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Abstract

:

Water electrolysis for hydrogen production with renewable electricity is regularly studied as an option for decarbonised future energy scenarios. The inclusion of byproduct electrolytic oxygen capture and sale is of interest for parallel decarbonisation efforts elsewhere in the industry and could contribute to reducing green hydrogen costs. A deterministic hydrogen electrolysis system model is constructed to compare oxygen inclusion/exclusion scenarios. This uses wind and solar-PV electricity generation timeseries, a power-dependent electrolysis model to determine the energy efficiency of gas yield, and power allocation for gas post-processing energy within each hourly timestep. This maintains a fully renewable (and therefore low/zero carbon) electricity source for electrolysis and gas post-processing. The model is validated (excluding oxygen) against an existing low-cost GW-scale solar-hydrogen production scenario and an existing hydrogen production costs study with offshore wind generation at the multi-MW scale. For both comparisons, oxygen inclusion is then evaluated to demonstrate both the benefits and drawbacks of capture and utilisation, for different scenario conditions, and high parameter sensitivity can be seen regarding the price of renewable electricity. This work subsequently proposes that the option for the potential utilisation of byproduct oxygen should be included in future research to exemplify otherwise missed benefits.
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1. Introduction


The interest in hydrogen has coincided with increased concern about climate change, and hydrogen has been earmarked as a suitable alternative to fossil fuel energy and products for decades. ‘Green’ hydrogen is produced via electrolysis using zero-carbon electricity, thus contributing no carbon emissions. Enthusiasm has also grown since the 2010s partly due to the increased presence of renewable electricity generation. The application of renewable hydrogen electrolysis is continually changing, and further research is required to understand and address uncertainties in weather, prices, and demands [1]. The relationship between electrolysis and renewable electricity is symbiotic; green hydrogen requires green electricity, but there also exists reverse benefits, including auxiliary grid services [2], energy storage [3], and the reduction of curtailment [4]. Running electrolysers with intermittent (renewable) electricity is difficult, and since electricity cost dominates the levelised cost of hydrogen (LCOH), optimal supply with dedicated control strategies is preferable [5]. The selection of electrolyser technology influences the electrical control strategy [6], as well as the cost. Intended delivery formats of hydrogen differ due to the variety of storage media that exist and will exist, such as in salt caverns [7], or chemically bonded in a easier-handling format such as ammonia borane [8]; this is discussed further in the literature review. Storage costs and the means of preparing hydrogen for storage will also contribute to the price of hydrogen, and must be appreciated as part of the overall scenario assessment.



1.1. Introduction to Oxygen Co-Production


There is little literature coverage on the utilisation of oxygen as a byproduct of green hydrogen production [9]. The available literature mainly covers the electrochemical fundamentals of electrolysis, including oxygen production as an afterthought [10,11], with little comment on the application outside of the electrolyser. The range of applications of oxygen in industry is large, however, but depends on the quality of the electrolytic byproduct oxygen. Medical-grade oxygen would require careful post-processing, and high-purity oxygen is being used increasingly in welding, metallurgy, and the chemical process industry [12]. It is worth noting that using the electrolysis of water to only produce oxygen is not economically feasible, as other technologies such as cryogenic air separation or pressure swing adsorption produce oxygen on a preferable scale and efficiency [13]. Thus, the discussion of oxygen is only logical as a byproduct of green hydrogen production, or reimagined as a dual hydrogen and oxygen production operation. However, in future electrolyser-heavy energy systems, an abundance of byproduct oxygen can benefit many other processes that were previously cost-prohibitive. There are considerable energy savings to be made by introducing higher concentrations of oxygen to processes such as electric arc welding, glass melting, and gas turbine electricity generation [14]. The economic-and climate-positives continue since energy is saved in not having to source the required oxygen from the use of conventional industrial practices, more so if it can be produced electrolytically on-site, saving on transportation energy expenditure. A study on integrated liquified electrolytic hydrogen and oxygen co-production has been performed [15], but this excluded the implementation of associated costs.



Medical-grade oxygen as a byproduct has been techno-economically assessed in hospital co-production scenarios [14], which shows it can be economically viable under certain conditions, with the hydrogen used for energy. This depends on the utilisation of the byproduct because if more hydrogen is needed than the equivalent-produced oxygen, this leads to byproduct waste and higher costs. To balance the system, grey hydrogen would have to be introduced. The temporal context of this research is important. Electrolyser stack prices have fallen rapidly since 2005, alongside improvements in system efficiency. The price of renewable electricity has decreased and its penetration has grown, both much faster than anticipated, which changes the operational costs and the dependance of electrolysers on system resilience. Lastly, the hydrogen and oxygen markets have changed; as anticipated, hydrogen demand has increased across all sectors but also, in the wake of the COVID-19 pandemic, the demand for medical-grade oxygen has increased, especially with new treatments such as hyperbaric oxygen therapy being investigated as a cure for ‘long covid’ [16]. A photovoltaic (PV) and electrolytic oxygen-based system with byproduct hydrogen for backup energy or sale for a hospital is now feasible [17], which can save the hospital money and guarantee a supply of renewable oxygen and energy, which would be especially favourable in remote locations, where significant cost is encountered sourcing external gas.



The generation of oxygen as a primary output has other unconventional applications. Solid oxide electrolysis of carbon dioxide has been hypothesised for generating living conditions on Mars [18]. While slightly outside the climate-focused energy system remit of this research, the application of generating oxygen for respiration in remote locations can be extended to Earth systems. Electrolytic oxygen for submarine respiration would be ideal in remote locations to perform, for example, marine research, underwater structure engineering, or covert military operations, again all with the benefit of byproduct hydrogen for energy generation. Investigating water electrolysis cogeneration in submarine and extra-terrestrial applications makes a refreshing change compared to climate-focused projects. The value placed on the gas products is much higher, and system resilience is a greater priority than in widely-connected grid applications, amongst many other factors. A diversity of hydrogen applications will inspire innovation. It is pleasant to see the use of novel electrolysis technologies in alternative roles where carbon abatement is only a side note.




1.2. Aims


This work aims to characterise the inclusion of byproduct oxygen alongside electrolytic hydrogen production, by creating a deterministic computer model that can simulate energy system scenarios, in order to show how the scenarios are altered for including components of oxygen production. This is to be used to evaluate and justify the inclusion of byproduct oxygen in electrolytic hydrogen production scenarios, as to whether the scenario benefits or weakens from its inclusion, and under what circumstances these outcomes are produced. This is done by designing and constructing a model that produces comparable results to previous studies that can be validated against, and comparing the validated base case against the ‘with-oxygen’ case (the inclusion and consideration of byproduct oxygen post-processing energy demand, and subsequent sale of oxygen) across a range of input scenarios. This work aims to address the issue (raised in literature such as [9]) of the lack of utilisation of by-product oxygen in these scenarios, by taking a novel approach to scenario modelling of this type, and demonstrating the necessity of inclusion of the byproduct techno-economic benefits/drawbacks in hydrogen production scenario analysis. This approach has specifically been identified as missing in other literature.



It should be obvious that the sale of byproduct oxygen would reduce the levelised cost of hydrogen; however, it is unknown how this might disrupt the standard hydrogen electrolysis process, due to the energy diverted in order to process the byproduct oxygen. This is where the research interests occur; how does including the utilisation of byproduct oxygen alter the outputs, and will this lead to practical and economical outcomes under certain conditions?





2. Literature Review


2.1. Introduction to Electrolysis and Renewables


The crux of electrolytic green hydrogen undoubtedly is the access to zero carbon energy. Fortunately, water electrolysis stands to compliment the operation of a renewable-intensive electricity grid. The benefits of electrolytic hydrogen is recognised in the (UK) Future Energy Scenarios 2022 report [19], by reducing curtailment and network congestion. To support this, in the most ambitious scenarios, there will be 50 GW of offshore wind by 2035 and up to 70 GW of solar-PV by 2050, in order to nourish a target of 5 GW of green hydrogen production in the 2030s, for use across multiple sectors including heating, transport, the electricity grid, and industry. The hydrogen would alleviate network congestion by providing an alternative vector to transport energy, since during high renewable generation and/or peak demand periods, a heavily-electrified energy system would suffer from constraints; network congestion will rise with increased electrification of transport and heating, as planned by the government. Decentralised hydrogen storage and electricity regeneration would make a positive impact to help address this. Hydrogen also supports renewables by absorbing otherwise curtailed oversupply from intermittent non-despatchable generators.



There is much to gain from merging many aspects of the hydrogen value chain in the outcome analysis. This is often the limit of modelling analysis, as the scope of inputs is reduced to avoid long computational times, and nebulous results. It has been recommended to increase the modelling scope to identify more synergies [20]. In a modelling scenario, the selected output modes of hydrogen and oxygen are to be carefully selected so as to address key objectives. The criteria for deciding the outputs is to represent typical delivery formats of the product hydrogen and (by)product oxygen that end users would typically encounter.




2.2. Hydrogen Storage


At the whole system level, post-processing costs play into the utilisation of hydrogen as an energy vector. Hydrogen is played off in scenario comparisons for a range of sectors, and it is normally compared to batteries for electricity storage options for the electricity grid, or in transport modes. The main issue with gaseous energy stores is the energy required for compression, in order to achieve volumetric energy densities that are similar to those of conventional solid or liquid fuels, or increased compression levels compared to methane compression standards in conventional use in the present day. The compression energy requirement as a percentage of the energy content of hydrogen has been measured as a function of achieved pressure [21]. With the typical useful pressure across a variety of technologies being 350 bar, this instantly removes approximately 5–12% of the energy storage efficiency depending on the compression process technology. Equivalently, this adds a significant energy expense both for operational expenditure (OPEX) and reduced energy input for electrolysis for non-dispatchable renewable sources, highlighting the importance of adequately modelling the process parameters and outputs at the system level for compression. The higher pressure requirements also lead to operational safety considerations that have been preventative of technology adoption, particularly due to the cost of novel materials to achieve (for example) 700 bar in transport fuel cell applications [22]. The variety of storage media relevant to future hydrogen scenarios is wide; for large applications, this includes custom salt caverns for large inter-seasonal heating fuel reserves [7], repurposing expunged natural gas wells in geological formations, and the linepack of a national gas transmission network [23]. The energetic cost of storing hydrogen as a component of another chemical [8] could also be considered.




2.3. The Oxygen Market


With anticipated electrolytic hydrogen production targeted for 5 GW of production in 2030 [24], justifying the utilisation of a significant fraction of byproduct oxygen would require estimates of the market size. Electrolysis efficiency of 100% and a hydrogen energy density of 142.2 MJ/kg (HHV) results in 1.11 billion kg of hydrogen annually and, equivalently, 8.80 billion kg of oxygen. The Netherlands is estimated to use 2.5 billion kg per year [25] and through extrapolation based on differences in GDP, this could mean the UK is using around 13 billion kg of oxygen per year. Therefore, the full utilisation of byproduct electrolytic oxygen from a 5 GW national electrolyser fleet (assuming no losses) could address around 8.5% of an estimated oxygen market.




2.4. Generation Sources


Hydrogen electrolysis has been studied in some contexts as a standalone generation source [26], but it is understood that a diversity of generation sources provides much higher capacity utilisation and a greater guarantee for having available power for electrolysis at a given time. For example, coupling cheap wind power with a less intermittent (but likely more expensive) source like geothermal power can give a very low levelised cost of electricity (LCOE) when combined with other processes such as hydrogen production, hot water, and freshwater production and cooling effects [27]. Another study investigated the advantages of combining nuclear generation with wind turbines for electrolysis, hot water, and electricity [28]. In the context of a national electricity grid, the total generation would be source-non-discriminating, and input power research has to consider the multitude of producers to assess the advantages of hybrid or multi-sourced power generation. When integrated into a hydrogen multi-modal value chain, further benefits would become apparent from system linking.



Instead of multi-generational solutions, green hydrogen production has also been hypothesised from dedicated power installations, such as offshore wind [26]. The best strategy for implementing this process was identified as low-temperature electrolysis due to the power variations from wind speed changes, and not using direct seawater electricity, since it is less efficient and has a large environmental impact. This favours dedicated or integrated marine hydrogen production, especially as the cost of offshore wind energy is still falling. Another study [29] showcases the best business case to be using wind generation, with the best daily production of hydrogen, and good efficiency. Geothermal power had a good daily yield but poor efficiency, and solar-PV had a low daily yield, albeit at a very low cost. This would supplement the scenarios that implement offshore wind as the preferred choice for green hydrogen, but there is also the argument that suggests hybridising the generation to increase capacity utilisation of the stacks. On the other hand, it is possible to implement dedicated renewable generation for green hydrogen production, given the geographical factor. The solar irradiance in Chile can deliver electricity costs from solar-PV of USD 21/MWh, resulting in a LCOH of USD 2.20/kg (2018) [30]. There were also comparisons between direct PV connection or using a power purchasing agreement, to see how the change in electricity cost plays against the increased capacity factor provided. It was found that the best power provision strategy depended on the generation technology; photovoltaic preferred a power purchase agreement, and concentrated solar power favoured the direct connection since it already benefits from higher capacity utilisation due to thermal energy storage coupling. Despite the low electricity prices, electricity cost was still the most sensitive contributing factor, followed by specific capital expenditure (CAPEX), and with water costs being almost negligible. Comparing the latter two PV cases [29,30] demonstrates the considerations of geography, but at least does not rule out dedicated generation assets for hydrogen.




2.5. Electrolyser Technologies


There is constant discourse regarding the type of electrolysis technologies in the green hydrogen production chain. Commercial applications see heavy use of Alkaline and Proton Exchange Membrane Electrolysers (AEL and PEM). PEM electrolysis was introduced and developed partly to help alleviate the challenges facing AEL when coupled with intermittent supply from renewables, mainly the inability to operate at low current densities (partial loading) [31] and slower ramp up/down times, and it has been shown to be better performing for thermal efficiency [32], with follow-up research demonstrating the business cases against different renewable generation sources [29]. Additionally, for scaling green hydrogen, it is noted that AEL suffers from low current densities due to high ohmic losses [31] and the low operational pressure. Compression of hydrogen could be performed in line with electricity price and availability to save cost, and in line with demand side management for improved electrical system management, although this would require intermediate gas storage at lower pressures. The choice between AEL and PEM has been evaluated in previous studies and resulted in different technology selection in different scenarios. Thus, in future modelling-based research, the flexibility of technology choice must be considered. Operation of electrolysers with variable current affects plant lifetime [6]; this must be factored into scenario models and techno-economic assessments. System adjustments can be included to improve electrolyser performance, such as power smoothing with short-term storage with batteries or capacitors, or through control strategies such as maintaining part-load to achieve optimal economic conditions, all of which could be hypothesised and tested through modelling.



AEL is a more mature technology, which results in a higher capital cost for PEM [6]. Since the motivation to develop PEM was loosely dependent on the uptake of renewable energy, it is reasonable to assume that market interest, and hence reduced CAPEX, will fall following the trend of renewable energy growth in the new millennium, since the benefits of complimentary electrolysers in the decarbonised system will be realised. This will affect PEM CAPEX as a preferred candidate (theoretically) for intermittent power generation. A new project [33] is pioneering a 100 MW PEM plant coupled to the Hornsea 2 offshore wind farm. This plant could benchmark grid-scale electrolysis, providing many of the system benefits previously discussed. The green hydrogen will be directly used to decarbonise the Humber region’s industry, especially the Phillips 66 refinery. This should serve as a direct real-world application to certify the research, but many subsequent projects and studies would likely result from this to continue the expansion of green hydrogen production.



Outside of AEL and PEM there are other nascent technologies, including solid oxide electrolysis (SOEL) cells, which are currently pre-commercial and have not fallen enough in cost to be competitive as of yet [6]. SOEL could allow higher production efficiency and reversible solid oxide fuel cell (rSOFC) modes to provide flexible power generation from hydrogen storage and increase the capacity utilisation of the cells. rSOFC could have applications at a range of scales, from national-scale storage/peak generation to providing system resilience and auxiliary services to smaller decentralised grids similarly to batteries, but with the option to use the hydrogen for other end uses. Capillary-fed electrolysis [34] is hoping to take electrolytic hydrogen to the next step by simplifying the balance-of-plant through a different production mechanism, but this technology is yet to be verified at a demonstration level. The subsequent cost reduction would also be necessary to implement this into a real-world system.



Renewable power for electrolysis compounds the effect of electrode degradation, due to the non-constant and often low current densities, and the increased likelihood of stop–start cycles [35]. This phenomenon will impact the sensitivity of techno-economic parameters in the whole system electrolysis model, due to the consideration for the reduction of the lifetime of electrolysis stack, and reduced hydrogen production efficiency. The implementation of the contribution to overvoltage in the stack due to degradation would thus be a time-dependent and start–stop cycle-dependent term, based on empirical observations of prolonged stack operation.



The field literature focus is on stack behaviour modelling, but unfortunately for applications regarding system level analysis, hydrogen evolution efficiency cannot be reduced to the energy efficiency of the cell alone. For a case study using solar energy in Chile, the energy requirement per kilogram was calculated including auxiliaries to encompass the true LCOH [30], despite the fixed energy consumption in the stack removing the finer detail of the hydrogen evolution reaction (especially regarding inefficient low current operation). The auxiliary energy included in this study does account for the distribution, storage, and transport accommodations, such as the energy cost of liquefying or conversion to ammonia for intercontinental trade. Post-processing energy requirements are especially invaluable to the whole system perspective, as unpressurised hydrogen is virtually unusable in decarbonised energy futures. Post-processing of green hydrogen with non-green energy would obviously introduce a carbon footprint, so system-level control of compression in tandem with water electrolysis has to account for the two processes being run from green, and thus mostly intermittent, power supplies, and all energy-consuming auxiliary processes can be added on to the total energy demand with compression. Detailed modelling of auxiliary power consumptions had not been found in the literature review from [36], the most detail was found to be modelled empirically with a linear fit. The exception was the behaviour and inefficiency in the power converters. The implementation of power converters in electrolysis systems is situation dependent—indeed, direct coupling with solar-PV arrays bypasses the requirement for rectification since the system can run from a DC bus [37].





3. Methodology


The overarching principle of this body of work is to create a model that can dynamically determine the scenario outcomes when including the processing and subsequent sale of byproduct oxygen from electrolytic hydrogen production. This will be at the national, or multi-MW to GW, power scale over multiple years of continuous use. The timescale will be discrete hourly, which is an appropriate balance of capturing the transient characteristics of the input data, whilst maintaining an acceptable size of processing data during simulation and at output. A concise model blueprint is shown in Figure 1, with definitions used in the figure shown in Table 1 and Table 2.



Figure 2 shows the flow of information from input to output, and the model topology. Here, the individual components can be seen, which will be discussed throughout this section.



The use of deterministic meteorological data and subsequent power generation sub-models allows for scenario simulations that can be created from arbitrarily-sized generation fleets. Of most interest to the model is the electrolysis potential from wind and solar power in the UK, and these two sources also involve high levels of seasonal, daily, and hourly variation, which leads to complex (and interesting) research conclusions. While more valid, the use of actual generation data from grid statistics is compromised, since in a working grid, operational strategy dictates for curtailments, since priority dispatch is not granted to renewable energy in all cases. Hence, simulation from meteorological data guarantees a maximal ceiling of green electrolysis. There are limitations in the operational range of the stack models, which does result in curtailment; these are recorded in the surplus energy capture statistics. While optimal for renewable energy generators to maximise investment returns by minimising curtailment, 100% surplus capture is not optimal for the whole electrolysis system [4]. This is because a larger electrolysis stack able to capture infrequent maximal peaks for renewable dispatch is either unable to operate in low power input conditions (a minimal power operation threshold) and/or the efficiency (which is dependent on the input power) changes (over the whole range of power inputs), resulting in non-optimal conditions; changing stack power rating for optimal operation is unlikely to be involving the complete capture of renewable energy. For simplicity, the model is configured for direct connection to dedicated renewable generators (wind and solar farms), and renewable energy is purchased at a fixed price per kWh. This removes the complexity of capital, operation, and maintenance costs (amongst others) of the generators from the domain of the model, which, regardless, is outside of the focus. At a national level, there are additional considerations for meteorological variation by location, as well as processing and transmission inefficiencies, which have been excluded as an assumption by considering the national electrical grid as a singular node, and the locations of wind and solar farms as point sources.



3.1. Wind Power


The wind speed data are from NASA’s Power Data [38], set at 50 m, located in Dogger Bank (in the North Sea), the site of multiple current and future GW-scale wind farms. The data set is one year long (2022), with subsequent years of operation assumed to be identical. A well-used approximation for hub height wind speeds [39] compared to the reference (measurement) height above the ground is used, and a ground roughness exponent coefficient is used, set at 0.1 for water. This equation is given as (1),


   W  s , h   =   (  Z  h u b   /  Z  r e f   )   G r c   ,  



(1)




with the variables as defined:   W  s , h    is wind speed at hub height,   Z  h u b    is the hub height from ground/sea level,   Z  r e f    is the reference measurement height, and   G r c   is the ground roughness coefficient. Figure 3 shows the adjusted windspeeds alongside the data from [38] for 2022.



The power output for a specific turbine model can be calculated (the Siemens Gamesea Halide-X, rated at 7 MW), using the height-adjusted wind speed. A sample wind power curve is shown in Figure 4, showing the four operational ranges (bins) of wind speeds that result in different performance characteristics [39].



The four bins are separated by three variables defined by the turbine model: cut-in speed (  V  c i n   ), rated speed (  V  r a t   ), and cut-off speed (  V  c o f f   ). The first bin is defined from 0 to   V  c i n   , where the turbine gives no output below this wind speed. The second bin between   V  c i n    and   V  r a t    defines power (  P  t u r b   ) as (2),


   P  t u r b   =  (  W  s , h  3  −  V  c i n  3  )  ∗  (  P  r a t , t u r b   /  (  V  r a t  3  −  V  c i n  3  )  )  ,  



(2)




with   P  r a t , t u r b    being the rated maximum power output of the turbine. The third bin is between   V  r a t    and   V  c o f f   , and the power output is the maximum rated turbine power. Above   V  c o f f    there is no power output, as the turbine is turned off at high wind speeds for safety reasons. The power output is scaled by the number of turbines (a tunable parameter) operating in the system. Figure 5 demonstrates the final wind generation time series for use in the model.




3.2. Solar Power


The solar-PV model utilises a data set generated with a microgrid analytics tool [40], which generated a time series of solar power output hourly for 1 year, at set locations. The data was normalised to apply to a unit square meter, so it can then be rescaled as needed in the model.



There are options to combine the two meteorological data sets into one electrical power time series. Previous work investigated the scenario outcomes from different ratios of renewable generation fleet sizes [41], which is a possible scope for future work.




3.3. Electrolysis Modelling


Water electrolysis at 100% efficiency would result in a mass flow given by (3), with   H  2 , m f    representing the hydrogen mass flow from electrolysis production (kg/s),   P  e l y    being the input electrolysis power, and   H  2 , e d    representing the gravimetric energy density of hydrogen (LHV or HHV) in J/kg.


   H  2 , m f   =   P  e l y    H  2 , e d    .  



(3)







There is naturally inefficiency in the process. Other works have developed characteristic curves that capture the efficiency of electrolyser stacks at different rated power inputs. The core of the electrolysis model can be derived from a power–efficiency relationship. In this work, a 60 kW PEM water electrolyser was chosen [42], as it represents the behaviour of a larger electrolysis stack, which is more appropriate for the operational power ranges of this work. Furthermore, the use of PEM electrolysers over other technologies is seen in many similar studies, likely due to the better case for pairing PEM electrolysis with renewable energy sources. Figure 6 demonstrates the interpolated reproduction that is used to represent the efficiency of water electrolysis. The source material notes a data point on the original plot (71.57 % efficiency at 9.41 kW), which has been included in the figure. This relationship is used to determine the efficiency of water electrolysis for the given input power to the stack.



Next, an assumption is made that the electrolyser stacks are multiplied by a parameter representing the number of stacks in the ‘fleet’, and that all the stacks receive an identical split of the power and operate identically. A previous work [42] showed the advantages of implementing optimal power-sharing algorithms in a multi-stack system, rather than equal allocation. Optimal power-sharing was not implemented in this work for a number of reasons. Firstly, it would be too crude an assumption that a national-scale fleet of electrolysers would be operating in an optimal condition. Secondly, the implementation of a power-sharing algorithm [42] depended on rates of cell degradation, which is beyond the scope of this research. A minimum power threshold exists; it is set in previous work [42] at 1% of rated power.



Now, the focus can return to the initial electrolytic hydrogen mass flow equation, and include an electrolysis efficiency parameter ( η ) (adapted from [43]), as shown in Equation (4).


   H  2 , m f   =   η  P  e l y     H  2 , e d    .  



(4)







The label of green hydrogen would only apply if the energy used in electrolysis incurred no carbon emissions. This body of work intends to determine the effects on the inclusion of oxygen in the model. Oxygen, like hydrogen, requires compression or liquefaction for subsequent use down the supply chain. The gas processing energy must also have no carbon footprint, else it would compromise its green status. Thus, the power for gas post-processing must also come from renewable energy power sources. This model assumes that all gas is processed in real time (within the same timestep) alongside electrolytic inception, and fixed gas processing energy requirements per kilogram are used. The assumption used in this model is that the gas processing is carried out in the same timestep as the gases being produced electrolytically, to show the extent of possibility of the process. Further work could be undertaken to include additional processes such as intermediate gas storage between the stacks and the gas compressors.



Therein lies an issue with how to determine the ratio of the power allocation between electrolysis and gas processing. The ratio cannot be determined fundamentally since the electrolyser efficiency ( η ) is determined from first principles and then interpolated against input power to determine the mass flow of hydrogen, and since mass flow determines the processing energy requirement, this would create an impossible solving loop to determine the power allocation ratio. Instead, a range of ratios is predetermined, with an increased number of ratio sample points leading to increased accuracy and computational time. For each timestep in the model, the input power is multiplied by an array of values between 0 and 1 for electrolysis power, and the converse 1 to 0 for post-processing power. Within each timestep, each electrolytic power fraction is used to determine the mass flow of hydrogen from the characteristic electrolyser power–efficiency plot. The stoichiometric equivalent yield of oxygen is also calculated for each timestep to determine an oxygen mass flow. The total required gas post-processing (for hydrogen and oxygen) within each timestep at each ratio of power splits can thus be calculated. Next, four ‘checks’ are run, to ensure the validity of the output results, since some input ratios in the range would produce results that are impossible, and need to be filtered from the outputs. These checks are:




	
Does the fraction of power devoted to electrolysis not exceed the maximum power of the electrolyser fleet?



	
Does the fraction of power devoted to electrolysis exceed the minimum power of the electrolyser fleet?



	
Does the fraction of power pre-determined for gas compression equal or exceed the actual amount of gas compression energy required?



	
Does the total energy output exceed the energy input?








For each ratio that satisfies all these conditions, the ratio that produces the maximum hydrogen mass flow is selected, along with the corresponding parameters at that point. The mass flow optimisation objective could be changed for another objective in future work, such as a target operating efficiency of the electrolyser.



Summarising this section of the model, the input electricity is split between energy for post-processing (compression or liquefaction) and for electrolysis, resulting in an output of the yield of compressed/liquified gases. Naturally, the electrolysers will not be necessarily running at optimal efficiency conditions since the objective is currently to maximise the processed gas output for the given electricity input. All relevant parameters to observe the operation of the model are recorded, including; required gas post-processing power, electrolyser operating efficiency, gas flow, and surplus energy (power exceeding the electrolyser/post-processing operating range).




3.4. Gas Post-Electrolyser Processing


The energy requirements for hydrogen and oxygen post-processing need to be obtained in order to determine the required energy dedicated for use in each timestep of the model. The specific values are assumed constant; realistically, the energy requirements for compression/liquefaction would be time-dependent as well as sensitive to the type of industrial process used, mass flow, inlet and outlet pressures, and temperatures and system architecture. Simplification to a single constant value (in, for example kWh/kg) for a given process (compression to a set pressure, or liquefaction) is used as an assumption, since subsequent more detailed analysis is outside the scope of the study. Hydrogen is typically compressed to 350 bar for many applications such as transport, and literature also repeatedly mentions of use of liquid hydrogen, to further increase the storage energy density. The processing energy requirements (as constant values) are frequently published, and therefore can be obtained and used directly in this model. For validation, the replicated studies’ own values can be used, and if the value is unavailable, a suitable equivalent value can be used in its place. Oxygen for use elsewhere in industry or other areas is typically produced using pressure swing adsorption or cryogenic air separation. Due to the uniqueness of treating byproduct electrolytic oxygen, similar values for oxygen post-processing energy requirements must be determined. The energy required for the simultaneous liquefaction of hydrogen and oxygen from an electrolyser has been determined as 1.632 kWh/kg [15], and through analysis of the relative mass production rates of the gases in the study and the equivalent energy requirement of hydrogen liquefaction that was included (5.46 kWh/kg), the energy requirement for oxygen liquefaction can be estimated at 1.16 kWh/kg.



A standard storage pressure for compressed oxygen has been nominally selected as 137 bar [44]. The compression energy requirements for oxygen to 137 bar from atmospheric have been determined using Equation (5), with   h  o u t    determining the outlet enthalpy of the compressor,   h  o u t    for the inlet enthalpy,   h  o u t  S   for the isentropic enthalpy, and   η S   for the compressor efficiency. The required energy for gas compression can be found in kWh/kg through derivation from the difference of inlet and outlet enthalpy.


   h  o u t   =    h  o u t  S  −  h  i n     η S   +  h  i n   .  



(5)







The inlet and isentropic outlet enthalpies were calculated with REFPROP, Version 10.0 [45] for the temperature matching the electrolyser output (80 °C) and chosen electrolyser pressures (atmospheric and 30 bar), and a compression efficiency of 70%. For compression to 137 bar, the compressor required 0.367 kWh/kg from atmospheric pressure, and 0.070 kWh/kg from 30 bar initial pressure. These values, alongside the liquefaction energy requirements are used in the model to provide demonstrative post-processing energy requirements of oxygen.




3.5. Economics Model


The UK Hydrogen Production Costs from 2021 [46] provides a detailed description of the calculation that leads to the levelised cost of hydrogen (LCOH) figure. The net present value (NPV) for total costs calculated each year is divided by the NPV for hydrogen production. The model operates by simulating a year’s input electricity timeseries and subsequent gas production and post-processing, then assuming all subsequent years are identical for economic assessment. The construction costs spread the initial investment CAPEX over the first 3 years, with zero hydrogen output. The CAPEX covers the cost of the electrolyser stacks and the required post-processing costs. Electrolyser stack costs are determined from literature values, typically in   £ / kW   or equivalent currency, where specific time-accurate exchange rates can be input by the user. The compressor cost is calculated with a widely used correlation [47] as shown in Equation (6).


  Compressor   Cost  ( $ )  = 5840   ( kW )   0.82   .  



(6)







The power required for gas compressors (determined separately for hydrogen and oxygen) is the maximum mass flow rate of the gas and the required compression energy per kg. This gives a compressor size (power) and cost necessary in the modelling scenario to process all gas produced in each timestep. This is added to the CAPEX value. It is assumed that for gas liquefaction scenarios, CAPEX costs are same as compressor costs, and scale with the increased power demand and associated increase in cost.



The fixed OPEX is identical for each running year, which considers the operation and maintenance, electricity input costs (assumed identical for each year, except NPV), and water costs, minus the profit from oxygen sales at market rates. The variable OPEX implements a more refined model, which calculates the total operational hours, and when the stack lifetime is in excess of 80,000 h [42], a stack replacement is implemented for that year, at a cost of 60% of the plant CAPEX [46]. This implements the greater resolution of the production time-series of the electrolyser, as opposed to the fixed 11-year limit set initially, since the operational hours will drastically vary between different types of input electricity. The exact parameters in this paragraph are written as sourced from the literature, but can be changed in the model as appropriate. Breaking down the LCOH into subdivisions allows for greater refinement in comparison to other scenario results, since individual contributions to the overall costs can be seen.





4. Results: Model Validation and Demonstration


4.1. Case Study One—Solar Hydrogen in the Atacama Desert


4.1.1. Inputs


Crucial to ensuring the validity in this model and thus its contribution to knowledge is ensuring that the model’s results are consistent with literature and reality. Multi-year, multi-MW projects do not exist yet, which makes the task of validation far more difficult. The more appropriate strategy is to compare it to the outputs of similar models, as best as can be done with given inputs and differing methodologies.



The selected work to make a first comparison simulates Solar-H2 production in the Atacama Desert in Chile, which has some of the highest rates of solar irradiation in the world, and can thus deliver an extremely low cost of solar electricity [30]. It was selected as a comparison piece due to the similarity of modelling topology and aims, but notably differs in key areas that the current work hopes to demonstrate a new contribution. There is a dual advantage in validating the model and displaying outputs as results. The validation will confirm that this model is performing as expected when compared to the reference case, but additionally due to the parallel outputs (with/without oxygen post-processing/sale), direct analysis of the advantages and disadvantages of including oxygen can be seen, and the operational ranges over which any advantages occur.



Some commentary must first be made when showing the reference work [30] as a comparison to this work’s model. The system boundaries are different, since the literature case includes the transportation of hydrogen via ships, with the incurred costs and inefficiencies included. Also, the electrolyser model is much more crude, as it is simply an electricity–hydrogen conversion scalar, of 52–60 kWh/kg for PEM electrolysers, depending on the year when considering efficiency improvements. The LHV for hydrogen energy density was used as well, which is arguably less commonly used in the electrolysis literature, but the new model is able to accommodate either LHV or HHV. Figure 7 shows the required energy per kg for hydrogen, which is in line with the figures given by the reference material [30], of 60 kWh/kg in 2018 and 52 kWh/kg in 2025.



USD is used for currency, and the conversion rate was set to USD 1 = GBP 0.80, for any prices that could not be found directly from the source. The following inputs from the reference work [30] have been introduced to the model in order to enact the validation/comparison task:




	
Solar input: A solar-PV generation for a standard 1 kW panel array was created using HOMER PRO. This was then scaled to 400 MW to match the literature comparison, as shown in Figure 8;



	
Economics Parameters;



	–

	
Electrolyser purchase cost, set at $603/kW, which is the median value of the range presented for PEM costs;




	–

	
Stack replacement price, at 30% of initial stack price;




	–

	
Electricity cost, $0.018/kWh for Solar-PV in 2025;




	–

	
Water costs; $3/m3 (equivalent to $0.003/kg);




	–

	
Stack lifetime; 65,000 h;




	–

	
Operation and maintenance cost; 2% of initial CAPEX per year;




	–

	
Project lifetime, 30 years.












The following was also set to make the comparison case, with no mention in the comparison work [30]:




	
Market sale price of oxygen $0.14/kg, retrieved as a representative value from a stock market record [48]. It is worth noting that this value could be considered significantly lower than other sources, for example, oxygen is sold at €3.34/kg (approximately $3.76/kg) in another study [17]. On the contrary, oxygen at a range of purities has been recorded at selling between approximately $35–75 a ton in 1994 [13], which adjusting for inflation is between around $0.06 and $0.17/kg;



	
Construction time; 3 years [46];



	
Discount Rate; 2.5%.









4.1.2. No Gas Post-Processing


The reference work gave an LCOH without post-processing of the hydrogen gas. In the model, by removing the energy requirement for gas post-processing, it is possible to enact a direct comparison of the LCOH between the model and the reference case. The reference case was seeking to meet a hydrogen demand of 16 million kg of H2 per year. In the reference case (PEM electrolyser for 2025), this was achieved with a 345.2 MW installed capacity of electrolysers. To compare to this, the electrolyser count was set to 575,460 kW electrolysers (the equivalent to the source figure of 345.24 MW installed capacity), and the installed solar-PV capacity was varied iteratively. With the set electrolyser fleet size and no compression energy, the 16 million kg annual production is achieved with 1.41 GW of installed solar power, with a resulting LCOH of $1.95/kg, Figure 9. This value is consistent with the PEM photovoltaic direct connection scenarios [30] for 2018 ($3.31/kg) and 2025 ($2.19/kg).



Worthy of note here is the capacity utilisation factor (CUF) of the solar-PV data set, which gives a 11.73% overall average of rated power, and 35.47% when excluding ‘off’ hours. This low CUF results in the significant capacity difference between rated solar-PV and electrolyser fleet. What should be recognised is the total energy generated by the 1.412 PV array (1.450 TWh, or 5.22 billion MJ), compared to 1.920 billion MJ from 16 kton of hydrogen (120 MJ/kg, LHV) gives an overall electricity to hydrogen conversion efficiency of 36.78% (including wasted PV electricity to surplus). In this scenario, since the solar-PV is bought from the generator at a fixed rate, with no regard to the surplus, the optimal conditions lie in running the electrolysers at the upper end of their power range (i.e., 100%), with no regard for curtailed energy, and this results in 43.49% of the electricity ending as surplus rather than being used for electrolysis, hence the low hydrogen conversion efficiency of 36.78%.




4.1.3. Hydrogen Post-Processing


The reference case gives compression energy requirements from 30 to 200–350 bar of between 1 and 2 kWh/kg. It also states that the energy requirement for compression is not as essential to the overall system due to it being an order of magnitude lower than the electrolysis energy requirement. In this current work’s model, the compression energy is taken from the renewable energy time series, to ensure the compression energy is also zero carbon. The small consideration for hydrogen compression was considered somewhat negligible in the reference work. To compare and validate this, the upper threshold for hydrogen compression energy was used as an input to the model (30 to 350 bar requiring 2 kWh/kg) and the 16 kton per year scenario required 1.448 GW of solar-PV (an increase of 36 MW). Hydrogen compression required 2.15% of the overall energy, although this includes 42.73% of input energy being unused, and remains as surplus energy to the system. Of the used energy, the compression energy made up 3.76% of the total energy used in electrolysis and compression combined. The LCOH rose by USD 0.10/kg to USD 2.05/kg due to hydrogen post-processing energy requirements. With the model now in agreement of outputs with the reference material, the immediate benefits of including oxygen can be observed. The oxygen was liquified with a required energy of 1.16 kWh/kg.




4.1.4. Oxygen Post-Processing


A repeat of the scenario in Figure 9 was performed to determine the new required installed solar capacity to reach 16 kton annual yield, with full oxygen post-processing (liquefaction) included in Figure 10.



Naturally, there is a higher required installed solar capacity of 1.721 GW to account for green energy for additional gas post-processing. However, this reduces the levelised cost to USD 1.33/kg for hydrogen (Figure 11). At the 16 kton per year yield, the O2 post-processing requires USD 0.15/kg of contribution to the CAPEX component of the LCOH, and at all solar capacities, the oxygen saving is USD 1.09/kg.




4.1.5. Oxygen Yield Context


Oxygen production yield was compared to the results for sizing electroylsers for hospital oxygen demands, which calculated a 1 MW electrolyser produces 160,570 Nm3 oxygen per year [17], which is 72.8 million kg per year for a 345.24 MW plant. Removing all gas post-processing energy requirements in this model (and noting the change in input solar energy), the annual yield resulted in 131.47 million kg of oxygen per year for a 1.721 GW plant, which is within reasonable margin of the literature result. The discrepancy in results can be explained as follows; the reference material a 1 MW plant is coupled to 1.25 MW of solar-PV (a ratio of 1:1.25), whereas here, a 345.24 MW plant is coupled to 1.721 GW of solar-PV. Setting the scale of the solar-PV array to the same ratio as the reference material (1.25 times larger than the electrolyser fleet, 431.55 MW) yielded 69.903 million kg per year, which is much more in line with the reference yield.



Naturally, there are further operational priorities with co-generation of hydrogen and oxygen to consider in this scenario. Whether the business is interested in reducing the LCOH by any means necessary would mean ensuring a higher installed capacity of solar-PV to contribute to oxygen post-processing. This lowest-LCOH yield-meeting scenario results in a huge amount of surplus energy (Figure 12). The minor differences in electrolysis energy are because the scenario seen here is optimised for the lowest LCOH meeting the 16 kton demand, including oxygen co-production (an installed solar-PV of 1.721 GW), which is not the optimal for the without-oxygen scenario.




4.1.6. Sensitivity of the Number of Electrolysers


The sensitivity of the electrolyser stack fleet size can be determined by setting the solar-PV array to a fixed 1.721 GW. The addition of oxygen post-processing energy requirements is aptly demonstrated to benefit the electrolyser average efficiency beyond 5754 electrolysers (corresponding to the 345.2 MW fleet size as used in the case study comparison [30]) (Figure 13), since the consumption of additional energy for post-processing of oxygen prompts the electrolysers to operate at a higher efficiency point. Despite the additional energy for oxygen post-production, there is only a small compromise in yield as the number of electrolysers is increased, as shown in Figure 14.



The minimum LCOH, which occurs when using 150,060 kW electrolysers (quantised to nearest the nearest multiple of 250 electrolysers), results in USD 1.40/kg, when using 1.721 GW of solar-PV. The ‘with oxygen’ scenario is clearly advantageous (Figure 15), despite the heavy diverting of would-be electrolysis energy to additional gas post-processes.




4.1.7. No Surplus Electricity Conditions


Removing excessive surplus energy entirely from the scenario would require a significantly larger electrolysis capacity to meet the 16 kton annual demand. In the interest of observing the no-surplus scenarios, the annual demand is ignored, the electrolyser capacity maintained at 345.2 MW and the range of solar-PV capacities significantly reduced. For smaller solar-PV capacities, there is still some surplus energy which is the result of solar-PV electricity generation not meeting the minimum operational threshold of the electrolyser in one timestep (Figure 16). The with-oxygen case has more surplus energy for smaller installed solar-PV capacities as there are more timesteps where too little energy is available to provide for full gas post-processing and electrolysis.



The tradeoff between levelised cost and surplus energy capture is less of an issue when including the utilisation of byproduct oxygen. Figure 17 shows the 5–10% reduction in surplus energy from being absorbed by additional oxygen processing.




4.1.8. Sensitivity of the Energy for Oxygen Post-Processing


To identify the sensitivity of the oxygen post-processing energy requirement, the solar-PV capacity was set to 1.721 GW and the post-processing energy requirement was varied up to 10 kWh/kg. The crossover of electrolysis energy and oxygen post-processing energy occurs at 6.09 kWh/kg (Figure 18). At this post-processing energy requirement, the LCOH is USD 2.92/kg.



The LCOH crossover occurs at USD 2.02/kg, for 3.28 kWh/kg (Figure 19). This point represents a theoretical upper limit on the oxygen post-processing energy requirements, beyond which it becomes economically unsuitable. However, even the most energetically intensive process (liquifying) is smaller than this value, assuming the limitations (such as constant values for post-processing energy requirements) as used in this model.



At this crucial crossover point, we can observe how other parameters behave by setting the oxygen post-processing energy requirement to 3.28 kWh/kg and varying the solar-PV size as before. Now the required installed solar-PV capacity is 2.201 GW to meet a 16 kton per year hydrogen yield, with an LCOH of USD 1.93/kg, which is only USD 0.06/kg cheaper than the without oxygen processing/sale alternative, as shown in Figure 20.




4.1.9. Altering the Amount of Utilised Byproduct Oxygen


The model has a capacity to reduce the amount of byproduct that is utilised, via the ‘oxygen utilisation ratio’, which implies full byproduct processing and sale when equal to 1, and none for 0. Maintaining the 3.28 kWh/kg post-processing energy for oxygen, 1.721 GW of solar-PV capacity (the previous minimum to reach 16 kton at the required energy for liquid oxygen post-processing, 1.16 kWh/kg) and varying the oxygen utilisation ratio, the annual demand can now be met with an oxygen utilisation ratio of 31.52% (Figure 21), but with a slightly more costly LCOH of USD 2.04/kg (Figure 22).



These test cases against the reference material scenario clearly show that in nearly all cases, there is an advantage for co-producing oxygen. For a small increase in solar-PV capacity, there is a notable decrease in the LCOH due to cost offsetting from oxygen sale, and the shifting in the power input level to the electrolysers resulting in more efficient production exemplifies this. It has been shown that there is significant sensitivity to the required post-processing energy for oxygen, and if provided with a demand target to reach, this can turn unfavourable.



The chosen post-processing of oxygen (liquefaction) was selected to demonstrate that even an energetically-demanding process is not hugely influential on the outcomes, but delivers a direct financial benefit. The pressurisation of oxygen from atmospheric to 137 bar requires 0.367 kWh/kg, which lowers the solar-PV array size from 1.721 GW to 1.534 GW to meet 16 kton annual demand, and the LCOH falls from USD 1.33/kg to USD 1.09/kg at this point (Figure 23). The reference case implies that the electrolytic gas is at a pressure of 30 bar, which requires only 0.07 kWh/kg for additional pressurisation up to 137 bar. The use of the highest anticipated energy expenditure for oxygen post-processing clearly demonstrates advantages in utilising the byproduct oxygen in nearly every case variation, and thus naturally it can be deduced that lower energy oxygen post-processes would also be beneficial.





4.2. Case Study Two—UK Offshore Wind


4.2.1. Inputs


The UK government released a white paper in 2021 with scenarios to evaluate the cost of producing hydrogen in line with net-zero strategy [46]. Some of the strategies are in alignment with the architecture of this work’s model and can be used as both a comparison case and validation of the model’s outputs. The high cost 2025 scenario has been chosen to replicate against, since the efficiency of the PEM electrolyser used (1.5 kWh electric input per kWh H2 HHV output, equivalent to 66.67% conversion efficiency) is best matched to the electrolyser in this work’s model. The sample size in the white paper is a 10 MW H2 HHV PEM electrolyser plant (which is equivalent to 13 MW electrical, using the PEM 2025 medium scenario efficiency), and the capacity of the dedicated source is identical (ie 13 MW of dedicated offshore wind). In this validation scenario, since the electrolysers are rated at 60 kW, the plant size was rated as 13.02 MW using 217 stacks. A non-integer number of 7 MW turbines was also used, since 1.86 turbines created a matching power rating. The wind generation load factor falls slightly short of the 51% load factor used in the comparison paper, which is a limitation of the data set used in the model validation. There is an interesting limitation in that surplus power is not included in the scenario, but the further effects of its inclusion can be evaluated in how the LCOH and other parameters also change. Gas post-processing costs costs are not included in the white paper so, as with case 1, the initial validation tests can be performed with gas post-processing energies set to 0 kWh/kg.



Additionally, the following model input data was used:




	
Discount/hurdle rate, 10%;



	
Stack replacement is listed as every 11 years for PEM. To reflect this, 90,000 h of use time was set as an estimate for 11 years of use. The stack replacement price was 60% of the initial stack CAPEX, as used in the reference;



	
Project lifetime, 30 years;



	
The CAPEX (the cost of the electrolyser) was converted to GBP/kWe using the low efficiency input, resulting in GBP 973.1283/kWe;



	
Fixed OPEX accounts for the operation and maintenance costs. Converting similarly to GBP/kWe is 26.2871, which for a 13 MW plant is GBP 341,732.30 per year. This represents 2.697% of the initial CAPEX, which is the value to be used in the model;



	
The electricity cost is GBP 57/MWh;



	
Water costs are not mentioned in [46], so they are assumed insignificant in this model. This can be quickly justified using a simple scenario as given from the white paper. A 13 MWe electrolyser at 51% load factor and 77% efficiency [46] produces 871,219 kg hydrogen a year, which would require 9 times the mass of water, i.e., 7,840,971 kg per year, or 7841 tons. The high estimates for water in an arid region such as the Atacama desert were valued at USD 3/m3 [30], equating to approximately GBP 2.40/ton, and so GBP 18,818 per year. The electricity cost for the same plant at GBP 57/MWh would be GBP 3.31m per year, making water costs 0.57% of the electricity cost. This can be considered small enough to ignore for validation purposes. Please note that the water is not included here in Section 4.2 for validation, but is included in Section 4.1 purely on availability of the data;



	
Oxygen price remains at USD 0.14/kg (as in case study 1), converted into GBP (GBP 0.11/kg).









4.2.2. No Gas Post-Processing


The LCOH can now be compared between the reference paper [46] and the model, as part of the validation process of this work’s model. The breakdown for the reference case (2025, dedicated offshore wind, high scenario, load factor 51%, PEM) in GBP/kg (Table 3). In addition to this, the initial model run (without oxygen inclusion) is also given alongside.



Worthy of note; in Table 3, the fixed OPEX in the model just represents the O&M and water costs, as opposed to the usual representation of fixed OPEX which includes electricity costs, to allow for the observation of the difference in electricity cost. The differences in LCOH for different breakdowns of the cost can be commented on with regards to load factor and power-dependent efficiency of the electrolysers. The load factor in the white paper is 51%, whereas using the wind data time series in the model, it is only 46.17%. However, the operating efficiencies of the electrolysers (as shown in the histogram in Figure 24) will also contribute to differences elsewhere.




4.2.3. Hydrogen Post-Processing


The change in LCOH for including hydrogen post-processing is shown, from atmospheric hydrogen, with the hydrogen post-processing energies selected [49] as:




	
350 bar, 2.07 kWh/kg (Theoretical);



	
440 bar for fast refill to 350 bar, 3.22 kWh/kg (Actual measurement);



	
700 bar, 2.37 kWh/kg (Theoretical);



	
700 bar, 3.92 kWh/kg (Actual measurement, including cooling);



	
Liquid, 3.36 kWh/kg (Theoretical);



	
Liquid, 13.02 kWh/kg (Actual, Existing Medium scale).








Selecting the energy quantity needed for 440 bar (3.22 kWh/kg) increases the LCOH to GBP 6.327/kg, and reduces the lifetime yield from 26.009 to 25.033 million kg. For liquefaction using 13.02 kWh/kg, the LCOH further increases to GBP 7.627/kg and the yield falls to 21.610 million kg over the project lifespan.




4.2.4. Oxygen Post-Processing


The hydrogen post-production was then set at 3.22 kWh/kg (for compression to 350 bar, including 440 bar fast refill), and oxygen post-production (liquefaction, 1.16 kWh/kg) was introduced to investigate how this would affect the levelised cost. By altering the installed wind capacity for a fixed electrolyser fleet size, Figure 25 shows that, at the 13 MW baseline, it is more expensive to include fully utilised byproduct liquid oxygen.




4.2.5. Sensitivities of Gas Post-Processing Energies


The sensitivities of different post-production energies for hydrogen are shown in Figure 26 (with no oxygen post-processing), and for oxygen (Figure 27) with 3.22 kWh/kg post-processing of hydrogen, both at the set parameters from the case study. Please note, for the oxygen post-production energy sensitivity analysis, the oxygen is still sold at GBP 0.11/kg regardless of the post-processing energy requirement. The x-axis labels correspond to different energy requirements for different post-production gas delivery formats, as labelled in Table 3 for hydrogen, and in Section 4.1 for oxygen.



It is only above 35.123 MW of installed wind capacity (i.e., just over five turbines each rated at 7 MW) that full utilisation of liquid oxygen (with 3.22 kWh/kg hydrogen post-processing energy) becomes beneficial. This represents an electrolyser fleet to wind capacity ratio of 1:2.7. At the 13 MWe plant and wind rated capacity, full oxygen utilisation becomes profitable at a sale price of GBP 0.160/kg, as shown in Figure 28, however, remaining at a price GBP 0.11/kg it is not profitable at any level when altering the ‘oxygen utilisation ratio’, so even only processing a fraction of the byproduct liquid oxygen and selling it at this price is still not favourable.



The changing ratio of utilised oxygen changes the yield of hydrogen (Figure 29), but by considering the change in average electrolyser efficiency (Figure 30), the gradient (of yield to ‘oxygen utilisation ratio’) is reduced compared to a linear trend, since the electrolysers are operating at a better efficiency at higher utilisation ratios, as an increasing proportion of the input power is being diverted to oxygen post-processing, which shifts the mean operational efficiencies higher.




4.2.6. Mismatched Electrolyser Fleet and Electricity Plant Sizes


What is clear in this exercise is that the assumption used in the white paper [46] of matched electricity plant and electrolyser fleet size does not induce conditions that are favourable for oxygen post-processing to liquid at this price point. Altering the fleet size against the fixed wind generation source (as opposed to the other way around) produces some surplus energy (Figure 31). There is a very narrow margin where (at this price of oxygen) it is beneficial to implement full oxygen post-processing and sale, which is at around 20 to 30 parallel 60 kW stacks, with a LCOH of around GBP 5.15–5.20/kg (Figure 32). At this point, around 75% of the power input becomes surplus. The difference in LCOH occurs due to the reduced availability of power as the number of stacks is increased. For the with-oxygen case, the benefit of sale of by-product oxygen does not outweigh the reduced hydrogen yield as a result of redirecting energy away from electrolysis and into additional oxygen post-processing, for the given conditions in this scenario.




4.2.7. Case Study 2 with Solar-PV Input


There is further interest in how solar energy may be considered in a hydrogen (and oxygen) production scenario. Similarly to case study 1, a solar-PV time series was created using HomerPro, with the location set to a generic and representative UK location (Birmingham). In this configuration, solar-PV rated power was increased up to 500 MW (over 13 times the rated power of the electrolysers), and no intersect of with/without oxygen options was found to be preferentially lower LCOH for including oxygen (Figure 33), with oxygen fully utilised in liquid form. At matched solar-PV and electrolyser power capacities (13 MW), the with-oxygen scenario becomes preferential at an oxygen sale price above GBP 0.389/kg, or if the post-processing energy for oxygen is lower than 0.307 kWh/kg, which roughly corresponds to the energy required to compress oxygen to 137 bar. There is no scenario where solely reducing the oxygen utilisation ratio is beneficial.




4.2.8. Oxygen Yield Context


As before in case study 1, the oxygen production yield was compared to an existing study [17], which predicts for a 13 MW electrolyser the oxygen yield will be 2.74 million kg per year. Case study 2 predicts (with 1.25 times more rated wind power than rated electrolyser power, and no gas post-processing energy) an annual yield of 7.74 million kg. The reference number relies on an electrolyser efficiency of 70% [50], compared to the average efficiency in case study 2 of 67.11%, but the load factor of the wind turbine fleet is 46.17%, whereas the load factor of the comparison solar-PV (from [50]) is 14.84%. Repeating the same 13 MW scenario with 1.25 times more solar-PV power (1.25 times 13 MW is 16.25 MW) yields 2.478 million kg per year, which is far closer in yield to the reference case for oxygen generation, mainly since the load factor is 13.18%.






5. Conclusions


The justification for the inclusion of processed byproduct oxygen in electrolytic green hydrogen scenarios has been shown through the creation of a model, and its subsequent use of replicating pre-existing studies for validation, and then in identifying conditions where byproduct oxygen is or is not beneficial. Ultimately, there were limited scenarios in case study 2 (Section 4.2), where fully utilised liquid byproduct oxygen would be beneficial to the LCOH, but there were many in case study 1 (Section 4.1); this in principle shows there is a valid purpose in including oxygen in scenario models of this nature, firstly in an effort to reduce the cost of green hydrogen, and secondly to demonstrate under what conditions (if any) this can be achieved.



The two case studies returned significantly different outcomes for oxygen. This can be explained by the electricity cost, which was a significant fraction of the contribution to total LCOH. The much lower electricity costs used in case study 1 compared to case study 2 provided for many more viable scenarios of beneficial byproduct oxygen inclusion. The context for the electricity costs used in case study 2 are of interest, however, since the predictions for the cost of offshore wind power are still falling, and this will result in benefitting electrolysis scenarios both with and without oxygen co-production. The two case studies returned appropriate yields of oxygen when compared to a similar study [17], when also considering other factors such as power source load factor or electrolyser efficiencies.



The system architecture of the electrolysis fleet being the first customer of a renewable energy generator, and buying in wholesale units of electricity often created optimal scenarios that require large amounts of surplus energy. This is a valid scenario for implementation; however, not every scenario format could permit for this outcome, for example, a smaller electrolyser setup would likely not have primary purchase rights for the renewable energy generator. Furthermore, isolated systems involving generators and electrolysers with no other significant loads would introduce constraints (such as no surplus energy, or generation curtailment). Scenarios that involve using electrolysers to absorb surplus energy after other system loads are met are also of interest within the context of future decarbonised energy systems, and the inclusion of oxygen co-production will be of research interest due to the change in input electricity time series, but also the likely significantly cheaper energy supply.



The implementation of a power–efficiency plot to determine the gas mass production rate for different input electricity magnitudes characterises the role that gas post-processing plays in shifting the efficiency point; for example, reducing the electrolysis input from 60 kW to 50 kW changes the efficiency from 64.7% to 65.7% (Figure 6), which increases the theoretical yield compared to a scalar efficiency coefficient across the same range. The limitations through the assumptions made are important to consider; the electrolysers are all assumed to be identical and receiving the same power input at the same time and thus the estimated power–efficiency readings will be different. The gas post-processing, however, does use scalar coefficients, and subsequent analysis with more complex modelling will be insightful for understanding the associated sensitivities. The limitation of all gas post-processing confined to the same timestep as the gas creation can be further investigated for scenarios where the exclusion of byproduct oxygen is preferred, such as using intermediate gas storage, and post-processing the gas when significant surplus events occur.



Across a select number of parameters, the assessment of oxygen co-production benefits has been shown and to what extent, such as for different oxygen prices, different oxygen utilisation fractions, changes in input renewable power supply, number of parallel electrolyser stacks, and different post-processed gas formats. This ultimately justifies the inclusion of a byproduct oxygen element in green water electrolysis modelling in future energy scenarios. Subsequent models could investigate further changes utilising different electrolyser technologies, more in-depth modelling of the electrochemical and gas handling processes, and different economic environments.
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Abbreviations


The following abbreviations and nomenclature are used in this manuscript:



	LCOH
	Levelised Cost of Hydrogen



	LCOE
	Levelised Cost of Electricity



	PV
	Photovoltaic



	HHV
	Higher Heating Value



	LHV
	Lower Heating Value



	AEL
	Alkaline Electrolysis



	PEM
	Proton Exchange Membrane



	SOEL
	Solid Oxide Electrolysis



	rSOFC
	reversible Solid Oxide Fuel Cell



	CAPEX
	Capital Expenditure



	OPEX
	Operational Expenditure



	CUF
	Capacity Utilisation Factor



	NPV
	Net Present Value



	  W  s , h   
	Wind Speed at Turbine Hub Height, m/s



	  Z  h u b   
	Turbine Hub Height, m



	  Z  r e f   
	Reference Wind Speed Measurement Height, m



	  G r c  
	Ground Roughness Coefficient



	  P  t u r b   
	Wind Turbine Power Output, W



	  P  r a t , t u r b   
	Wind Turbine Rated Power, W



	  V  c o f f   
	Turbine Cut-off Speed, m/s



	  V  r a t   
	Turbine Rated Speed, m/s



	  V  c i n   
	Turbine Cut-in Speed, m/s



	 η 
	Electrolysis Efficiency, %



	  H  2 , m f   
	Hydrogen Mass Flow, kg/s



	  P  e l y   
	Electrolyser Power, W



	  H  2 , e d   
	Hydrogen Energy Density, J/kg



	  h  o u t   
	Compressor Outlet Enthalpy, kJ/kg



	  h  o u t  S  
	Compressor Isentropic Enthalpy, kJ/kg



	  h  i n   
	Compressor Inlet Enthalpy, kJ/kg



	  η S  
	Compressor Efficiency, %
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Figure 1. Concise model blueprint, showing the model inputs, outputs, and constant parameters. Definitions are shown in Table 1 and Table 2. 
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Figure 2. The energy and information flow of the model, showing the pathway from input electricity to processed gas outputs. 






Figure 2. The energy and information flow of the model, showing the pathway from input electricity to processed gas outputs.



[image: Energies 17 00281 g002]







[image: Energies 17 00281 g003] 





Figure 3. The windspeeds at Dogger Bank at reference height and calculated for at turbine hub height, for hours in 2022. 
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Figure 4. The characteristic power curve of a Siemens Gamesea Halide-X 7 MW turbine, using [39]. 
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Figure 5. The simulated output of 1 turbine, using the windspeed data from Figure 3 and the characteristic power curve from Figure 4. 
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Figure 6. The replicated curve detailing the relationship between electrolyser power and efficiency, from [42]. 
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Figure 7. The required energy per kg for different processes at different electrolyser powers. 
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Figure 8. The solar-PV power output per unit area for the selected Atacama Desert location for 2007. 
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Figure 9. Hydrogen gas yield per year for different solar-PV fleet sizes, and 345.24 MW electrolyser fleet power, alongside a target 16 kton annual yield. 
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Figure 10. Hydrogen and oxygen gas yield per year for different solar-PV fleet sizes and 345.24 MW electrolyser fleet power, alongside a target 16 kton annual yield. 
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Figure 11. The LCOH contributions against different solar-PV rated powers. Please note, the hydrogen and oxygen post-processing fractions are CAPEX contributions, the associated power for post-processing is included in the fixed OPEX. 
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Figure 12. Energy use of different processes for the lowest-LCOH scenario to meet a 16 kton annual yield. Without oxygen scenarios included where no post-processing energy for oxygen is used, and no profit made on oxygen sales. 
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Figure 13. The average electrolyser efficiency, compared to the number of operation parallel stacks in the system. 
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Figure 14. The annual gas yield compared to the number of operational parallel stacks in the system. 
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Figure 15. The sensitivity of the LCOH when compared with the number of operational parallel electrolyser stacks in the system. 
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Figure 16. The remaining surplus energy that is unavoidable in ’no surplus’ scenarios due to the input electricity being below threshold for minimum operational power in the electrolyser. Note that more surplus typically occurs when oxygen is not utillised. 






Figure 16. The remaining surplus energy that is unavoidable in ’no surplus’ scenarios due to the input electricity being below threshold for minimum operational power in the electrolyser. Note that more surplus typically occurs when oxygen is not utillised.



[image: Energies 17 00281 g016]







[image: Energies 17 00281 g017] 





Figure 17. The benefit of surplus energy reduction, shown by percentage fractions of input power compared at different rated powers of solar-PV generation. 
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Figure 18. The change in energy consumptions across different processes, as the required energy for oxygen post-processing increases. 
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Figure 19. The sensitivity of LCOH against required oxygen post-processing energy. The no-oxygen utilisation scenario is included as a reference point. 
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Figure 20. LCOH against installed solar-PV capacity, with oxygen post-processing energy of 3.28 kWh/kg. 
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Figure 21. The hydrogen gas yield compared to oxygen utilisation ratio, with a required oxygen post-processing energy of 3.28 kWh/kg, and no oxygen utilisation/sale is included as a comparison. 
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Figure 22. The LCOH compared to oxygen utilisation ratio, with a required oxygen post-processing energy of 3.28 kWh/kg. No oxygen utilisation/sale is included as a comparison. 
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Figure 23. The LCOH compared to oxygen utilisation ratio, with a required oxygen post-processing energy of 0.367 kWh/kg. 
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Figure 24. Histogram showing the distribution of operational power ranges, and the number of hours per year spent in that range. 
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Figure 25. The levelised cost of hydrogen against the power capacity of the associated wind generation fleet. 
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Figure 26. The LCOH for different post-processing energies of hydrogen, no oxygen included. 
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Figure 27. The LCOH for different post-processing energies of oxygen, with oxygen sale profit subtracted from the fixed OPEX. The post-processing energy of hydrogen is 3.22 kWh/kg. 
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Figure 28. The sensitivity on LCOH for the sale price of oxygen. The no-oxygen utilisation/sale scenario is included as a comparison. 
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Figure 29. The change in annual hydrogen yield for different fractions of byproduct oxygen utilisation. 
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Figure 30. The change in average electrolyser efficiency for different fractions of byproduct oxygen utilisation. 
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Figure 31. The energy use for different processes in the system, against the number of parallel operational stacks. 
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Figure 32. The LCOH against the number of parallel operational stacks. 
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Figure 33. The LCOH for different levels of associated solar-PV capacity (case study 2). 
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Table 1. The input details of the model blueprint in Figure 1.






Table 1. The input details of the model blueprint in Figure 1.









	Input
	Input Wind Turbine Parameters





	Windspeed Timeseries, m/s
	Turbine hub height, m



	Solar-PV Power Timeseries, W
	Wind speed reference height, m



	Currency Selection
	Ground Roughness coefficient



	Lifespan, years
	Wind speed for rated power, m/s



	Power splitting (ratio) intervals
	Cut-in speed, m/s



	Solar-PV Area, m2
	Cut-off speed, m/s



	Number of Wind Turbines
	Turbine Power, m/s



	Power source selection switches
	



	Lower/Higher Heating Values Switch
	



	Oxygen Sale Price, currency/kg
	



	Discount Rate, %
	



	Electrolyser Stack Price
	



	Electrolyser Stack Replacement Price
	



	Electricity Cost, currency/kWh
	



	Water Cost, currency/kg
	



	Stack Lifetime, years
	



	Construction Time, years
	



	Operation and Maintenance Cost, %
	



	Electrolyser Power-Efficiency Relationship
	



	Gas Post-Process Final Delivery Formats
	



	Oxygen Utilisation Ratio
	



	Number of Parallel Electrolyser Stacks
	










 





Table 2. The internal variables, constant parameters, and outputs of the model blueprint in Figure 1.
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	Constants
	Internal Variables
	Outputs





	Gas Post-Processing

Energy Requirements,

kWh/kg
	Currency Conversions
	Power Input to

Electrolyser

Timeseries, W



	Equivalent Oxygen Mass

Flow Coefficient
	Simulation Runtime,

h
	Surplus Power

Timeseries, W



	Gravimetric Energy

Densities (Hydrogen, Oxygen),

J/kg
	Maximum Stack Power,

W
	Gas Post-Processing Power

Timeseries, W



	
	Minimum Stack Power,

W
	Electrolyser Power

Timeseries, W



	
	Electrolyser Fleet Power,

W
	Electrolyser Efficiency

Timeseries, W



	
	Internal Validity Checks
	Gas Mass Flow

Timeseries, kg/s



	
	Selected Power Split

Ratio Timeseries
	Wind/Solar Power

Load Factors, %



	
	
	Electrolyser Capacity

Utilisation Factor

Timeseries, %



	
	
	Energy Requirement

Hydrogen Production,

kWh/kg



	
	
	Stack Replacement Times



	
	
	LCOH with full

cost attributions,

currency/kg



	
	
	Gas yields, kg










 





Table 3. The comparison between LCOH contributions from [46] and this work’s model.
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	GBP /kg
	Reference [46]
	Model





	CAPEX
	1.517
	1.710



	Fixed OPEX (Only O&M)
	0.350
	0.394



	Variable OPEX
	0.301
	0.400



	Electricity Cost
	3.668
	3.387



	Total
	5.835
	5.891
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