable scale for introduction in the UK, 784, 22 and 220 tonnes CO2e could be abated daily for S1, S2 and S3, respectively. For the AD industry, S1 and S3 scenarios could see GHG reductions of 1274 and 145 tonnes CO2e, respectively, whereas S2 would see a net gain of 8 tonnes each day.
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Figure 1. Overview of the NWaste2H2 process routes with scenarios labelled as discussed hereafter. 
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Figure 2. Basic process flow of NWaste2H2 hydrogen production system. Mass flows 1–11 listed in Table 3. 
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Figure 3. NPV over time for process introduction at a sewage digestion facility case study serving a population of 750,000 (Bio-CH4 production of 8.229 tonnes day−1). 
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Figure 4. Return on invested capital (ROIC) and final net present value NPV with scale of facility for (a) sewage digestion (SD) and (b) anaerobic digestion (AD) facilities. 
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Figure 5. Levellised cost of H2 generation ready for fuel cell electric buses (S1) and grid injection (S2) at SD facilities under varying plant size. 
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Figure 6. Return on invested capital and final NPV for grid injection scenarios at SD. 
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Figure 7. Final net present value for H2 grid injection scenario (3) with current RHI (variable) tariffs and fixed tariff for sewage sludge digestion plants. 
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Figure 8. Basic process flow diagram of the Scenario 3 system; mass flow data are shown in Table 4. 
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Figure 9. ROIC and final NPV for Scenario 3 at SD (a) and AD (b) facilities with a varying scale. 
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Figure 10. Levellised cost of electricity generated under scenario 3 with a varying scale for sewage sludge digestion (SD) and anaerobic digestion (AD) plants. 






Figure 10. Levellised cost of electricity generated under scenario 3 with a varying scale for sewage sludge digestion (SD) and anaerobic digestion (AD) plants.



[image: Energies 15 02174 g010]







[image: Energies 15 02174 g011 550] 





Figure 11. Comparison of minimum scales for each scenario provided by an ROIC of 0.08. 
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Figure 12. Representation of cumulative plant total percentage and cumulative capacity percentage with increasing scale for standard AD sites. 
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Figure 13. Representation of cumulative plant total percentage and cumulative capacity percentage with increasing scale for sewage sludge digestion sites. 
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Table 1. SOFC capital cost functions as a factor of the fuel cell stack power rating.
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	Function (GBP/kW−1)





	Stack CAPEX
	2093



	Stack replacement
	434



	Clean-up system CAPEX
	450



	DC/AC inverter
	220
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Table 2. Carbon factors used in GHG analysis.
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	Source
	Factor
	Unit
	Ref.





	Electricity grid
	257.9
	gCO2e/kWh
	[40]



	High quality heat
	210
	gCO2e/kWh
	[39]



	Bus emissions
	1282
	gCO2e/km
	[40]



	H2 bus fuel requirement
	9
	kg H2/100 km
	[41]



	Domestic heat
	180
	gCO2e/kWh
	[40]



	N2O emissions
	0.002
	kg of N (as N2O)/kg N diverted
	[42]



	Aeration abatement
	4.57
	kWh/kg of oxidised N
	[15]
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Table 3. Flow data (kg/h) associated with process flow from initial case study (Figure 2), as discussed in Grasham et al. [6].
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	Stream
	H2O
	NH3
	CH4
	H2
	CO
	CO2
	Temp (°C)
	Press (Bar)





	1
	-
	-
	343.1
	-
	-
	506.1
	23
	-



	2
	27,538
	50.3
	-
	-
	-
	-
	23
	1



	3
	-
	-
	-
	-
	-
	506.1
	23
	1



	4
	-
	-
	95.2
	-
	-
	-
	23
	1



	5
	-
	-
	247.9
	-
	-
	-
	995
	25



	6
	-
	45.2
	-
	-
	-
	-
	900
	25



	7
	853.5
	-
	-
	-
	-
	-
	900
	25



	8
	523.2
	0.3
	5.2
	105.9
	317.0
	167.5
	1000
	22.5



	9
	328.5
	0.3
	5.2
	127.7
	14.4
	643.1
	244
	13.3



	10
	-
	0.3
	5.2
	12.8
	14.4
	643.1
	23
	1



	11
	-
	-
	-
	114.9
	-
	-
	23
	1
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Table 4. Flow data (kg/h) associated with Figure 8 process flows.
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	Stream
	H2O
	NH3
	CH4
	O2
	N2
	CO
	CO2
	H2
	Temp (°C)
	Press (Bar)





	1
	-
	-
	343.1
	-
	-
	-
	506.1
	-
	23
	-



	2
	27,538
	50.3
	-
	-
	-
	-
	-
	-
	23
	1



	3
	-
	-
	-
	-
	-
	-
	506.1
	-
	23
	1



	4
	-
	-
	343.1
	-
	-
	-
	-
	-
	700
	1.1



	5
	18.8
	45.6
	-
	-
	-
	-
	79.1
	-
	700
	1.1



	6
	963
	0.01
	-
	-
	-
	-
	-
	-
	700
	1.1



	7
	-
	-
	-
	5409
	17,815
	-
	-
	-
	867
	1.1



	8
	1611
	-
	-
	-
	46.4
	287.5
	568.5
	24.0
	910
	1.08



	9
	-
	-
	-
	4335
	17,815
	-
	-
	-
	910
	1.08



	10
	1825
	-
	-
	3982
	17,861
	-
	1020
	-
	1075
	1
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Table 5. Scale requirement in methane production with ROIC of 0.08 for each scenario alongside the number of plants applicable for conversion, the equivalent total methane reformed, total H2 generated (scenarios S1 and S2) or the total power generated (S3). S2b represents S2 with fixed RHI payments at the highest tier.
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	SD
	Methane Limit (Tonnes day−1)
	Number of Plants
	Total Methane (Tonnes day−1)
	H2 Production (Tonnes day−1)
	SOFC Power Generation (MWh day−1)





	S1
	7.1
	19
	249
	83
	



	S2
	17.0
	3
	69
	23
	



	S3
	9.2
	13
	202
	0
	1425



	S2b
	11.3
	11
	181
	61
	



	AD
	
	
	
	
	



	S1
	8.2
	42
	511
	171
	



	S2
	20.0
	1
	22
	7
	



	S3
	10.0
	23
	338
	
	2388



	S2b
	12.5
	15
	247
	83
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Table 6. Greenhouse gas emissions inventory in g CO2 equivalent (e) per kg of biomethane (bio-CH4) available. Negative values showcase emissions savings.






Table 6. Greenhouse gas emissions inventory in g CO2 equivalent (e) per kg of biomethane (bio-CH4) available. Negative values showcase emissions savings.













	S1

(g CO2e/kg bio-CH4)
	
	S2

(g CO2e/kg bio-CH4)
	
	S3

(g CO2e/kg bio-CH4)
	





	Net process power
	729
	Net process power
	356
	Net process power
	−1821



	High quality heat
	600
	High quality heat
	600
	Power Improvement
	−698



	NH3 Diversion
	−391
	NH3 Diversion
	−391
	NH3 diversion
	−391



	Abated bus emissions
	−4822
	Abated Domestic Heat
	−2009
	
	



	AD power replacement
	1122
	AD power replacement
	1122
	
	



	SD Total
	−4275
	
	−1444
	
	−2212



	SD Improvement
	−3153
	
	−321
	
	−1090



	AD Total
	−3616
	
	−784
	
	−1552



	AD Improvement
	−2493
	
	339
	
	−430
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