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Abstract
The need to decarbonise is an ever-pressing problem for a world facing the continued effects of climate change and aiming for a Net Zero future. A key area for decarbonisation is the energy sector, encompassing electrical supply, fuels for transport, and chemical sector raw materials. Renewables can directly decarbonise the first, but also the other two by powering green synthetic fuel plants to produce green alternatives. This work explores the feasibility of using offshore wind to power production of four fuels, hydrogen, methane, methanol, and ammonia. Feasibility was defined as sufficient wind farm energy levels to synthesis the fuels, sufficient space on standard offshore infrastructure for the synthesis plant, and suitability of coupling technologies with variable supply. This involved both modelling and experimental work. 

The modelling work involved the creation of a dataset detailing the power production levels of 59 offshore wind farms in the UK without reductions from curtailment or transmission losses. This was calculated by a range of methods with two methods out of the five applied found suitable. Factors affecting curtailment were explored including geographical location, wind farm age, distance from shore, time of year and wind farm capacity. Curtailment levels, as well as total energy production levels, were used to determine synthetic fuel production levels, with concluding that dedicating entire farms to synthetic fuel production was more suitable. 

This dataset fed into a mass and energy balance and physical sizing of synthetic fuel production of all four fuels at the 59 farms on existing offshore infrastructure. This analysis was performed twice, the second time including alternative technologies. Pre including alternative technologies the number of suitable wind farms ranged from 6 - 44, post inclusion this increased to 22 - 50, in both instances the higher number was for hydrogen production. Of the technologies assessed the Battolyser was the most promising, both in terms of space saving potential as well as room for future work. 

This conclusion fed into experimental work encompassing the experimental construction and testing of both a lead acid and lead carbon Battolyser. The experimental work proved the functionality of a lead acid and lead carbon Battolyser unencumbered by hydrogen inhibitors in the electrode. The lead carbon unit functioned better both as a battery and as an electrolyser, produced higher volumes of hydrogen and showed greater promise in its resistance to corrosion of the grid on which the electrode is built. 
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Fuel underpins the modern way of life, powering everything from cars and transportation, through to the heating system for our homes. Sourcing fuel sustainably is becoming an ever more urgent problem. A key factor driving this problem of sustainability ever forward is mitigating the effects burning fossil fuels has on climate change, with the energy sector (electricity, heat, and transport) currently responsible for 73% of greenhouse gas emissions [1]. The remaining 27% comes from a combination of agriculture, forestry and land use (18.4%), industry (5.2%) and waste (3.2%)[1]. Climate change is already having a drastic effect on the world population, with 3.3 -3.6 billion people living in areas highly vulnerable to its effects [2]. Additionally, there is an ever-increasing cost of a global economy dependent on energy from fossil fuels, with 80% of the world population living in countries which are net energy importers [2]. From these two issues, there is an urgent need for both decarbonisation and diversification of energy supply, both of which can be achieved using renewables with most countries having some route for home production of renewables. While renewables may seem simply to be the answer for the decarbonisation of electricity, they also pose a potential route for decarbonisation of other energy sectors as well, using hydrogen as an energy vector. 

Hydrogen production from renewable energy combines the use of renewables and energy storage solutions with the ability to create substitutes for our current fuel supplies (oil, natural gas) at home, through synthetic fuel production powered by offshore wind energy. 

Offshore wind energy is the chosen renewable option as it is the key renewable energy resource for the UK in the future. With the push towards Net Zero, both in the UK and globally, the natural resource which has the potential to turn the UK into a net energy exporter, rather than a net energy importer as it is today, is offshore wind energy. Scenarios exploring the increase of renewable energy uptake in the UK predict, for all scenarios from slow uptake to the UK leading the way globally in its implementation of Net Zero policies, show the UK becoming an exporter by 2040, and across all of them the exported energy is renewables, made up mostly of offshore wind [3]. The potential for this energy is high, with future predictions for a 100% renewable UK scenario foreseeing a split of 80% wind and 20% solar for a future UK energy demand of 570 TWh. This energy would come from an installed capacity of 200 GW of wind and solar, with the split between dependent on scenario, with offshore wind making up anywhere from 70 to 110GW [4]. This 80% of energy from wind generation will be mostly produced offshore, due to the extensive availability of this ‘at-home’ renewable resource [5].

Current UK offshore wind capacity stands at 10 GW, with promises of reaching 40GW by 2030 [6][7]. A future renewable UK energy grid is possible, but only if supported by storage at sufficient scale to allow seasonal storage of energy. The need for this energy storage is tied into the integration of renewable energy and is needed because of the intermittent nature of this energy that is an essential part of the global energy sector, now and in the future. Integration of intermittent energy supply into existing energy grids leads to operational challenges such as generation uncertainty and power quality issues. In 2020 UK storage levels were 2 GW, by 2022 they were 3 GW, and scenarios predict a need ranging from 15 to 86 GW of energy storage by 2050, with greater uptake of renewables associated with the higher storage levels [3][4].  Not only is this storage large scale but it needs to be implemented at a faster rate than has happened previously and at a favourable cost compared to low-carbon alternatives [4]. This storage is the focus of this thesis. 

The levels of storage required for a future renewable UK energy system are projected at 60 to 100 TWh, to supply an energy demand of 570 TWh per year [3][4]. This storage needs to be low cost and, most importantly, suitable for high-capacity storage allowing storage over long periods, ranging from months for seasonal changes, and up to years for energy security. Long term storage is  key for renewables, due to the seasonality associated with the variance in supply. Wind speed varies seasonally, much like solar, whose seasonality is intuitive, with more sun in the summer than in the winter. For wind higher wind speed conditions occur naturally in the spring. The seasonality of these two renewables unfortunately does not match demand. The spring and summer are a time in the year when electricity demand is traditionally low, with warmer days leading to reduced reliance on heating and longer days reducing electricity demand, conversely the winter sees a peak in energy demand both for heating and electricity with days being both colder and shorter [8].  

The UK currently has energy storage capacity consisting entirely of pumped hydro storage [4]. Using pumped hydro to supply future storage demands is not feasible due to the high cost and required land availability. The use of batteries is also not viable, batteries are not suited to long-term storage, as a battery capacity naturally degrades over time, neither are they suited to the large scale quoted previously as batteries require the use of high-value raw materials like lithium, which are currently monopolised by the mass uptake of electric vehicles [4]. The only storage solution suitable for both large-scale and long-term storage is hydrogen [9]. 

There are three key attributes of hydrogen which make it a cornerstone in the energy transition. Firstly, is the potential to use hydrogen as a route for decarbonisation of large-scale transport and industry. Secondly, the ability to store hydrogen, and thus reduce the effect of the intermittency of renewables. And thirdly the potential lower costs of transport of hydrogen in a pipeline compared to electricity through cables. This third benefit varies depending on how this is implemented, for example the reuse of existing pipelines and location of connection, i.e., distance from shore when connecting offshore wind up to energy storage solutions [10]. This is explored in detail in the literature review.

The importance of hydrogen in a net zero future is mentioned frequently in reports compiled by the likes of IRENA (International Renewable Energy Agency), estimating that by 2050 hydrogen demand will amount to 150 Mt per year, with around 75% produced domestically and the rest traded internationally, notably a percentage split very similar to today’s natural gas market [11]. An estimated 55% of this internationally traded hydrogen will be transported through pipelines, with an emphasis in locations with existing gas pipeline dense locations, notably Europe and Latin America [11]. The other 45% is expected to be shipped, most likely, according to IRENA, as ammonia [11]. 

The reason for transport of hydrogen in the form of ammonia is similar to why 15% of natural gas is shipped today as LNG (Liquid Natural Gas), with levels expected to increase by 25% from 2022 to 2027 [12]. LNG allows transport of natural gas over long distances as well as allowing quick routing to new demand centres, hence its high demand during times of market disruptions. 

As hydrogen becomes a key energy vector of the future, and takes the place of natural gas, this flexibility needs to extend to this fuel as well. However, hydrogen is difficult to store, has a very low density, and, although it is the highest energy content fuel when it comes to gravimetric density it pales volumetrically. Adding to this the fact liquifying hydrogen is far more energy expensive than liquifying natural gas and has much greater boil off, which is both a safety risk and a loss of product, alternative options become more attractive. Alternative routes equate to storing hydrogen in different forms, in metal hydrides, in liquid organic hydrogen carriers (LOHCs) or   converting this hydrogen to another fuel which is far easier to transport, such as ammonia, methanol, or methane. With methane from hydrogen allowing a direct replacement of natural gas (whose main constituent is methane) with a potential green alternative, so long as the hydrogen is produced from renewable energy.

The potential use of this hydrogen in the production of synthetic fuels, provides an easy-to-switch-to, emission mitigation route for industry and transport sectors, sectors difficult to decarbonise through direct electrification [21]. Additionally, these fuels in themselves are commodities made today from fossil fuels, thus their production from renewables decarbonises this sector as well. Current global hydrogen production (from steam methane reforming) is responsible for annual CO2 emissions equivalent to those of Indonesia and UK combined [33].

The war in Ukraine, and the subsequent embargo on natural gas supplied by Russia, highlighted a key flaw in the current western European energy supply, that there is too much reliance on one external supplier. As the energy sector moves towards electrification, and thus away from natural gas, this problem could persist as the production of batteries meaning reliance would switch to countries with a. large supply of lithium, a supply chain which is geographically limited and itself has problems including the scarcity of the supply and the negative social sustainability of lithium mining [13]. 

There is therefore a clear need for at home production, strengthening the argument for taking full advantage of the renewable energy available in the U. However, the effort to move a country like the UK from dependence on gas to dependence on electricity is a monumental task made easier through combining electrification with alternate green routes. This can be achieved by using energy from renewables to form synthetic fuels. Producing these green fuels allows greater utilisation of renewables as well as the possibility for current infrastructure to be kept in use, either preventing, or allowing more time for, the infrastructure overhaul needed in a fully electric future. For example, reducing the demand for the electrification of all transport by using renewably generated green fuels so existing engines and infrastructure can be easily repurposed. This switch also makes it easier for less developed countries to move towards a more renewable future. Replacing what fuel is put into a vehicle is far easier than converting every vehicle to an electric one and installing country-wide electric charge points. 

A key argument against the conversion of renewable energy to hydrogen and its derivates, is the loss of energy consumed in the conversion of electricity to hydrogen, around 20 to 30%. Beyond this a further 10% can be lost in storing the hydrogen and another 30% when converting hydrogen back to electricity [14]. Alternatively, if hydrogen is converted to fuels (e.g., ammonia, methanol or methane) there is an associated loss as well, a further 10 to 20%, depending on the process used and the synthesised fuel. However, there are many sectors of today’s energy sector which will prove extremely difficult to electrify, and in these cases, there is an argument to be made it would be easier, quicker, and cheaper to not electrify but to switch out fossil fuels for green alternatives. Examples include some transport areas, like shipping and aviation as well as the chemical sector where hydrogen and its derivatives are already in demand.

Hydrogen makes up a key component of many industries, as do its derivatives. By using offshore wind to produce hydrogen and its derivatives, these can be transported to land for direct use, with no conversion back to electricity or to hydrogen (for the derivatives). This equates to reduced demand on the electrical grid, an energy storage solution, and the repurposing of existing technology.  

Coupling hydrogen and wind is an important relationship and currently there are projects performing this fuel production offshore with prospects of using the storage potential of offshore oil and gas caverns for this produced hydrogen. This offshore production negates the loss of energy in transport of electricity to shore, reducing transmission losses, and potentially costs. However, understanding the losses associated with hydrogen in storage and transmission is an important factor to consider, and one of the key areas being explored in these demonstration projects. But this thesis takes it a step further and considers not only hydrogen production but production of synthetic fuels from hydrogen in an offshore environment as well. 

[bookmark: _Toc192494991]Thesis outline

Initially the focus of the thesis was on future technologies, specifically the concept of a Battolyser, a unit which functioned both as a battery and an electrolyser. The aim was to explore new Battolyser make ups including experimental construction and testing of the unit. However, with this PhD beginning amid the Covid 19 pandemic, there was limited access to lab spaces especially for new students. Therefore, there was a pivot in the direction of the PhD. The experimental work which had been planned was completed but not until the end of the PhD, once facilities had fully reopened, and is hence part of Chapter 6 of this thesis. To accommodate the need to work from home alternate routes for the beginning of this thesis were explored. The conclusion was a focus on computer modelling using Python to assess the feasibility of linking UK offshore wind farms to synthetic fuel production plants. This was linked to the experimental work as this modelling could include a review of how the use of a Battolyser, instead of a separate battery and electrolyser unit, could facilitate this offshore production. 

The content of this thesis therefore includes a review of current literature available on hydrogen storage, offshore synthetic fuel production, and the potential for future technologies. Followed by four core chapters, finished off with a conclusion and assessment of future work. 

The first of the four core chapters, Chapter 3, titled ‘How much synthetic fuel could be produced from offshore wind farms in the UK?’, explores the energy production levels of 59 UK offshore wind farms. As explored later in the literature review of this thesis, data on UK curtailment levels are lacking, with any available curtailment data based on cost data, which provides an incomplete picture. Thus, there was a need for analysis of power production levels of UK wind farms to fully understand storage and generation potential for hydrogen. The lack of availability of ‘at source’ wind farm generation data, that is data pre curtailment and pre transmission losses to shore, made it necessary to estimate curtailment, and therefore energy production on a wind farm basis. This was done based on wind speed data and turbine data, and therefore the expected production levels for all the UK’s offshore wind farms were assessed. These offshore wind farms included all operational wind farms, one decommissioned, and 12 future wind farms. This level of production was then compared to the recorded offshore production rates in the UK to determine levels of curtailment in the UK. The purpose of this was to assess the suitability of using either entire offshore wind farms, or solely the curtailed energy of offshore wind farms, to power offshore synthetic fuel production.  

Chapter 4, titled ‘The feasibility of synthetic fuel production in an offshore environment’, assesses the levels of synthetic fuel production possible based on the power data developed in the previous chapter. The purpose being to understand the feasibility of offshore production of synthetic fuels, considering hydrogen, ammonia, methanol, and methane. This chapter assesses the best route, using current commercial equipment, for production of each of the four fuels. Then, based on these developed routes, mass and energy balances were performed for each of the previously defined 59 offshore wind farms. This mass and energy balance defined the capacity of the units required for synthetic fuel production. Based on this capacity the physical size, that is the area and volume, taken up by such units was modelled based on chemical engineering design principles. The results from this chapter feed into the subsequent discussion chapter. 

Chapter 5, titled “Discussion and analysis of synthetic fuel production in an offshore environment”, discusses the results from the analysis of Chapter 4, This includes further breakdown of the results with an assessment of demand that can be satisfied by this offshore production. The results in this chapter were contextualised through comparison of the plant physical size to that of existing offshore oil and gas platforms in the North Sea. This is followed by a discussion and assessment of suitable alternative and future technologies, including the Battolyser, and how their inclusion affected the results for both the physical size of the synthetic fuel plant and the associated energy consumption levels. Finally, the chapter identifies optimisation routes which could be taken to further develop the results in this chapter, both as a whole for all the farms assessed here, and for modelling on an individual wind farm level. 

Finally, Chapter 6, titled “Experimental construction and testing of lead acid and lead carbon Battolysers”, this is the chapter which includes the experimental work initially planned as the starting point for this PhD. This chapter describes the experiments and results from both a lead acid and lead carbon Battolyser. The lead carbon unit was hypothesised as a potential improvement on the lead acid, with the inclusion of carbon acting both as a further stimulant for hydrogen production as well as reducing the negative effects of corrosion linked to hydrogen production in a lead acid battery. These Battolysers were constructed from first principles, with the structure which holds the unit components together designed and built at the University of Sheffield. The electrodes creation process was developed from available literature, with the individual components, as well as the fully constructed system, experimentally characterised and tested. This experimental work further validates the use of a lead acid battery as a Battolyser and identifies a potential route for improvement through the addition of carbon to the negative electrode of the unit. 

The final chapter, Chapter 7, then draws conclusions from the work conducted in the previous chapters as well as outlining possible paths to follow for future research

The work conducted in this thesis has multiple novel factors. Overall, the novelty is in furthering understanding of offshore synthetic fuel production, both understanding the system from a high up point of view as well as exploring specific technologies which could be key to accelerate the production of hydrogen, and its derivatives, in an offshore environment. Exactly where the novelty lies in this thesis is broken down as follows – 
1. Creating a dataset of UK offshore wind energy production levels, to the level possible with the use of open access data. allowing further understanding of curtailment levels in the UK.
2. Assessment of the feasibility of using current UK offshore wind farms for four different synthetic fuels, and comparison between them, including hydrogen, ammonia, methanol, and methane. Most notably this comparison explores differences in size, both in terms of energy and mass capacity as well as physical area and volume taken up by such units.
3. Experimental validation of a lead acid and lead carbon Battolyser. The experimental construction of which was retrofitted to lab scale production. Followed by testing as a Battolyser, requiring the development of novel testing techniques to test the battery and electrolyser aspects of such a unit. 

From the above work there are plans for publications, however due to time constraints, they are yet to be completed. This is hoping to result in three papers. These would be made up of Chapter 3, targeted towards a journal such as Renewable Energy, Energies, or Frontiers in Energy Research. The second paper would be a combination of Chapter 4 and 5, for publication in similar journals to Chapter 3, although consideration is also being given to the Journal of Energy Storage. The final paper would be made up of the content of Chapter 6, the journals under consideration include the same as those considered for the other two papers, as well as Advances in Applied Energy. 
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[bookmark: _Toc192494993]Background
When an energy source is connected to the grid it is contracted into a delicately maintained balance [15]. At all times the energy flowing into the grid from supply must equal the energy going out of the grid to demand. This balance is maintained using an extensive control system and harnessing the ability to ramp up or down energy supply as needed. For renewables like wind this ramp up is only possible if there is stored excess energy available or if additional turbines or whole farms can be switched on, the ramp down is shutting off these turbines or whole farms or, in rare cases, directing the excess energy into storage. This is because renewable energy cannot be controlled to perfectly match supply, as for example, it is not possible to make the sun shine at night or the wind blow on a still day. As of right now, renewable energy penetration into the grid is low enough that any variabilities it produces can be mitigated through ramping up or down alternate controllable energy sources, most commonly fossil fuels, as appropriate [15]. As wind penetration increases this becomes more of a problem due to conventional power plants having to deal with much larger fluctuations which disrupts optimum performance as well as creating an inherent dependence of wind power on fossil fuels [16]. This limits the level of renewable energy the grid can handle which can be increased through the use of energy storage solutions. 
[bookmark: _Toc192494994]Solutions to variability of renewable energy
Current solutions to wind energy variability begin with curtailment, the switching off of renewable generators. This essentially means energy that could be generated is wasted and not captured, reducing system efficiency, and increasing costs for the consumer [16]. 

Current efforts to mitigate variability include forecasting, allowing the grid to prepare for mismatch in peaks and valleys of supply and demand. In the current electrical grid system, unpredicted variations in forecasting that result in uncontrolled variations in supply are met with serious fines [17]. Another solution is geographical distribution, if a grid draws power from wind farms that are distributed over a wide geographical area this will reduce variation in supply leading to an increase in the predictability and subsequent reduction in output peaks and valleys [16]. A key player in this geographical distribution solution are interconnectors. Interconnectors are high voltage DC links between countries, allowing the exchange of energy between them [18]. These interconnectors mean that when one country is experiencing a peak in supply it can sell off the excess energy to a country experiencing a fall in supply correlating with a spike in demand [19]. Interconnectors are expected to play a key role in providing a fully renewable future with an expected increase in capacity between the UK and the EU from 4GW in 2020 to 12GW by 2025 [20].  

Another proposed solution is the coupling of different energy harvesting devices to smooth out the joint variability. One paper presents the use of wind energy to smooth out the variations in wave energy [21]. Wave energy fluctuates very rapidly, in the span of 5-12 seconds, in this time frame wind energy does not fluctuate and is instead a steady source and can thus be used to smooth out wave energy fluctuations [21]. This, however, does not help the variability of wind. However, the concept is still valid through the coupling of wind with other renewable energy sources for example, solar energy which has a generally easy to predict level of output throughout the day and a complete lack of generation during the night. Optimisation of the coupling of one or more different sources could result in a less variable supply. 

All these solutions are viable and both work in managing variability today and will do so in the future, but none provide the constant supply of power that can be increased and reduced as needed that comes from using energy storage. A key capability for a 100% renewable future, which will require approximately 43 TWh of energy storage capacity, with exact numbers dependent on renewable energy mix, level of curtailment and storage efficiency [22]. 

This thesis focuses on long term storage for offshore turbines with an emphasis on energy storage solution which allow the diversification of the use of offshore wind energy. These solutions are not only capable of improving the link between offshore wind and the electrical grid but also using offshore wind to support an industry which does not need the same minute-to-minute balancing required of the electrical grid. This opens the potential of offshore wind to decarbonise hard to reach sectors, including the likes of transport and chemical
[bookmark: _Toc192494995]Hydrogen as an energy storage solution
The energy storage solution of focus in this thesis is storage in a chemical medium, hydrogen, recognised globally as a key component for a future net zero world. As of 2021, 17 governments around the world have hydrogen strategies in place with 20 more publicly announcing work towards developing their own strategies [23]. This is a big change from 2019 when only 3 countries, France, Japan, and Korea had strategies in place [23]. The market for hydrogen is set to rise with uses spanning across multiple sectors. Currently hydrogen production is made up of many types, distinguished through colours, a summary of which is shown in Figure 1. 
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[bookmark: _Ref119417183][bookmark: _Toc192495161]Figure 1: The seven types of hydrogen production [Own work].
The concept of green hydrogen production has been around for a while, but it is especially topical now with the changing landscape of energy. As the world shifts towards renewables, and the problem with current natural gas sources rises to the top of the political agenda commitments made across EU to green hydrogen production in 2030 have already doubled to 80 GW [24]. With this influx of interest green hydrogen, although currently costing 2-3 times of its fossil fuel counterparts is expected to become cost competitive by 2030 [24].
Current and future hydrogen production levels 
The global demand for hydrogen production is already high, with 90 Mt produced in 2020, mainly from natural gas, accounting for 900 million tonnes of CO2 emissions and 2.5% of global energy consumption [23]. In the pathway to net zero there have been various predictions made as to the size of the role hydrogen will play. These predictions vary widely across agencies due to variations in assumptions made. For example, IRENA estimates hydrogen making up 10% of global energy supply, enough to mitigate 3.6 gigatonnes of CO2 [2]. Alternatively, the Energy Transition Commission predicts as high as over 30% [25]. 

To reach even the lower end of these predictions requires 350 GW of electrolyser capacity by 2030 [2]. This is a massive undertaking and is highly dependent on ongoing research into electrolysers, with ongoing work into increasing electrolyser efficiency and decreasing dependence on both toxic materials, like PTFE, and rare metals, like iridium. There are signs of positive exponential growth, in 2021 electrolyser capacity was 458 MW, and in 2022 this capacity increased four to five-fold [2]. 

The other consideration is the level of renewable energy capacity needed for hydrogen production. BloombergNEF predicts 2050 hydrogen production levels at 696 million tonnes, enough to meet 24% of final global energy demand [26].  Again, estimates of these numbers vary, ranging from predictions of 500 million tonnes to 1300 million tonnes, depending on differing assumptions made by various predictive models [25]. Assuming the number is 696 million tonnes of hydrogen, this would require 31,320 TWh of electricity. This is on top of the growing renewable energy demands of the energy sector, putting total renewable energy demand in 2050 at 60,000 TWh [26]. As of 2022 global renewable energy production levels reached approximately 8440 TWh [27].

This level of renewable energy generation is most likely achievable. Considering one study conducted of Europe, with limitations such as environmental constraints, land use limitations and various techno-economic parameters and setting energy demand as current electricity demand as well as if current grey hydrogen production were instead produced by water electrolysis. The study concluded out of 309 studied European regions, 249 had excess renewable energy potential, with 84 having over 50% excess renewable energy potential [28]. 
Hydrogen end uses
Once this hydrogen is formed from electrolysis it can be stored and then later processed through a fuel cell to produce electricity, or it can be used in its raw form [29]. Hydrogen is already a commodity used in processes around the world. In industry 45 Mt, about half of all produced hydrogen, is used for chemical production, with around three quarters going to the production of ammonia, and a quarter to the production of methanol [23]. Approximately 40 Mt are used in refineries in the conversion of low-grade crude oils either as a feedstock, reagent or as a source of energy. The final 5 Mt are used in direct reduced iron process for steelmaking [23]. 

The above applications currently use hydrogen sourced from fossil fuels and thus are sectors which require decarbonisation [29]. For context the emissions from steel making currently amount to 7-8% of global emissions [30]. Green hydrogen production allows a simple route for this decarbonisation without a need for a sector-wide change of production methods. In addition to this, heating in industry, where temperatures need to be above 400C often requires direct contact between flame and material. This physical contact cannot be replaced by electrification but could be replaced with green hydrogen being burnt instead of natural gas [30].

Hydrogen can also be used as a transport fuel either in fuel cells to power electrified vehicles or by combusting the hydrogen directly. However, there is fierce competition in the realm of transport. For passenger cars and industrial trucks electric vehicles powered by batteries are dominating the market, with the high cost of hydrogen and its low volumetric energy density compared to batterie making it a less promising option. Going bigger, to ships and aircrafts, the gravimetric energy density of hydrogen becomes more important, and this is where it excels, having the highest gravimetric energy density of any known fuel, at 120 MJ kg-1, the low volumetric energy density of hydrogen still has a factor in this discussion with the increased space requirements both increasing the weight of the fuel and reducing the space for passengers and good. There is interest in this area, most notably in liquid hydrogen, with this form reducing the volumetric density of the fuel, however storage of the hydrogen is still facing challenges, as well as the transport of it to points of use.   
Storage and transport of hydrogen
[bookmark: _Hlk109305760]Hydrogen storage poses problems due to a few key physical characteristics. Considering the atom itself, hydrogen is the smallest, containing only one electron in its outer shell. Thus, when a single electron is added or removed this has a significant impact on the molecule charge and size. The resultant hydride ion (H-) is possibly the most flexible ligand of all, with an unmatched ability to bond to metals [9]. This, however, causes impracticalities in real-life applications where metal pipelines are used to transport hydrogen. The metal lattice easily absorbs the hydrogen molecules which disrupts the bond strength of the structure resulting in cracking and fracturing of the metal, a phenomenon called hydrogen embrittlement [31]. This phenomenon is poorly understood, and significant testing is underway in industry to explore which metals are resistant to this embrittlement and how it can be mitigated [32].

From studies conducted so far it is clear the issue of hydrogen embrittlement is greater for steels with higher tensile strength. This means hydrogen transport through existing pipelines is more suited to older, prior to 1990, pipelines which tend to be lower in tensile strength [33]. For those pipelines whose tensile strength is not suited to the transport of hydrogen there is potential for the use of a polymer liner to reinforce the pipeline, as well as mixing hydrogen with methane which reduces the risk of hydrogen embrittlement [33].

Being the smallest of all elements, hydrogen is also the lightest resulting in a very low density, with 1kg of hydrogen taking up 11 m3 at standard temperature and pressure [32]. Hydrogen can be stored at higher densities through using additional energy to increase/decrease the pressure/temperature or through binding hydrogen with other materials. With this input of energy comes a reduction in the efficiency of the hydrogen as an energy vector. The best storage solution must therefore provide densely stored hydrogen and require a low energy input. The three main categories of hydrogen storage considered include [32]:
1. Storage as a gas or liquid in its pure form  
2. The adsorption of molecular hydrogen onto or into a material 
3. Chemically bonding the hydrogen to metal or chemical hydrides 

[bookmark: _Hlk109305698]Compressed gaseous storage and cryogenic storage of hydrogen are the most mature technologies of those available[34]. In the gaseous form this storage can be done either in naturally occurring salt caverns, or in manufactured containers. Salt caverns are ideal large-scale storage, and the current favoured method for hydrogen storage today, being low cost and low leakage with minimal contamination [32].  However, its flaw is in being innately geographically limited. Manufactured pressure vessels may be free from geographical restrictions, but they pose an optimisation problem, higher pressure (and thus higher storage density) means higher cost, both in pressurisation as well as extra material costs. Furthermore, these vessels can suffer from hydrogen embrittlement, requiring thicker vessels, increased inspections, and a more regular replacement rate [32]. 

[bookmark: _Hlk98943518]Cryogenic hydrogen storage where hydrogen is stored as a liquid is how NASA stores hydrogen for use as rocket fuel, being best suited for the space sector due to the high gravimetric energy density [35]. This method results in an energy density of 33 kWh kg-1 and high storage densities of 70 kg m-3 at 1 bar [32][34].  However, this process requires significant levels of energy, and liquid helium, to reach the low boiling point of hydrogen (-253C at 1 bar). Once liquefied, the challenge is to maintain the liquefied state, requiring specialist storage vessels. To prevent evaporation, spherical tanks (for optimised surface are to volume ratio) with advanced insulation (most often double walls with a vacuum between them) are used to reduce heat input from the surroundings [32]. Even with these safety measures over 40% of energy is lost in liquid hydrogen storage [34]. 

The second storage method is adsorption, a process requiring very low temperatures that has only been performed at lab scale [32]. Hydrogen is adsorbed through an exothermic reaction onto high specific surface area materials, such as porous carbon-based materials, taking advantage of the weak physical van der Waals forces between the hydrogen and the adsorption material. The requirement for low temperatures to allow adsorption combined with the exothermic nature of the reaction makes heat management difficult and expensive [32]. Overall hydrogen-to-hydrogen efficiencies higher than 80% are not expected even for large adsorption-based storages and short storage times. 

The third solution is chemical bonding of hydrogen either to metal or chemical hydrides. The hydrogen molecule forms a bond with another molecule, stronger than those formed during the adsorption storage solution and thus easier to make. However, there is a trade-off here, the easier a bond is to make (hydrogenation) the harder it is to break (dehydrogenation). 

For metal hydrides dehydrogenation is done either through thermolysis or hydrolysis, both difficult and energy intensive [32]. The two most promising metal hydrides are bonding hydrogen with magnesium or aluminium. For magnesium the kinetics for both hydrogenation and dehydrogenation are slow, for hydrogenation this is due to slow diffusion of hydrogen on the magnesium surface and for dehydrogenation this is due to the strong bond between magnesium and hydrogen. For aluminium the weaker bond with hydrogen means dehydrogenation is easier however the hydrogenation reaction is not and is therefore only possible at extreme pressures [32].  

For chemical hydrides, i.e., non-metal elements, there are two main types, liquid organic hydrogen carriers (LOHC), and liquid synthetic fuels [36]. LOHC consist of pairs of hydrogen-lean and hydrogen-rich organic compounds, hydrogen is stored through repeated cycles of catalytic hydrogenation and dehydrogenation. These are more technologically immature than liquid synthetic fuels with similar benefits such as ease of transport over long distance [36]. The hydrogenation/dehydrogenation optimisation problem is present here too. The easier it is to bond hydrogen into the LOHC, the harder it is to remove it. 

Liquid synthetic fuels include the likes of ammonia and methanol through the bonding of hydrogen with gaseous nitrogen or carbon dioxide, respectively. These are hydrogen derivatives, products which are commercially attractive and whose production leads to the reduction of nitrogen or carbon dioxide, both of which have negative effects on the environment. 
[bookmark: _Toc192494996]Arguments against hydrogen and its derivatives
Although there are many projects already underway for hydrogen production, and commitments from multiple governments around the world to the development of a hydrogen economy there are still arguments against its use. The core of this argument is the energy consumption and efficiency of the production of hydrogen. There is growing consensus the current hype in hydrogen and plans for it to make up such a large portion of the energy supply in the future are overestimating its role. 

There is no argument zero carbon hydrogen is necessary to reach net zero by 2050, with emissions from current levels of global hydrogen production equivalent to total CO2 emissions from the UK and Indonesia combined [37]. The arguments against hydrogen instead centre around new uses of hydrogen such as for electrification and heating. There are also arguments against green hydrogen specifically, with suggestions blue hydrogen would be sufficient to meet hydrogen needs. 
Hydrogen for electricity
Arguments against using electricity generated from green hydrogen centre around the roundtrip efficiency of 42% when considering the conversion of electricity to hydrogen and then back to electricity [38]. Batteries, for comparison, have roundtrip efficiencies up to 98% [39]. 

In cases where hydrogen is used for electrification the justification is the unsuitability of alternate energy storage solutions, like batteries. These mostly centre around weight considerations, i.e. for use in electrified flight, or long-term storage requirements. 
Hydrogen for heating
Considering first the use of hydrogen for heating purposes, when heating a home with green hydrogen, the hydrogen must be produced from renewable electricity, compressed, and then used to heat a home through powering a gas boiler system. This process is approximately 60% efficient [30]. The alternative is the use of electric heat pumps, these use electricity directly from renewable sources and can be up to 300% efficient. This efficiency is reached through the absorption of heat from the environment by the compressed gas, thus the exact efficiency varies depending on installation, and most importantly, on the temperature outside [30]. These numbers are irrefutable in showing the stark difference in the two heating methods.

The benefit in using hydrogen for heating is the struggle of moving homes from gas to electric heating. Along with the billions of pounds worth of infrastructure for piping gas into homes becoming obsolete, as do the companies that own and manage them [30]. 

There is merit in arguing for a fuel which allows the use of existing infrastructure. The UK alone already has 300,000 km of gas pipelines installed, serving 85% of all households. Current investigations suggest most of these pipelines could be retrofitted for hydrogen use (depending on concentration of hydrogen in the pipe) with demonstrations starting across the UK [30]. This suggests the use of hydrogen for heating may require very little investment for it to be a reality. This route could be implemented quicker and at a lower cost than electric heat pumps requiring changing the core infrastructure of 85% of homes in the UK [30]. 

The change to electric heating will also increase pressure on the electrical grid, a pressure that should not be underestimated, heating demands in the EU currently massively exceed electricity demand. There are already issues in the UK, and many countries around the world, of transmission bottlenecks in electrical transmission which already lead to curtailment. The extreme increase in electricity demand needed to heat every UK home using a heat pump would require triple the current UK electricity demand. This means extensive grid reinforcements to eliminate bottlenecks, which means installation of billions of pounds of high voltage power lines. 

When considering this scenario in a renewable future, the reliability of supply will depend even more on energy storage. Large and long-term storage in the form of hydrogen, therefore with or without directly using hydrogen for heating it will be needed in the heating system. This problem is exacerbated in countries with poorly insulated buildings like the UK, Netherlands, and Belgium. Installing a heat pump in a poorly insulated home results in a less efficient heat pump, severely impacting that 300% efficiency number drastically [30]. 

Heat pumps may be the way forward, but with the need for rapid decarbonisation they will need support from conventional gas boilers, with a renewable gas supply, which is most obviously green hydrogen. This use of the two in combination helps to avoid grid congestion, with transport of excess energy in the form of hydrogen possible using existing gas pipelines both nationally and internationally [30]. This will save on cost as these pipelines already exist. The additional equipment required would include either placement of small hydrogen power stations at grid edges or fuel cells at small transformers around the country. 

Heating is key for decarbonisation, with it currently making up 25% of carbon emissions. This is a huge target and therefore key for rapid decarbonisation, using hydrogen this can be done quicker, and in a more sustainable manner [30]. 
Blue versus green
Where hydrogen is necessary, some argue the use of blue hydrogen (fossil fuel sourced with carbon capture and storage) is sufficient to meet this demand and can be done so using a more efficient source. Electrolysis of water consumes more energy per mole of hydrogen than both fossil fuel routes of steam reforming and partial oxidation. Therefore, green hydrogen production was always more expensive, in terms of energy use, than hydrogen from fossil fuels [40]. It is unclear on whether this will continue to apply. Blue hydrogen requires carbon capture, a difficult process that is demonstrated to not capture all the emitted carbon (emitting 4 kg of CO2 per kg of blue hydrogen [30]), and whose associated methane emissions (from the natural gas raw material) have not been quantified [41]. 

Additionally blue hydrogen is susceptible to spikes in natural gas prices, in 2022, green hydrogen became cheaper to produce than blue, except for exporting regions like USA and Russia [25]. 
[bookmark: _Toc192494997]The hydrogen economy
The current barriers standing in the way of hydrogen production on the necessary scales for the requirements predicted for 2050 include reaching sufficient levels of renewable generation capacity, the high levels of investment required, the high capital costs for transitioning industries, the flammability of hydrogen (as a safety concern), the continuing fluctuations in fossil fuel prices, the need for accelerated development and installation of electrolysers, and the slow uptake of government policies such as carbon tax [25].  

One key debate is the location of these hydrogen hubs. In Northern Europe there is limited availability of renewable energy, meaning it may be cheaper to import in hydrogen produced in countries with low-cost renewables [10]. Current estimates place cost of transport on the same magnitude as production, therefore, an exporter must have half the production cost of an importer [42]. 

Even at higher overall costs hydrogen production in Europe is still attractive, creating hydrogen at home may not be the most economical but it reduces reliance on imports from other regions, a reliance which in the past few years has shown to have significant issues and can result in unexpected higher energy costs [10]. 

The need for hydrogen production at home and at scale brings to the forefront solutions such as offshore hydrogen production. A route allowing greater access to more renewables, the ability to locate production at the source and reducing the need for transportation of electricity, potentially reducing cost. 

Offshore production ties in with the future potential of a global hydrogen economy. The distribution of hydrogen around the world is an underlying pillar of this proposed economy. With hydrogen’s true potential lying in it being an energy vector allowing renewable energy produced in one country to be used in another. By harnessing the potential of offshore hydrogen production, the UK is well situated to becoming an energy exporter. 
Offshore hydrogen production 
The high predicted levels of green hydrogen demand require high levels of renewable energy. For the UK, and most of Europe, the most prolific renewable energy available is wind, specifically, for the Northwest of Europe, offshore wind. This is being accelerated by the current push towards floating turbines, allowing the placement of offshore wind farms in remote areas with stronger, more consistent winds while also vastly increasing both the capacity of wind farms and the amount of real estate up for development [10]. Thus, for North-West Europe the most suitable renewable source for direct-coupling with industrial-scale hydrogen production is offshore wind energy [10].

To reduce losses, both cost and electrical, it is always best to use electricity as close to the source as possible. To use offshore wind energy for hydrogen production, the ideal location for the production is offshore, where the energy is generated. Producing hydrogen at the source negates the need to transport electricity to land using electric cables, which are both expensive and disruptive to marine life to install. Hydrogen pipelines transport 10 times the energy at an eighth of the cost, have longer lifespan, are less complex than cables, and can be used for both transmission and storage through varying the pressure, as is already done today with natural gas [30][10]. There are also high losses associated with the transport of electricity in cables, with up to 12.9% of power lost in transmission, compared to 1.94% loss in hydrogen gas pipelines [43]. 

However, hydrogen production offshore is more expensive, with the additional cost in power connections, the cost of designing a system to inject hydrogen into a gas line, and the high cost associated with design and safety studies for such an untested approach [44][45]. This high cost has been shown to be offset at higher electrolyser capacity levels when compared to the electrical connections to shore that would be in place instead. 

There are other potential doors offshore production opens, these include the potential for seawater electrolysis and the use of existing offshore assets, from platforms to storage of hydrogen in depleted offshore gas fields providing a simple, cheap form of hydrogen storage [10].

There are several pilot projects currently in progress studying the production of hydrogen offshore. One example is a Dutch project, titled PosHYdon, is a group effort between multiple industry partners set to produce hydrogen using a 1MW electrolyser on a repurposed oil and gas platform in the North Sea. The platform was installed, as an oil platform, in 2013, above the Amstel oil field, located 8 miles off the North coast [44]. The electrolyser is now being installed with hydrogen production expected in the second half of 2024. Hydrogen will be produced on the platform and then transported, via pipeline, to a hub platform. The hydrogen will be mixed with natural gas at a concentration of 10% and then transported to Rotterdam at a concentration of 1% in a multiphase line. Although this is hydrogen mixed with natural gas it is a promising starting point for offshore hydrogen production. An image of an offshore set up is shown in Figure 2 [44].
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[bookmark: _Ref109126191][bookmark: _Toc114578773][bookmark: _Toc192495162]Figure 2: Artist impression of an offshore hydrogen synthesis plant in the vicinity of an offshore wind farm and placed on existing infrastructure from the oil and gas industry.
[bookmark: _Hlk108783418][bookmark: _Hlk108783465][bookmark: _Hlk108783528]There are many other hydrogen demonstration projects being planned, including Dolphyn wind-to-hydrogen off the coast of Aberdeen, set to deploy a 2MW floating prototype system in 2024. Elsewhere in the UK a project is underway fronted by Vattenfall into the first offshore wind turbine producing hydrogen through an electrolyser installed on the turbine itself. In Europe, AquaVentus, spearheaded by RWE renewables, is aiming to set up 10GW of electrolyser units connected to offshore wind farms in the German Bight by 2035, set to produce 1 million metric tonnes of green hydrogen. [46]. Scaling these offshore projects up to 1GW will most likely result in dedicated offshore hubs, with a hydrogen island in the North Sea predicted by 2030 [45] [47]. 

Some obvious problems immediately come to mind, including operations and maintenance and the suitability of offshore infrastructure to such a retrofit. 

Electrolyser units require maintenance, with alkaline and PEM electrolysers being available 98% of the year, equating to around 7 days of maintenance a year [48]. Currently each individual offshore wind turbine is visited around 5 times a year, including one scheduled yearly maintenance check and 3-4 more in case of malfunction [49]. The checks on the electrolyser could feasibly be conducted in line with the individual turbine maintenance. There is also potential for placement of sensors within the electrolyser which can be monitored from shore. Overall, the feasibility of an unmanned chemical process in the sea is not novel, with unmanned offshore oil rigs requiring only one or two maintenance visits a year [50].

Concerning the suitability of existing offshore infrastructure to hydrogen production studies have been conducted into the best re-use option for existing offshore infrastructure about to go into decommission, with the most beneficial currently being electricity generation from wind. As renewable penetration increases the use of such infrastructure for hydrocarbon or hydrogen production becomes more attractive [51]. Of the 55 currently operating offshore platforms in Danish waters only 10-15 are suitable for hydrogen production [45]. Restrictions on use centre around the logistics of space for the electrolyser and the weight limitations on installed cranes, which is the reason for the 1 MW size of the PosHYdon project. Based on current estimations on space and weight, the limit on size of electrolyser that can be placed on these platforms is estimated at around 250 MW [45].

For scales above 250 MW other methods are being explored including custom platforms or placing hydrogen on an artificial island, as shown in Figure 3 [52][45]. This is soon to be a reality with the current planned Dogger Bank offshore wind farm built around an artificial island [47]. 
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[bookmark: _Ref109304924][bookmark: _Toc114578775][bookmark: _Toc192495163]Figure 3: Conceptual image of an artificial island amid an offshore wind farm.
The other side to repurposing existing offshore oil and gas infrastructure is transport through pipelines. The suitability of these pipelines to transport of hydrogen is dependent on temperature and pressure conditions as well as the pipeline metallurgy, especially important when considering hydrogen embrittlement. For a pipeline to be suitable it needs to be checked for cracks, or beginning of cracks, and made from a suitable grade of steel resistant to hydrogen embrittlement. These pipelines and any containers storing hydrogen would still require increased inspections and eventual replacement [32]. These transport considerations are key when considering the hydrogen economy.  
Hydrogen distribution
Thinking of hydrogen as a means for transporting renewable energy from areas of low-cost generation to areas of high demand is key when considering the current location of renewable resource compared to high demand areas [42].  Northwest Europe has high energy demand, but with a lack of consistent natural sunlight, limited space, and the high number of landlocked countries there is limited renewable resource, which drives up cost. A solar panel in the Sahara generates 2-3 times more power than one installed on a roof in the Netherlands. Therefore, even when considering conversion losses, there is more energy in transporting renewable energy from low cost high generating areas in the form of hydrogen [53]. 

The two hydrogen transport methods available are through pipelines or through shipping. Transport in pipelines is currently the preferred approach due to the cost involved. A comparison of shipping liquefied hydrogen with transport of gaseous hydrogen through a variety of pipeline options is shown in Figure 4 [54]. This figure shows that for distances up to 10,000 km shipping is not cost effective compared to retrofitted pipelines and only becomes cost effective with high-cost new pipelines at 2000km. For low-cost new pipelines shipping is only the more cost-effective choice at distances over 7000km (equivalent to the length of the Andes Mountain range) [54]. 
[image: Chart

Description automatically generated]
[bookmark: _Ref109128970][bookmark: _Toc192495164]Figure 4: Graph of results from a study showing different costs associated with three forms of hydrogen transport including shipping, retrofitted pipelines, and new pipelines. New pipelines are split into low and high cost due to large range in source cost values.
Shipping is not completely out the window, and is the method currently being employed in Japan, in the form of the HySTRA project, transporting liquefied hydrogen, produced from coal gasification in Victoria, Australia, by ship to Kobe airport island in Japan [42]. This is the only hydrogen ship currently in operation, completing its maiden voyage in January 2022. The distance travelled in the HySTRA project is around 9,000 km, with no previous pipelines in place to retrofit it is clear this is the most cost-effective route to pursue. 

The Australia to Japan route opens the floor to the question of if the existing distribution network matches the needs of a future hydrogen distribution network. A future network requires linking high energy demand areas with low-cost renewable power centres. To assess this properly the the location of the existing pipelines and the volumes expected to be transported must be assessed. 

Considering the location first, pipelines were built to connect countries with high levels of fossil fuel resource to high demand centres. By changing pressure, the direction of flow can be reversed but overall, trade of hydrogen in pipelines is limited to the pre-existing geographical distribution of fossil fuels.  What this means is countries with existing extensive pipeline networks, like Europe and the USA, are well suited to hydrogen distribution, as can be seen by the dense pipeline networks shown in Figure 5. Other areas, like Latin America and Africa, are not so well integrated, areas which are expected to be prime for low-cost renewable energy sources [2]. This becomes clear when considering Figure 6 showing a map of the predicted routes of global hydrogen trade in 2050 [2]. Notable here is the lack of trade of hydrogen between continents, with trade being regional, along pipelines. The intercontinental trade is not hydrogen but in the form of ammonia, a hydrogen derivative. Shipping is linked to ammonia as transporting hydrogen as ammonia (or alternative derivatives) decreases both cost and difficulty with derivatives being easier to transport, store and handle. 

Considering volume of hydrogen traded it is expected by 2050 that hydrogen trade would be around one third of current oil and gas levels [2]. This internationally traded hydrogen is expected to make up one third of total country hydrogen production levels by 2050 [30]. A proportional increase compared to today’s natural gas, of which 24% is traded. 

The fact lower volumes will be traded is promising when considering first, only gas pipelines would be suitable as hydrogen would be transported in gaseous form. Second of existing pipelines currently used for gas transport 30% are suitable for pure hydrogen transport [33]. The remaining 70% can transport hydrogen but only at concentrations of 20% of hydrogen mixed with natural gas [44] [55].
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[bookmark: _Ref110357786][bookmark: _Toc192495165]Figure 5: Map of global oil and gas pipelines as of December 2021 [56].
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[bookmark: _Ref115851844][bookmark: _Toc192495166]Figure 6: Map of predicted global hydrogen trade in 2050 by IRENA, assuming optimistic technology developments.
This gives an idea why the true potential of hydrogen cannot be achieved without the option for shipping, which is tied in with the production of hydrogen derivatives like ammonia. Not only does shipping open new unexplored connections between countries, for example energy trade between Australia and Asia, or Latin America and Europe, it creates a truly decentralised energy supply. As changes continue to occur, and new political tensions appear between countries the decentralisation of energy using both pipelines and ships provides the option to choose energy supply based not only on cost but on the ongoing geopolitics of the time. 
[bookmark: _Toc192494998]Hydrogen derivatives
Hydrogen derivatives are much easier and cheaper to transport and store than hydrogen in both gas and liquid form, at distances even below 5000km. This is due to lower cost of energy and lower cost of transport if the commodity is produced in the low-cost location and transported as the commodity itself. This is instead of transporting the hydrogen in its raw form and converting it to the commodity in the importing region [2]. Not only that, but there are already existing economies and trade routes for them to build upon. 

The scope for the use of these hydrogen derivatives is wide, including hydrogen carriers, high demand commodities, and a green alternative to the 200 TWh of Liquefied Natural Gas (LNG) imported into the UK every year. The Northwest of England is ideally placed for a green hydrogen derivative market with mature supply chains already in place in the port of Liverpool handling large quantities of ammonia and methanol along with industry with high demand for hydrogen [57]. Not only does the UK sit ready for import of hydrogen and its derivatives but also to export, with the Northwest being home to the leading blue hydrogen project HyNet Northwest. A project set to be operational in 2025 and deliver one of the lowest cost CO2 transport and storage infrastructure in the UK through the repurposing of onshore and offshore assets. The project is set to deliver 40% of the new national 2020 target for low carbon hydrogen production [57].

Various studies have been conducted into hydrogen derivatives as an alternative energy storage solution. With conclusions drawn on the high expense of the extra conversion steps. Routes which use alternative methods of production, such as electrochemically driven ammonia production, as is practiced in Norway, may prove more promising. However, these technologies are immature compared to those for hydrogen production. Where hydrogen derivatives come to the forefront is cases where it is not possible to store hydrogen underground, and where transportation of power to other regions is limited [4]. Most studies only consider ammonia as a solution to the problem of hydrogen storage and transport, however there is room for further consideration of other alternatives including methanol and methane. 

Both methanol and ammonia are included in hydrogen demand predicted in IRENA’s 2050 scenario. With predictions of ammonia production levels reaching 25 times current levels in 2050, most commonly in the form of a vector for shipping hydrogen [2]. 

The three hydrogen derivatives explored extensively in literature include ammonia, liquid hydrogen and LOHC, explored in this thesis in section 2.1.5.1. Alternative options include methane and methanol, explored in section 2.1.5.2.
[bookmark: _Ref180167480]The current main contenders in literature: ammonia, liquid hydrogen & LOHC
Figure 7, from a study conducted by IRENA, compares ammonia, liquid hydrogen and LOHC for varying project sizes and transport distance. The end use of the ammonia considered in this study was conversion back to hydrogen, an energy intensive, and costly, process. 

This conversion back to hydrogen is the reason for consideration of LOHCs in the IRENA study, commodities which are useful only as hydrogen carriers and not as fuels themselves. This combined with the hydrogenation/dehydrogenation issue and their low technological readiness means for an optimistic scenario of reaching net zero by 2050 this study eliminated the use of LOHC in any capacity [42]. 
Liquid hydrogen has been discussed previously, including the high energy intensity of the process of liquefaction, the issues with storage and the high potential for boil-off. The use of liquid hydrogen is shown to be quite limited in Figure 7. 

The key hydrogen derivative from Figure 7, and the one explored most heavily in literature, is ammonia [42]. 
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[bookmark: _Ref115859721][bookmark: _Toc192495167]Figure 7: Output of study comparing liquid hydrogen, ammonia and LOHC for varying transport distance and project size.
The world is already set up for the trade of ammonia, with over 120 ports already having ammonia infrastructure and 10% of current global production already traded [42]. There are 170 ships in operation that carry ammonia as cargo. This is before noting the potential for ammonia shipping in existing Liquefied Petroleum Gas (LPG) and LNG carriers. There are currently 1100 LPG carriers around the world with the potential to carry ammonia at around 3.5 times higher than equivalent energy as conventional fossil fuels. For LNG the value sits at 90% higher [42]. 

Ammonia transport is most efficient in the long term if ammonia is used directly at the sink, instead of reconversion to hydrogen. If pure hydrogen is needed, then liquid hydrogen has the potential to become the cheapest shipping method. This is due to ammonia reconversion leading to high energy losses, losses which increase with the purity of hydrogen required and the poisoning characteristics of ammonia in PEM fuel cells [54]. 

The reconversion of ammonia to hydrogen is, however, not necessary. The existing market for ammonia sits at 183 million Mt per year, with an expected growth of up to 600 Mt by 2050 [42]. Ammonia, and other hydrogen derivatives, can be used directly to reduce overall energy consumption, and eliminate the costly conversion step back to hydrogen, an advantage over liquid hydrogen and LOHC. 

Another notable use is as a fuel to power the offshore wind farm facilities set up to produce the hydrogen. By powering the equipment needed for hydrogen production, ammonia provides an easy to store energy storage solution for when the wind farm is under producing due to issues such as low winds or maintenance needs. This could take the form of subsea storage tanks of ammonia laced with green hydrogen. Not only does this provide an easy to store option but potentially reduces the certification costs of an offshore hydrogen facility by half due to the long-standing technical expertise and history of handling of ammonia over hydrogen.  

A negative in the consideration of ammonia as a synthetic fuel is the high toxicity of ammonia as well as the emissions when burnt as a fuel. Emissions from burning ammonia include the production of nitrous oxide (NOx). NOx lasts around 114 years in the atmosphere, is an ozone depleting substance and is a highly potent greenhouse gas with a heating potential 300 times that of CO2 [58]. However, there are proven methods to reduce the amount of NOx produced, such as using a selective catalytic reduction device which are 95% efficient. These devices can reduce the emissions to 2.1 ppm, below even the most stringent limits of 10 ppm currently in place [59].
[bookmark: _Ref180167493]Alternative hydrogen derivatives: methanol and methane
Alternatives to the current hydrogen derivatives contenders in literature, include methanol and methane. Green methanol, derived from green hydrogen, has the potential to be a clean fuel closest in similarity to what is used today, being both liquid at room temperature and similar in use in a combustion engine. This similarity extends to methane, the main constituent of natural gas, and means these are the easiest synthetic fuels to integrate into all parts of industry where fossil fuels require a clean alternative. In addition to this, methanol is a high demand commodity in the chemical industry, used in the methanol-to-olefin process that makes most plastics [60]. Producing methanol in a clean, renewable way would help to decarbonise another hard-to-decarbonise industry. 

The reason for the lack of consideration of methanol and methane in literature is the CO and CO2 emissions when these fuels are burnt. Unlike NOx and ammonia, CO2 is a final product of combustion and therefore cannot be avoided through changing the combustion chemistry. However, the formation of these fuels involves the capture of CO2 either from the atmosphere or from flue gas. Thus, making the fuels potentially net zero. 

Considering cradle-to-grave emissions for green methanol, the total emissions without carbon capture of the final burnt product amounts to 2 g CO2 per MJ of methanol, compared to 91.5 g CO2 emitted from methanol derived from natural gas [61]. This includes the capture of 68.4 g CO2 per MJ of methanol and the emissions when burnt of 69 g of CO2 per MJ [62]. Additionally, methanol is a clean burning fuel, having a higher-octane number than gasoline thus resulting in greater efficiency of combustion [63]. This means upon burning there is no emission of NOx or sulphur dioxides, along with very low emissions of particulates. A similar comparison is more complicated for methane, being a potent greenhouse gas itself emissions from the loss of any methane in storage and transport must also be considered, thus emissions for methane is an area that requires further study. 

Even with the lack of focus of these two carbon-based fuels in literature production of green methane from green hydrogen is already becoming an industrial reality. Tokyo Gas, Japan’s top city gas supplier, is leading the way with a pilot programme for methanation using green hydrogen that began in March 2023 [64]. This project aims to replace 1% of the city’s gas volume with synthetic green methane by 2030 and set up a global supply chain with companies in Malaysia, North America, and Australia [64]. 
 Use of hydrogen and its derivates as fuel for transport 
A key option for use of these hydrogen derivatives is as a transport fuel to power traditional vehicles in an internal combustion engine. Synthetic fuels are a promising option as when produced from hydrogen they are of significantly higher quality, than their oil refined counterparts hence during combustion they produce a cleaner fuel [65].
These fuels would, in theory, be exempt from the carbon tax placed on petrol and diesel engines in the UK due to either the lack of CO2 production when combusted (ammonia) or the capture of CO2 in their production (methane and methanol) [23]. Thus, not only do synthetic fuels allow greater diversification of the use of clean fuel, but there are also policies already in place which could work to incentivise their use. 

The suitability of hydrogen and its derivatives as transport fuel depends significantly on the energy density and specific energy of each. The different energy densities of hydrogen, the derivatives considered in this thesis, and their fossil fuel transport fuel counterparts are visualised in Figure 8. 

Using hydrogen as a fuel requires a fuel cell or an internal combustion engine. Fuel cells are an expensive sector to scale up whereas combustion of hydrogen has its own challenges, most notably material as well as the challenges of combusting a cryogenically stored fuel. Additionally, this storage of hydrogen is energy intensive and requires a lot of space, less so than a battery, but falling far behind classic fuels when it comes to volumetric density. Notably, hydrogen having the highest energy density gravimetrically, means weight concerns are often not an issue. 
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[bookmark: _Ref189837694][bookmark: _Toc192495168]Figure 8: Graph of volumetric energy density against gravimetric energy density for key fuels considered in this thesis [Own work]. 
Key areas for transport considered here include road transport (cars and trucks), trains, shipping, and air travel.
Road transport – cars and trucks 
For passenger cars batteries have so far dominated over fuel cells. Most big-name car companies have begun the roll out of an electric fleet, and many, such as Volkswagen and GM, have released statements on fuel cells in vehicles being an unrealistic option [66]. However, others, like BMW and Toyota, are still dragging their feet when it comes to electric, thinking the electrification of cars will take longer than expected, the slow charge up time will limit its take-up, and fuel cells provide the same flexibility and availability as conventional cars [67]. This consideration applies especially to remote regions or less developed countries who will struggle more with the roll out of the necessary infrastructure [30]. This is especially the case when considering commercial vehicles compared to passenger cars. 

This is where fuels like methanol come to the forefront. Methanol being a relatively clean burning fuel, in that it has none of the particulates you get when combusting gasoline, means it is already used in gasoline blends around the world to create a cost effective and cleaner burning fuel. This blend can be low (3-5%), mid (15-30%) or high (over 50%), with pure methanol fuel (dubbed M100) currently being rolled out in China to comply with strict air quality standards [68]. Use of methanol in Otto engines is already proven at concentrations up to M85 and M100 in both Brazil and Sweden [63]. Carbon Recycling International, a green methanol producing plant in Iceland has its own fleet of VulcanolTM powered cars powered by methanol sourced from geothermal energy[63]. Methanol allows the use of the traditional internal combustion engine currently used in today’s vehicles and it’s associated infrastructure. The downside is the lower energy density of methanol compared to gasoline, shown in its low vertical position in Figure 8 compared to gasoline. Thus, larger volumes of fuel are needed to go the same distance.
Trains
For trains the logical choice is a mix of electrification and hydrogen. Electrification works for train hubs and short distances but with the huge capital investment required for overhead cabling, the difficulty in recharging batteries, and the limited acceleration and range expected from industry and passenger trains, hydrogen has a big role to play, especially in areas with infrequent timetables [30]. Hydrogen provides a lower noise alternative, can be retrofitted to many train types, and requires a relatively small number of refuelling points. The hydrogen powered Coradia iLint train offered by Alstom on the German rail system has a fully fuelled range of 1000 km, with refuelling taking 20 minutes, and a top speed of 140 km per hour [30].
Shipping
The shipping industry is a key area for decarbonisation, contributing to around 3% of global emissions, with 80% of the worlds traded goods transported by ship. There is potential for batteries to be used for short distance shipping, for example ferries. These short distance fully electric vessels are already commercialised with the first, MF Ampère which runs between Lavik and Oppedal on the west coast of Norway, in service since 2015 [69]. As of June 2020, 16 electric vessels are in operation with 29 more planned before 2023. 

However, batteries have limited use for decarbonisation of long-range large vessels. This comes down to specific energy and energy density, with lithium-ion batteries sitting in Figure 8 as one of the furthest down for both compared to marine fuel near the top. A study done by US Sandia National Laboratory shows for most ship types the required space and mass of the battery would be impossible to fit even for a single one-way voyage [69]. On top of this the required charging infrastructure at each port would add a significant challenge both in technological readiness and capital cost. Therefore, for most long distance travels a high energy density liquid fuel that can be transported both safely and efficiently is needed [30]. 

The options for this fuel include ammonia, methanol, or liquid hydrogen. Of these three methanol stands out with the transition for ships to synthetic methanol proving undemanding using conventional vessels and existing infrastructure [30]. 

One example that shows the difference in technological readiness, is comparison of efficiency between ammonia and methanol combustion gas turbines is relatively unknown due to a lack of large-scale pure ammonia engines in operation. This is due to the technical problems of creating an engine that combusts ammonia effectively without the addition of fossil fuels [30]. 

A final area of note is safety, with both ammonia and liquid hydrogen having key safety concerns which are not yet fully understood. For liquid hydrogen, the behaviour of hydrogen is difficult to model and prevention of explosions from leaking gas is a key concern, large amounts of testing over many years will be needed [30]. For ammonia a key concern is toxicity, ammonia has a much higher toxicity than methanol, with a toxicity threshold of 30-300ppm, compared to 50,000 ppm for methanol [70]. One study conducted into assessing hydrogen derivatives to be used as shipping fuels labels ammonia as having intolerable risk in the event of grounding or collision leading to hull breaches, damage to cargo equipment and leaks during bunkering [71]. Of potential clean fuels derived from hydrogen, methanol poses the least overall risk. 

With ships having lifetimes of 20-25 years, and the aim of many shipping industries to reach net zero by 2040 net-zero solutions need to be implemented today. Today, dual fuelled ships, of both methanol and conventional shipping fuel are available[70] [72]. The main reason these are not entirely fuelled by methanol is lack of supply of green methanol [30]. The key fact to consider is methanol ships are available today, whereas ammonia and liquid hydrogen alternatives are almost a decade away [30]. The one issue in methanol for ships is once again the low gravimetric and volumetric energy density of methanol compared to marine fuel used today, as shown in Figure 8, again meaning more space and a greater proportion of weight needing to be dedicated to fuel.
Air-travel
Air transport contributes to 2-3% of world emissions and is one of the most difficult sectors to decarbonise with the issue of a sufficiently energy dense fuel comping to the forefront in this sector [30]. Weight on an aircraft is pricey, and space is limited. Batteries and hydrogen fuel cells again work for short distances but with larger airplanes and longer flights low-carbon liquid replacements are needed as both batteries and hydrogen, even in liquid form, take up too much space per unit of energy. Considering Figure 8 even methanol sits far below the extremely energy dense aviation fuels used today.  

Sourcing these low carbon fuels from biological sources is an option that can be implemented quickly, using biological synthetic aviation fuel (SAFs); however, it is expected this could only meet 5.5% of EU 2030 aviation consumption demand [30]. The alternative is the high cost, energy intensive conversion of hydrogen to hydrocarbon mixtures to produce SAFs on the level of fossil fuel derived aviation fuels using the power to liquid process of electrolysed hydrogen combined with captured carbon. One tonne of aviation fuel requires 290 kg of hydrogen and 3.11 tonnes of CO2, amounting to 40 million tonnes per year of hydrogen to meet today’s civil aviation demands. Using fossil fuel cost trends over the last decade puts SAFs at twice that of conventional, though again due to recent spikes the two are currently equal, but this won’t last forever [30]. Although cost is a barrier, SAFs seem to be becoming the route for aviation with government mandates currently in place for the promotion of their use with Nordic countries targeting 30% SAF usage by 2030 [30]. 
[bookmark: _Toc192494999]Conclusion
Hydrogen is a promising energy vector for the future that may have a significant role to play in the build-up to a Net Zero 2050. Including not only hydrogen but also hydrogen derivatives mean the trade of hydrogen can go from regional to global and allows decarbonisation to reach key sectors of the transport industry as well as chemical industries. Overall, these derivatives provide a green alternative to aid in the transition of the world from fossil fuels to a world powered at the root by renewable energy.

To produce hydrogen on the levels needed for this Net Zero future requires an increase in renewable energy production levels and the potential dedication of renewable energy farms to this production of green synthetic fuels. This final option brings with it certain challenges, the fundamental of which is the variability of renewable energy. This variability is the reason why such large-scale energy storage such as hydrogen is needed in the first place, as previously discussed. However, the problem truly comes to the forefront when suggesting the linking up of production equipment like electrolysers, which operate best using a steady supply of energy, to a renewable energy source that may turn off suddenly due to cloud cover or a drop in wind. 
[bookmark: _Toc192495000]The renewable energy variability problem
The variability of wind energy places a lot of stress on the transmission infrastructure used to connect this supply with demand. This is exacerbated, in the UK and many other countries, by the geographical placement of these renewable energy production units. In the UK high wind speeds tend to be in rural areas, or offshore, where the point of common connection to the grid is often in areas with historically small populations. Small populations correspond to an existing grid infrastructure not capable of handling the increase in transmission requirements when a new wind farm is built and integrated into the local grid leading to the potential for exceeding transmission limits [73]. Transmission limits exist as above these limits the system frequency would breach operational limits and create interconnection problems [74]. In the UK, a greater geographical split occurs with most offshore farms being in the north, and greatest demand being in the south [75]. Scotland will regularly produce an excess of wind energy that exceeds local demand and the transmission capacity limits of the transmission lines which can transfer the excess energy to England [76]. The current implemented control method for this case, to avoid the overloading of transmission lines with excess energy, is to not generate the energy in the first place which means the wind farms are turned off pre-emptively. This is called curtailment. 

Curtailment not only wastes available energy, but it also adds extra cost for the consumer.  This is because when a wind farm turns off due to curtailment instead of paying the grid to turn off, as is what is done for normal fossil fuels as they save on fuel costs, the grid must pay the wind farms. This is because wind farms do not pay for their fuel, hence they lose revenue from selling energy to the grid as well as subsidies granted to renewables when they supply power to the grid [76]. Fossil fuel powered plants save on fuel when they turn off, hence they do not require compensation from the grid. The cost of this compensation is rising as penetration of wind into the UK grid increases, shown in Figure 9 [77]. This model may seem counterintuitive, but it reduces the risk involved in the initial investment of the construction of a wind farm. 
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[bookmark: _Ref95923589][bookmark: _Toc192495169]Figure 9: Comparison of total cost of curtailment on the right y axis compared to increasing wind energy output on the left y axis from 2010 to 2021.
There is conflicting consensus in literature as to the importance of this unutilised energy. This is partly as the issue of curtailment varies greatly by country, depending on transmission line distribution, transmission capacity between regions, the types of renewable predominantly used and the prime location for these renewables. To visualise the range of differences a summary of an assessment done on curtailment in 11 different countries is shown in Table 1 [78]. There are a few things to note from this table, first the curtailment % spans from as low as 0.04% for Japan in 2019 up to 15.85% for China in 2019, additionally the curtailment % increases by year for all 11 countries, the largest difference being Japan going from 0.04% in 2018 to 0.47% in 2019. 
[bookmark: _Ref104198597][bookmark: _Toc192495111]Table 1: Table showing Variable Renewable Energy (VRE) penetration, curtailment, and curtailment classification in 11 different countries/regions around the world.
	Country/
Region
	Data Period
	VRE penetration (%)
	VRE Curtailment (GWh)
	Curtailment %
	Classification of Curtailment Situation

	Japan
	2018 (Jan-Dec)
	7.2
	23
	0.04
	Green and stable

	
	2019 (Jan-Nov)
	8.3
	311
	0.47
	

	USA
	2018 (Jan-Dec)
	8.6
	7171
	1.96
	NA

	
	2019 (Jan-Dec)
	8.9
	NA
	NA
	

	California
	2018 (Jan-Dec)
	14.1
	461
	1.19
	Yellow and stable

	
	2019 (Jan-Aug)
	18.4
	961
	1.98
	

	Ireland
	2017 (Jan-Dec)
	28.8
	151
	2.03
	Yellow and deteriorating

	
	2018 (Jan-Dec)
	29.5
	293
	3.46
	

	Denmark
	2017 (Jan-Dec)
	49.6
	884
	5.69
	Yellow and stable

	
	2018 (Jan-Dec)
	44.3
	840
	5.66
	

	Spain
	2017 (Jan-Dec)
	24.6
	772
	1.34
	Green and stable

	
	2018 (Jan-Dec)
	22.6
	755
	1.29
	

	Germany
	2017 (Jan-Dec)
	28.0
	5956
	4.10
	Yellow and stable

	
	2018 (Jan-Dec)
	27.3
	6158
	3.90
	

	Italy
	2017 (Jan-Dec)
	14.4
	2384
	5.66
	Yellow and improving

	
	2018 (Jan-Dec)
	12.7
	2360
	5.88
	

	China *
	2018 (Jan-Dec)
	7.8
	78400
	14.45
	Red and deteriorating

	
	2019 (Jan-Dec)
	8.7
	99800
	15.85
	


* China’s curtailment data is not found from curtailment data as this is not available, instead curtailment is calculated as a difference between total generation and total consumption.
As can be seen in Table 1 China has the biggest problem with the proportion of rejected wind. The reasons behind these are complicated. They may be mostly due to problems with transmission throughout the country, but factors such as energy policy also come into play, as they do for all countries from carbon tax through to reducing the cost for the consumer. Nevertheless, wind rejection is considered the biggest barrier to the development of wind energy in China [79]. The solution proposed by this study is development of infrastructure including increasing both energy storage and transmission line capacity.

Curtailment is a natural consequence of a grid converting from a consistent, non-variable fossil fuel supply to that of a variable renewable supply. However, the debate on whether curtailment is a problem and what to do with this unused energy is still ongoing. Some sources estimated the level of energy available from curtailment is not sufficient to justify energy storage, with hydrogen produced from current curtailed energy levels insufficient to replace even half a percentage of UK domestic natural gas use [29]. Other sources would disagree, one that is sourced consistently in literature is the Renewable Energy Foundation (REF), a charity claiming to be dedicated to the sustainable development of renewable energy technologies. The key focus of their work is highlighting the cost of wind farm constraints in the UK. Their research shows that in 2019 £139 million was spent on constraint payments solely for onshore wind farms, with 1.9 TWh of energy discarded, enough energy to power around 50,000 UK homes [80]. Papers from more reliable sources have estimated 20-40% of all balancing costs in the UK are for constraint payments for all types of renewables including both onshore and offshore, with balancing costs estimated at £1 billion this puts constraint payments at £200 to £400 million [76]. Curtailment is clearly expensive and is expected to increase with further renewable integration with one worst-case scenario estimating curtailment could reduce wind penetration potential from 53% to 43% and cost £1.8 billion [81].

These conflicting estimations are due to a lack of data available on curtailment levels in the UK. The only UK database which breaks down total curtailment is one created by REF. The way REF sources this data is through the payments given to wind turbines when balancing out energy supply. This is done using data from ELEXON the company who manages the Balancing and Settlement Code for the UK. However, the process for how payment amounts are estimated is unclear, as well as the exact detail of what payments technically cover. To determine what is being measured in this data there must first be an understanding as to what these payments are for. This requires an understanding of the mechanisms behind trading energy on the grid for both traditional fossil fuel powered plants as well as renewable energy plants. 
[bookmark: _Toc107231315][bookmark: _Toc192495001]Trading on the Great Britain electrical grid
To begin this assessment, it is first worth noting the UK grid is not a whole unity. Great Britain has a separate electricity grid to Northern Ireland who operates on the Irish Single Electricity Market, the trading detailed here is for the Great Britain (GB) grid specifically.

The transportation network for electricity in GB is made up of two main systems the Transmission Network (TN) and the Distribution Network (DN). The TN is high voltage and is the means of transmission of electricity across the country with large generation and demand connecting directly to it. The DN is a collation of networks that distributes energy from the TN to smaller suppliers and generators such as homes, factories, and small-scale generators set in 14 geographical locations each owned by a Distribution Network Operator [82]. 

The GB electricity market consists of customers, suppliers, and organisations with no physical demand for electricity or means to generate electricity who trade electricity, referred to as banks. The balance of the grid connecting supply to demand must be constantly maintained with electricity traded instantaneously in real-time to ensure demand meets supply [83]. This process is technically continuous but is broken down into half hour sections called Settlement Periods (SP). Within these periods generators supply electricity to the grid and suppliers distribute it, at volumes agreed to in contracts prior to the start of the SP. These contracts specify the price per unit delivered and can be made years in advance. Often the baseload demand is traded long in advance and then as the SP approaches and more data forecasting both demand and supply become available, such as weather forecast, the additional contracts are made to fully match supply to demand [82]. 

There is, however, plenty of room for error. Error in forecasting demand can mean generators are unable to meet contracted volumes, this can be exacerbated by issues in the transport of electricity. These issues are addressed by the Electricity System Operator (ESO) using the Balancing Mechanism, a process of sorting imbalances to ensure demand always meets supply [82]. The process in which the balances are determined are done using Bids and Offers. A Bid is a proposal where the generator pays the grid to reduce supply, or the supplier pays the grid to increase demand. An Offer is a proposal where the generator is paid to increase supply, or the supplier is paid to reduce demand. The price of these Bids and Offers are set by the party who is offering them. Therefore, the ESO, which is the National Grid in Great Britain, will accept Bids or Offers depending on the nature of the imbalance to ensure supply fits demand [82]. Bids and Offers form the core part of balancing. There are other balancing mechanisms the system can employ including balancing services such as reactive power, and the Trans-European Replacement Reserves. The balancing mechanism chosen by the ESO is based on a multifaceted consideration of costs, the systems technical limitations, and the ramp-up rate of the plant (how quickly the energy can be supplied) [82].

After the settlement period the contracted volumes and the actual volumes supplied/used are reviewed. If suppliers overuse or generators under supply, they must buy the additional electricity from the grid, alternatively if suppliers under use or generators over supply, they must sell the additional electricity to the grid. This is the set process in place for fossil fuel energy trading but for renewables there are slight differences due to the intermittency adding greater uncertainty and the fact renewable suppliers do not buy their fuel.  

This means when a traditional generator such as a coal-fired plant submits a bid to reduce supply they are positive bids, where payment is made to the grid, as the coal plant saves cost by not generating energy [82]. Wind farms and other renewables such as solar however submit negative bids to compensate them for lost revenue and loss of benefits such as Renewable Obligation Certificates (ROCs) where renewable energy suppliers are rewarded financially for each MWh they contribute to the grid [82]. These are the constraint payments reported by REF.

Based on data from ELEXON, farms make a comparative profit from turning off, receiving an average of GBP 70 per MWh to switch off compared to the average GBP 40 per MWh they get to produce electricity [73]. This has occurred despite the introduction of new legislation called the Transmission Constraint Licence Condition Legislation, introduced in July 2017, which sets limits on the price generators can set to turn off and incurs financial penalties for excessive Bids [84][85]. This has led to a reduction in prices paid to wind farms, but the problem persists [86]. This mechanism seems to suggest that it is more profitable for wind farms to remain off, however switching off is only profitable when the grid is at capacity and the wind farm will not be compensated for switching off when wind farm energy production is needed. In addition, the cost for renewable energy suppliers to generate energy is low, and with the added incentive of ROCs suppliers want to export as much energy into the grid as they can [86]. 

These payments to wind farms are the basis for the REF database estimation of curtailment levels in GB. However, these payments cannot be directly correlated to levels of curtailment as what exactly wind farms are being paid for is a bit more complicated. To being with around one third of current wind farm capacity is connected to the low voltage DN and as such, the generators are termed Embedded Generation, the output from which is not recorded. This is because Embedded Generation is a black box to the ESO, without the detail of individual contributions, and therefore no way to distinguish a turned off wind farm from an increase in demand. Therefore, under the Balancing Mechanism these wind farms are not paid for curtailment and must accept this as a risk, in return for benefitting from a lower cost connection to the DN [75]. This comprises 270 wind farms as of 2019 [87].  

The remaining two thirds of capacity is connected to the high voltage TN. These form the high-capacity wind farms, including offshore wind farms, and as of August 2017, consisted of 82 farms [87]. These farms take part in the Balancing Mechanism, meaning their output is recorded and they are compensated for curtailment [75]. The constraint payments recorded on the REF website and the consequent estimates for amount of energy constrained are based entirely on these Balancing Mechanism payments. What these payments cover varies between individual wind farms being dependent on wind farms Power Purchase Agreement, as well as Contracts for Difference and Feed in Tariffs. 
[bookmark: _Toc107231317]Power Purchase Agreements (PPAs)
When a wind farm is first commissioned, one of the most important steps is securing a Power Purchase Agreement (PPA) with a purchaser. This can be done through an intermediate buyer or directly with an electricity supplier. Usually lasting around 15 years, this contract sets out the commercial side of the sale of electricity produced by the wind farm and includes commitments on the operation date of the wind farm, electricity delivery schedules, penalties for under supplying targets, terms of payment and how to terminate such an agreement [88]. 

Concerning curtailment, most PPAs require all the energy produced by the wind farm to be sold to the buyer. If the wind is curtailed whether the wind farm is paid for switching off depends on the agreement. In some PPAs the purchaser pays for all curtailment no matter what the reason, in others the purchaser pays depending on the reason for curtailment, and will not pay in the case of emergency, circumstances which prevent supply outside of the control of the parties involved, or an event which has resulted in damage to the transmission system [89]. These details vary between wind farm and are not open to the public as they are classified as commercially sensitive. 

The best estimate of how these PPAs work is therefore the fall-back contract provided by the UK government as a form of last resort for wind farm operators to encourage competitive PPAs. Within this agreement it sets out that curtailed energy is paid for entirely by the purchaser [90]. Within this PPA the amount of curtailment paid is calculated through determining the capacity that the wind farm would have produced based on wind data recorded at the site of the wind farm, as well as any schemes the wind farm would have benefited from, such as ROCs [89]. However, even assuming this same policy is applied in all independent PPAs the mechanisms behind how wind farms are paid in the UK does not stop here. 
[bookmark: _Toc107231318]Contracts for Difference (CfDs)
CfDs are the main investment scheme implemented by the UK government in its support towards increasing the proportion of renewables with low cost to bill payers [91]. These contracts give a fixed price per MWh generated and therefore negate the risk of implementing a high upfront cost project with a long lifetime. Thus, these contracts protect from changing wholesale prices and from payment of high support costs when electricity prices rise [92]. 

The CfD is a contract between the electricity generator and the government-owned Low Carbon Contracts Company (LCCC) that lasts 15 years. CfDs are given out through competitive auctions held in successive rounds [92]. A budget is set as well as, a new addition as of the fourth round, a cap on total capacity. Companies put in bids as to the capacity of the project and the price they want to be paid per MWh, called the strike price, whose function in the CfD is visualised Figure 10 [91] [92]. The way it works is the strike price is compared to the reference price (the market price for the energy). If the reference price exceeds the strike price the difference is paid back to the LCCC by the generator [91]. Whereas if the reference price is below the strike price the generators are paid the difference. 
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[bookmark: _Ref95915078][bookmark: _Toc192495170]Figure 10: A graph showing changing electricity price and how, when a company participates in CfDs, it affects the payments between a renewable generating company such as a wind farm and the LCCC.
[bookmark: _Toc107231319]Feed in Tariffs (FIT)
The FIT scheme is another government incentive brought in on the 1st of April 2010 to promote the growth of renewables. The scheme pays any renewable company, who is accepted as an applicant, in quarterly instalments for the electricity generated [93]. These payments are made by the energy supplier and depend on meter readings submitted to the energy supplier. The policy and tariff rates of the FIT are set by the Department for Business, Energy, and Industrial Strategy. As of the 1st of April 2019, the FIT scheme stopped taking new applicants, with those who signed up before it closed continuing to receive payments [93]. 
[bookmark: _Toc192495002] Conclusion
Overall, the mechanisms behind how wind farms are paid are complicated and vary depending on the PPA agreement made by the wind farm, as well as any government schemes the farm may be involved with. It is therefore not possible to determine from payments alone both how much energy wind farms currently produce and how much each wind farm is curtailed. Thus, work is required to fully understand the levels of curtailment experienced in the UK. The reason for this is to understand its impact, this is with two aims in mind. First to understand the suitability of the use of energy storage to mitigate curtailment, by capturing the energy produced when the grid is at capacity. Secondly to understand the range of variability of energy output of UK wind farms and thus their suitability for linking with synthetic fuel production plants. 

These curtailment levels are explored in Chapter 3 of this thesis with the link to hydrogen production and synthetic fuel production explored further in Chapter 4. This work involves detailed analysis of production routes for the synthetic fuels explored in this thesis. Therefore, to aid this work and identify gaps the literature into chemical energy storage in the form of synthetic fuel production in an offshore environment is explored further in the next section of this literature review.  
[bookmark: _Toc192495003]Synthetic fuel production in an offshore environment
In this thesis when assessing synthetic fuels, they are considered not as an energy storage medium but as energy vectors. This means the fuels are considered as final products themselves and not including conversion back to electricity nor, for further downstream products (i.e., ammonia, methanol, and methane), conversion back to hydrogen. The reason for this includes the extremely reduced efficiency with the high energy consumption, for conversion back to electricity. The option of converting downstream products to hydrogen is also not considered due to both the energy efficiency loss as well as the loss of hydrogen purity, with purity of hydrogen from electrolysers at 99.999% whereas hydrogen produced from methane is 90-92% and that of methanol and ammonia around 99.99% [65].  Demand for these fuels is considered sufficient to justify their production. This allows the greater range of end uses to widen beyond their use as electricity and to a greater range of final energy consumption, from transport to industry.  

The key benefit of the production of these synthetic fuels is the fact they can be stored and transported using existing infrastructure. The North Sea has great potential for low-carbon power due to its large area, the already existing infrastructure, and a ready trained highly skilled workforce [94]. Currently the North Sea contains many natural gas offshore assets including 600 platforms, 5000 production wells and 10,000 km of pipeline [95]. Decommission and clean-up costs for this equipment are estimated at 28-39 billion euros [95]. 

An alternative option of re-using this infrastructure imagines the fitting of 3.6 GW of electrolysers on offshore oil and gas infrastructure with such a move estimated to lead to hydrogen production of 19 TWh, around 2% of Europe’s total hydrogen demand for transport in 2050. However, the cost estimates for such a scenario are high[96].

Hydrogen use in existing infrastructure is promising, as previously discussed. This extends to hydrogen derivatives, with methane suitable for direct injection into the natural gas infrastructure making use of the billions of pounds which have been invested into building these pipelines. Methanol and ammonia are best transported as liquids, thus cannot use gas infrastructure, but can use oil infrastructure as well as existing LNG tankers to transport fuel from the site of offshore production to land. Finally, old oil and gas processing platforms could be used to produce these synthetic fuels in situ on the wind farms, the need for this depending on the specific wind farm location, notably the suitability of transport, of either electricity or hydrogen, to land, compared to ship tankers of synthetic fuel. 

Which transport of energy from offshore farms to land is most suitable economically depends on the distance of the wind farm from shore. It is readily agreed in literature that at close distance to shore, electrical cables are the most suitable, as distance increases hydrogen gas pipelines come out on top. Beyond a certain limit however transport using tankers or using liquid pipelines become the most economically viable, as previously discussed. However, depending on the case study explored, different conclusions are drawn as to what the exact distances of these limits are. Considering solely cost of pipeline transmission, for transmissions exceeding 1000 miles hydrogen pipelines are up to 8 times cheaper than electrical transmission cables, natural gas pipelines are up to 11 times cheaper and liquid fuel pipelines are up to 20-50 times cheaper [43]. This is essentially because of the lower carrying capacity of electrical transmission lines [43].

At distances closer to shore, one paper performs a techno-economic assessment based entirely on cost and concludes for distances up to 12.4 km electrical cables have the most benefits [97]. However, beyond this and up to distances of 53.5km pipelines are the most economical, as although the cost is higher the energy transmission capacity of pipelines is higher than electrical cables [97]. Adding to this the transport of gas through pipelines suffers much smaller losses of around 0.1% compared to the high losses in electrical cables of 5% [98]. For distances beyond 53.5 km shipping becomes the most economically favourable, and cost effective, option. 

This limit as to when shipping becomes more economically viable is inconsistently reported. Previously the value was put at a range of 2000 to 7000 km [54]. Alternatively, one techno-economic assessment concludes that only over distances of 150-250 km from shore does hydrogen transport using vessels or liquid carriers become economically viable [99]. Yet another cost analysis between HVDC and hydrogen pipelines deemed hydrogen pipelines more cost effective at distances larger than 740 km [100]. These discrepancies in results come from different considerations of the means of hydrogen transport, whether it be compressed storage, liquefied, as an LOHC, or as a synthetic fuel, as well as the end use of the stored commodity, for electrification or as a final product. 

The fixation on distance from shore is important as offshore wind farms are increasingly being built further from shore, in 2020 the average distance from shore for the world’s offshore wind farms was 41 km, at water depths of average 27.5m [101]. Firmly in the zone best suited to pipelines or electrification for all considered sources explored. Nevertheless, this may not be the case for long as technology continues to develop. Currently distance from shore is currently limited by water depth, as fixed bottom constructions such as monopiles, which currently make up 63% of worldwide wind structures, are limited to depths of 30 metres, and most often the further from shore the greater the water depth [101]. These limited depths are inhibiting taking full advantage of offshore wind energy, with 80% of Europe’s wind resource in water depths of 60 m and over. This is the reason for a current push for floating farms far offshore, where wind speeds are higher and more reliable [10][102]. Combining floating wind with hydrogen could come together to produce very low-cost hydrogen in the most optimal offshore locations, no matter how remote. For example, the seas off the southern coast of Greenland have the strongest, most constant winds on Earth, called katabatic winds, they blow from the large, elevated ice sheets of Greenland. The potential for wind energy capture from these winds is 3.5 times higher than in the North Sea [10]. If hydrogen or a synthetic fuel were produced in these locations, shipping becomes the desirable option and electric cables become entirely unfeasible. 

Overall, the potential for synthetic fuel production from renewable energy sources is a clear route forward for the clean production of vital fuels to the current world economy. With carbon-based liquid fuels proving ideal for long-term storage with their high density and well-developed infrastructure for transport, storage, and use [103]. The question as to which is most suitable to produce is dependent on many factors. Most importantly the available resources in the area for production as well as the demand for the product. 

The explored option in this thesis is therefore using offshore wind farms to produce hydrogen, which is stored and consumed as a synthetic fuel, and is transported to land either through liquid pipelines or using ship tankers. This production can be done either as an alternative to curtailment or through the dedication of entire wind farms to the production of synthetic fuels.

The next section of this literature review assesses previous research in this area, followed by an overview of the potential routes for production of four fuels, hydrogen, ammonia, methanol, and methane, considering both current commercial standards and future technologies. 
[bookmark: _Toc192495004]Previous research in this area
There are plenty of examples in literature of work done into the combination of renewable energies with the synthesis of synthetic fuels such as hydrogen, methanol, and ammonia. Not only is research available, but this scenario is also close to becoming a reality, with a newly proposed 2GW floating wind farm in Ireland designed for both ammonia and hydrogen production [104].

When it comes to pairing renewables and synthetic fuel production most papers explore the combination of synthetic fuel synthesis with solar energy, including solar artificial islands as visualised in Figure 11 [105]. This is most likely routed in solar being the cheapest of all renewable sources, as well as the thermal nature of solar energy making it suitable for pairing with storage applications requiring a thermal input such as in methanol synthesis [106] [107].
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[bookmark: _Ref100150302][bookmark: _Toc192495171]Figure 11: Artist drawing of artificial floating solar islands coupled with methanol synthesis on existing infrastructure.
Solar is not the only option explored and is most often not explored alone, one paper explores the concept of an onshore wind turbine with inbuilt CO2 capture from air, hydrogen electrolysis and methanol synthesis in the base of the wind turbine itself [108]. 

There is plenty of research into the other renewables pairing with synthetic fuel production, including the already well-developed application of geothermal energy in Iceland to produce VulcanolTM [109]. Another explored different methanol production routes and determined biomass gasification to be the most technologically ready solution with high-cost competitiveness [110]. A much earlier study, conducted in the era when nuclear energy seemed set to become the world’s renewable energy source also highlighted the suitability of nuclear energy to synthesis of synthetic fuels [111]. 

It should be noted that across all these papers which discuss different options for the energy source the overarching opinion is a renewable future built on a hybrid combination of renewable solutions. Exploring each of them is valid, however solar and wind are the two which are most suitable to offshore applications with geothermal, nuclear and biomass having clear geographical restrictions in this area. Offshore wind is the focus here for two reasons, firs the high-capacity factors and falling costs make it ideal for producing low-carbon hydrogen [112]. Second the vast availability of offshore wind energy compared to solar for the UK, the country of focus for this thesis. 

Other studies focus on costs and have positive predictions of electrically produced methanol and ammonia achieving cost parity with their fossil fuel counterparts in 2030 to 2035 in Germany [113]. Other studies support this and even state this could occur earlier with appropriate implementation of CO2 tax credit and decreasing electrolytic hydrogen production cost [114]. 

However, it is not all positive results. One study exploring the economic viability of renewable synthetic fuel production in the North Sea for a 2020 scenario concluded the most economical approach was the generation of electricity with output curtailed when required. The business scenario assessing the dedication of a wind farm entirely to the production of synthetic fuel proved non-profitable for all the synthetic fuels assessed including hydrogen, methane, and methanol [115].  

The barriers which currently stand in the way of building an offshore fuel synthesis plant are many. All the papers which have proposed and simulated any plant powered by renewables and outputting a synthetic fuel, have concluded the same, this process is simply not yet economically viable compared to fossil fuels [94]. 

A key flaw in all these assessments was the lack of consideration of future technological improvements, most notably in the capture of CO2. Importing CO2 through gas pipelines to the farm or capture from raw gas in gas fields with high levels of CO2 is energy intensive and is the main reason behind the higher cost of the production of CO2 derived synthetic fuels. Much like hydrogen production not all existing pipelines are suitable for retrofitting for CO2 transport, with only 30% of existing pipelines suitable [33]. The cost of CO2 transport significantly increases with increasing distance from shore [115]. This is especially important to consider as research previously discussed in this section showed hydrogen and synthetic fuel production becomes more economically attractive the further the distance of the wind farm from shore. Additionally, CO2 sourced from land is usually produced as a by-product from the production of fertiliser, a process powered by natural gas [116]. Soaring natural gas prices have put pressure on these industries and resulted in risk of closure of key CO2 suppliers and a CO2 shortage in the UK since the summer of 2018 [117]. Additionally key future technologies and the potential they open up are not appropriately considered, including for example, future solid oxide electrolysis applications and seawater electrolysis [118]. 

Additionally, none of these studies have conducted the same analysis now with the current rising trend in natural gas prices, as well as the commitment of both the UK and the EU to the phasing out of Russian natural gas. The economics of synthetic fuel production are already drastically changing, previous predictions for green hydrogen suggested it would become economical in 2030, then it became cost effective in 2024. This has a knock-on effect for all the hydrogen derivatives, as shown in Figure 12 for ammonia production costs [24]. It is a stark reality of the variability in the cost of natural gas that green ammonia costs appear as a straight line compared to the constantly fluctuating natural gas prices. 
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[bookmark: _Ref162202790][bookmark: _Toc192495172]Figure 12: Changing price of green ammonia sourced from green hydrogen, compared to grey ammonia sourced from fossil fuels. 
Finally, there is a consistent lack of consideration of multiple fuels against each other with many studies excluding fuels with little justification. Each of the four fuels assessed in this thesis are detailed below covering why they are included, their potential end uses and their synthesis route options. The fuels considered include green hydrogen, renewable ammonia, renewable methanol and renewable methane. 
[bookmark: _Toc192495005]Green hydrogen
As the justification for its inclusion and the uses of hydrogen have been generally explored this section focuses on generation options for green hydrogen from electrolysis.  

There are three main options for hydrogen electrolysis including alkaline electrolysis (AEL), proton exchange membrane electrolysis (PEM) and solid oxide electrolysis (SOEC), of which there are two forms, the normal method, and the proton-permeable membrane method. It should be noted here that all four electrolysis units produce both hydrogen and high purity, greater than 99.2%, oxygen [65].  These four electrolysis processes are pictured in Figure 13 [119], and described in the following sections.  
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[bookmark: _Ref116558194][bookmark: _Toc192495173]Figure 13: Images of four types of electrolyser technologies.
Alkaline Electrolysis (AEL)
The AEL, pictured in Figure 13a, is made up of two electrodes, a mild steel cathode and a nickel anode, immersed in a 20-30% alkaline electrolyte, usually potassium hydroxide (KOH), and separated by a diaphragm. The cell is operated at temperatures of 70-90C [119]. KOH acts as an ionic conductor, and a DC charge is applied to the cell which stimulates the movement of electrons from the anode to the cathode [120]. The two half reactions that describe the chemistry behind the AEL include the oxidation at the anode, described by Equation 1 and reduction at the cathode described in Equation 2.
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The hydroxide ion is what travels across the diaphragm (included to maintain the product hydrogen and oxygen separate) and through the electrolyte. The electrolyte is continuously recirculated to allow the gas bubbles produced to be removed [65]. 

AEL is the electrolysis process with the highest technological maturity, is highly suitable for large scale capacity, producing up to 500-760 m3 hr-1 of hydrogen, provides a simple set up, and has a higher efficiency than PEM [119]. However, AEL is not suited to the intermittency of renewables due to having a low dynamic response ability, thus requiring the support of an energy storage device such as a battery. This is linked to the relatively long cold start time (10 minutes to an hour) for this technology[65]. Other disadvantages include reduced cell lifetime (due to electrolyte corrosiveness) and low current density, a key characteristic to consider as current density is directly proportional to the rate of hydrogen production [119]. 
Proton Exchange Membrane Electrolysis (PEM)
The PEM, pictured in Figure 13b, is again made up of two electrodes, a titanium-based anode mesh or foam, and a cathode made up of platinum metal nanoparticles supported on high surface area carbon support [119]. These electrodes are mounted on, and separated by, a membrane which allows only the movement of positively charged hydrogen ions (protons) [65]. This membrane in effect acts as a solid electrolyte, allowing a compact design and limited permeation and thus producing higher purity hydrogen than AEL. The process is catalysed by iridium-based oxygen evolution electrocatalysts [119]. The two half reactions describing PEM include Equation 3 at the anode and Equation 4 at the cathode [65]. 
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PEM has the advantage of high purity hydrogen and high current density, with a compact design, flexibility in both scale and configuration, greater suitability to variability than AEL (due to greater resistance to current fluctuations), and the ability to reach full power from cold start-up in minutes [65][119] [121]. However, PEM at commercial scale is currently limited by its catalysts. The anode catalyst, iridium, is a rare earth metal with only a thin layer available in the earth’s crust, the cathodic catalyst, platinum, is both rare and precious, and therefore comes with a high cost [119].  

Solid Oxide Electrolysis (SOE)
SOEs, pictured in two forms in Figure 13c and Figure 13d, are operated at extremely high temperatures of 600 to 1000C [122].  For both systems water is fed into the system as steam, which has been pre-heated to a super-heated state. This feeds into a stack of planar cells which are connected electrically in series. The steam, combined with recycled hydrogen to maintain reduction conditions, are directed to the cathode and partly converted to hydrogen. The water is then removed from the outlet stream through cooling and condensing [122].

The difference between the two forms of SOE lies in the ion-conducting ceramic membrane that sits between the two electrodes, one option is permeable to oxygen ions (Figure 13c), the other hydrogen ions (Figure 13d) [119]. However, hydrogen-ion permeable SOE is very much in its infancy compared to oxygen-ion permeable [119]. Therefore oxygen-ion permeable SOE is the one explored here. The half-cell reactions that define this electrolysis process include Equation 5 at the anode and Equation 6 at the cathode. 
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SOE has great potential to overcome the high energy requirements of both AEL and PEM and achieve higher efficiency hydrogen production [65]. However, this technology is currently still at research stage, and scale and lifetime are proving limited compared to AEL and PEM [119]. SOEs are however especially worth mentioning here due to their potential use for co-electrolysis of CO2 and steam to produce methane [122].
Future electrolysis technology 
The potential for further research into electrolysers revolves around SOEs as well as a novel alkaline anion exchange membrane [123]. An alkaline anion exchange membrane combines the benefits of PEM and alkaline electrolysis into a single unit at a cost lower than that of a PEM. This is again technologically immature and the current major obstacles standing in the way include the development of suitable membranes and electrocatalysts [123]. 
[bookmark: _Toc192495006]Renewable ammonia
Today ammonia is formed from grey hydrogen combined with nitrogen (sourced from the air) to form ammonia through the Haber Bosch process. Ammonia plants run using pure reactants at nearly constant pressure and temperature continuously throughout their lifetime. These plants tend to be designed for production in the range of 250-3000 tonnes per day [40]. 

Green ammonia, produced from green hydrogen, made up 0.5% of worldwide ammonia production in 2017. The first pilot plant for renewable ammonia becoming operational at West Central Research and Outreach centre in Morris, Minnesota as of 2013. This proved an early jump, with the second demonstrator becoming operational in June 2018 at Science & Technology Facilities Council's, Rutherford Appleton Laboratory, Oxfordshire [124].

In 2019, 235 Mt of ammonia was produced, with production accounting for around 1.8% of all global CO2 emissions [125] [126]. 

Current uses for ammonia include fertiliser production, refrigeration, use in explosives as well as in textiles and pharmaceuticals [125]. Ammonia can also be used as a transport fuel through direct combustion, a chemical reaction of oxygen in the air or through using a fuel cell. 

When combusted ammonia produces nitrogen oxides and water. Through the correct handling of nitrogen oxides this can create a sustainable cycle and thus an ammonia economy [127]. This is the preferred alternative to using the ammonia to produce hydrogen or electricity, with efficiency of power to ammonia, where the ammonia is used to produce electricity, between 50-60% including hydrogen and nitrogen production [124]. 

Ammonia has been used for over a century as the basis of a fertiliser and thus the handling and transport is already a mature technology [127]. The challenges associated with ammonia includes the high energy and cost associated with the Haber-Bosch process, and the fact ammonia has a history of altering the global nitrogen cycle resulting in loss in biodiversity, problems with air quality and increased greenhouse gas emissions [125]. 

The Haber Bosch process requires high temperatures and pressures, due to the strong bonds in N2 and H2, nitrogen is bonded by a strong triple bond and although hydrogen only has a single bond it is relatively strong [40]. These high pressures and temperatures result in high capital and operating costs [127]. For this process the key issue for conversion to being powered by renewables is the high level of water demand required when electrolysis is the hydrogen production route. To produce sufficient ammonia for 2016 world consumption (146 million tonnes) this would require 233.6 million tonnes of high purity water per year [126]. 

Considering the high energy and cost associated with Haber-Bosch, an alternative method for ammonia production, the direct electrochemical reduction of nitrogen to ammonia, shown in Equation 7, is a process being actively researched [65][103][127]. 
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This process is in early stages of development and not yet suited for commercial application. With multiple routes available for electrolytic ammonia production there is ample room for research in this area [126].

When it comes to safety concerns, ammonia as a gas is almost the same as air so any leakage dissipates quickly, ammonia is not typically explosive but is harmful and must be handled with care due to being both toxic and caustic at relatively low concentrations [126].

Green ammonia production requires green hydrogen and nitrogen. Hydrogen is sourced from electrolysis, the only green option with high levels of purity suitable for ammonia synthesis, the source of nitrogen is, however, more flexible.
Sourcing Nitrogen 
Nitrogen exists naturally in the environment, constantly exchanged through the nitrogen cycle between organic and inorganic forms, shown in Figure 14 [128]. The two potential sources for nitrogen are therefore from air, and from water. 
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[bookmark: _Ref162207881][bookmark: _Toc192495174]Figure 14: Depiction of the nitrogen cycle ongoing in nature.
From air
The most popular and technologically proven option for sourcing pure nitrogen is capture from air. 78% of air is made up of nitrogen, the rest being 21% oxygen, and 1% argon. These three compounds can be separated based on their different boiling points, N2 at −196 °C, O2 at −183 °C, and Ar at −186 °C [65]. 

The nitrogen air capture technology currently used in industry is the thermal process of cryogenic air separation, used commercially since 1895 and making up 65-70% of total nitrogen production [129]. Cryogenic separation is a specialised fractional distillation technique, a complex process requiring multiple components and fluid flows [130]. The process functions by first compressing and cooling air to remove water vapour, then contaminants are removed through a series of distillation columns to produce high purity nitrogen. 

Alternative options are mostly mechanical processes, named as such as they exploit the different physical properties of the gases that make up air [131]. These include pressure swing adsorption and membrane separation. 

Pressure swing adsorption uses a molecular carbon sieve to adsorb and desorb preferential contaminants, such as oxygen. Adsorption traps these impurities, producing nitrogen gas which is then stored. The process continues until the molecular sieve is saturated, at this point desorption takes place, releasing the trapped impurities and regenerating the material for adsorption [131]. 

Membrane separation is based on selective gas permeation, the membrane itself is made up of thousands of hollow fibres which increase surface area and separates gases based on characteristic permeation rate [129]. The process, like cryogenic separation, pulls in atmospheric air, compresses it, and passes it through filters before the membrane process. The membrane process itself is a high efficiency filter followed by exposure of the gas to a carbon scrubber and thus producing a nitrogen rich gas, with a purity of 95-99.9% achieved depending on feed purity, available differential partial pressure, and desired recovery level [129]. 
From water
Literature on nitrogen removal from water focuses on exploring the natural processes behind the nitrogen cycle. For seawater, nitrogen makes up 62.6% of the gases dissolved in it, with higher concentrations on the sea floor, particularly in organic rich continental margin sediments [132]. This gas has potential to be removed using membrane technology [133]. The benefit of this over air separation could be reduced energy consumption through harnessing the natural flow of the seawater. There is currently little to no work on nitrogen sourcing from seawater. However, other water sources have employed methods for nitrogen extraction (necessary for treating wastewater), these sources could be used or the methods read across to seawater. 

Methods include nitrification, denitrification, anaerobic ammonium oxidation, bio electrochemical systems and microalgal growth for nitrogen recovery. Overall, wastewater treatment typically consists of a biological process, requiring high cost and high energy consumption levels to convert nitrogen compounds into nitrogen gas [134] [135]
[bookmark: _Toc192495007]Renewable methanol
Global yearly methanol production levels are currently 98 Mt per year. The life cycle emissions from methanol production currently amount to 0.3 Gt of CO2 per annum, around 10% of all emissions from the chemical sector [136]. 

Methanol is currently produced from fossil fuels through catalytic hydrogenation of CO2, the current best performing methodology for methanol synthesis, requiring high temperatures and pressures [137]. Methanol becomes ‘renewable’ when it is formed from renewable methods and feedstocks. This can be either through formation from sustainable biomass or through the combination of carbon dioxide with hydrogen produced from renewable energy [109]. 

Renewable methanol demonstration projects are already underway, making up 0.2 Mt of annual methanol production [136]. Sites producing renewable methanol include the pan-European mefCO2 project in Niederaußem, Germany, producing 500 tonnes per year, and the George Olah plant in Iceland, owned by Carbon Recycling International, producing 5 million litres of renewable methanol per year, consuming 5500 tons of CO2 [109] [138]. Using renewable methanol instead of methanol sourced from fossil fuels results in a cut in carbon dioxide emissions of 95 %, a cut in nitrogen oxide emission by 80%, and eliminates emission of both sulphur oxide and particulate matter emissions [109].

Over half of the world’s methanol is currently used in various chemical applications, including as a feedstock to produce chemicals such as acetic acid and formaldehyde, key chemicals used as raw materials in producing adhesives, foams, solvents, etc [68]. Methanol is also used in the methanol-to-olefin process to produce light olefins, the basic building blocks to produce many plastics and a key alternative to the use of liquified petroleum gas. Other uses are in energy-related applications, most importantly as a cost-effective, clean-burning liquid fuel to power cars, buses, trucks, and ships. This suitability for use in transport stems from methanol’s ability to be combined with gas in high percentage blends with mixtures with gasoline suitable up to percentages of 15% in current commercial gasoline cars, with no modifications to the engine required [68] [139]. When methanol is used as a fuel it is burned, but as carbon is captured for its production, it is a net carbon neutral fuel, and a net negative fuel if this emitted carbon dioxide is captured and stored.

The current barriers standing in the way of power to methanol include improving efficiency of electrolysis, reducing the energy penalty of carbon dioxide extraction and improving the efficiency of the methanol synthesis step [140]. 

Future technologies for methanol include co-electrolysis of CO2 and steam in a PEM, a promising combination as the boiling point of methanol lines up well with the operating temperature of PEM. However, hydrogenation is currently the most scalable and implemented technology [141].

Considering safety, methanol is an easy-to-handle commodity, toxic only at extremely high concentrations and in gaseous form, liquid at room temperature, and with a history of safe storage, transport and handling stretching back over 100 years [109]. 

The raw materials for this process are CO2 and green hydrogen, requiring electrolysis and sourcing CO2, for which there are multiple options. 
Sourcing CO2 
CO2 is the greenhouse gas with most people’s association with the gas related entirely to climate change, but it is also a highly important world commodity, used in synthesising fuels, synthesising chemicals, as an inert gas in welding, and the addition that makes the bubbles in fizzy drinks.  

There are various sources of CO2, firstly, and exponentially so since the industrial revolution, it exists in the atmosphere, as well as absorbed into the oceans. CO2 is also present in biomass and makes up a large portion of flue gas from many industrial and transport processes, wherever a fuel is combusted. The three options explored here are therefore CO2 from waste, including both industrial emissions and biomass, CO2 from air, and CO2 from seawater.
From waste
Producing CO2 from biomass can be done so through three main processes, fermentation, gasification, or combustion. Although a good source of CO2, biomass is an inherently limited source as there is simply insufficient to satisfy world demand. Sourcing CO2 from industry emission gas is an attractive option which couples carbon capture and fuel synthesis. However, the emitting gas must be cleaned to remove the other emissions such as particulates and sulphur before being used. It is also notable that not all the CO2 emitted is captured, leading to continued carbon emissions. Sourcing CO2 from waste also requires transport of the CO2 to its point of use. 
From air 
Direct air capture (DAC) is a name applied to a variety of methods for the sequestration of CO2 from the atmosphere. As of 2019 there are 15 DAC plants operational worldwide. With plants being constructed in the US with the potential to capture up to 1 Mt CO2 per year by 2022. the two processes at a commercial development level include liquid solvent DAC, and solid sorbent DAC [142]. Solid sorbent DAC is split into two options, Temperature Swing Adsorption (TSA) and Moisture Swing Adsorption (MSA). All three DAC methods involve an absorption/adsorption step, followed by a method of release of the CO2 from the sorbent material and a regeneration of the sorbent to allow for further capture of CO2. 

Liquid solvent DAC uses a high temperature aqueous solution where the sorbent is either sodium or potassium hydroxide. When combined with air these chemicals react with the CO2 to form carbonates. These carbonates enter the regeneration where, upon mixing with calcium hydroxide form solid calcium carbonate and the regenerated hydroxide. Calcium carbonate is then heated to temperatures of 900 C, producing CO2 and calcium oxide, which upon combination with water reverts to the regenerated calcium hydroxide. The process has a total energy demand of 1420 to 2250 kWh of thermal energy and 366-764 kWh of electrical energy per tonne of CO2 [143]. This is the current commercially popular route, with one such device currently deployed in the first synthetic fuel factory in northern Norway from Norsk e-Fuel, set to produce 25 million litres per year by 2026 [30] [144].

Alternatively, the first solid sorbent DAC process, TSA, occurs at low temperatures and is usually a single unit that performs both adsorption and desorption/regeneration step in the same unit. Air enters the unit either naturally or using fans, where CO2 in the air chemically binds to a filter. Once the filter is fully saturated the air inflow is turned off and all air within the unit removed. The filter is then heated until it releases the captured CO2 which exits the unit and is purified, through cooling to separate out water vapour. The system within the unit then returns to ambient conditions with a fully regenerated filter. Total energy demand is dependent on the technology used but is reported in the region of 1100 to 1500 kWh thermal, and 150 to 500 kWh electrical energy per tonne of CO2 [144].

The second solid sorbent DAC option is MSA, also conducted at low temperature, but instead using an ion exchange resin as the adsorption material. Once this resin is saturated it is placed in a high moisture environment where CO2 is released through contact with water. This fluid is collected, dried at 45 C, and compressed. The process only requires around 326 kWh of electrical energy per tonne of CO2 produced. MSA is not currently commercially popular due to being technologically undeveloped, though there is ongoing research into this lower energy consumption process. 

The role of DAC in limiting global warming to even 2C is expected to be significant, as to which technology will lead the way depends highly on energy usage and policy support [145]. The problem with DAC technologies such as TSA is the high energy consumption of the unit. The most energy intensive part is the equipment used to push air through the capture device. Research is therefore ongoing into using passive methods where wind blows through the system [142]. Other alternatives include other DAC technologies, such as electro-swing which requires no thermal energy, making it ideal for coupling with renewable energy, along with a higher thermodynamic efficiency than other DAC processes [144]. However, these processes are still in development stage and both time and money are needed before their true potential and fit in the CO2 capture market is realised. A key problem is sourcing sufficient solid sorbent, with the supply chain requiring rapid growth to meet CO2 capture demands [144].
From the sea 
Since the industrial era over 40% of pollutant CO2 has been absorbed by the world’s oceans [146]. The argument for sourcing CO2 from the ocean is rooted in the sheer abundance of it, with the ocean containing CO2 concentrations almost 120 times that of concentrations in the atmosphere [146].This has resulted in serious negative effects on the environment as an increase in CO2 concentration results in acidification of the ocean leading to bleaching of corals, and destruction of habitats for marine life. 

The extraction of CO2 from its dissolved form in seawater to a purified gas is achieved through altering the partial pressure of the dissolved CO2 so it exceeds the partial pressure of CO2 in gas form [105]. This can take the form of a thermal process where the temperature of the seawater is increased to promote the dissolution of CO2, an exothermic process. This is, however, expensive with the extraction of 1 mol of CO2 from 2.5 m3 of water requiring a temperature increase of 25 to 70 C, and hence a thermal energy input of 470 MJ (130.56 kWh  - a third of even the lowest energy demand air capture process that is still at technological development stage and around 10% of the energy consumption of the lowest range for commercial DAC methods) [105]. An alternative approach takes advantage of the pH-dependence of dissolved CO2. Increasing the acidity (equivalent to lowering the pH) of the seawater allows CO2 to be extracted. At alkaline conditions, CO2 in water is bound in bicarbonate ions (HCO3- ), as the pH is lowered these ions transform to carbonic acid and gaseous CO2 which can be collected by membrane extractors. Figure 15 displays the changing concentrations of the various forms of dissolved CO2 in sea water with pH [105]. 
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[bookmark: _Ref162252689][bookmark: _Toc192495175]Figure 15: Graph of the dependence on pH of carbonate chemistry of CO2 in seawater.
Capture of CO2 from seawater is a highly attractive process. However, work into sea water capture of CO2 which is then used in industrial processes is a relatively unexplored area, despite the exceptionally low energy demand of water extraction compared to air. To truly put this into context the 470 MJ figure quoted above equates to 130.56 kWh. This value is a third of even the lowest energy, low TRL, MSA capture technology, and 10% of the energy consumption of the lowest energy consuming commercial DAC technology. 

To further this point, the realisation of the potential of CO2 extraction from the sea can be traced back in literature to 1977 [111].  A paper that assessed which CO2 capture processes proves the most economical when combined with water electrolysis to produce methanol.  The paper concludes that seawater separation is the cheapest option, compared to 9 different air separation processes, the only reason for choosing air extraction was when the location of the CO2 capture unit could not be by the sea [111]. A problem which does not apply to offshore wind farms. 

A key challenge with ocean CO2 capture is the pre-treatment and outfall of such a system if it were land-based and stand-alone. The issues decrease through colocation with a desalination plant, but this places limits on the scale of the process. It is highly suggested the key for ocean capture is an offshore stand-alone system powered by renewables. This eliminates competition for land use and allows access to existing offshore CO2 storage sites for the extracted CO2, such as gas fields [146]. 

Therefore, it seems the lack of consideration of seawater CO2 capture is rooted in logistics which seem solved by the consideration of at-sea offshore production collocated with an offshore farm. Even so this argument seems lacking and overall, it seems illogical that seawater extraction has not been considered further. The continued prominence of air capture solutions may be due to their suitability for on-site capture of CO2 from carbon emitting processes. This key, and only benefit, allows freedom of location and a quick route for decarbonisation for high emission sectors. 

So far CO2 seawater capture innovation is mostly confined to literature, with no equipment currently at commercial stage. 

Examples of these novel methods includes a bipolar membrane electrodialysis cell with efficiencies up to 71% [146]. Here seawater is processed through multiple parallel channels separated alternatively by bipolar and anion exchange membranes, within these channels an electric charge is applied to move acidic H+ ions from the base to the acid channels [146]. This concept has reached prototype stage, which rely on shifting the carbonate buffer system of the ocean, either by acidifying it to shift it towards CO2 gas or adding a base to shift it towards precipitation of carbonates like CaCO3 [147]. 

Another alternative is single step carbon sequestration which also produces hydrogen [148]. This process relies on electrolytic carbonate mineral precipitation and using seawater as a flowing electrolyte to extract magnesium and calcium carbonates. A process proved to be both cost-effective and easily scalable [148].

A final example is in work being completed by the US Naval Research Laboratory into an electrolytic cation exchange module which also produces hydrogen [149]. This is also based on CO2 electrochemical acidification. Current inhibitions to these works include the build-up of scale deposits on the membrane surface, high series resistance and the high amount of desalinated water required [149]. 

Overall combining in situ CO2 sequestration with an offshore wind farm to produce methanol or methane is a potentially economically viable solution. However, it is restricted by the low technological development of the sequestration method.  
[bookmark: _Toc192495008]Renewable methane
The final synthetic fuel considered is methane, the chemical that makes up 50-90% of natural gas [119].  In 2020 demand for natural gas reached 2,670 million tonnes [150]. Natural gas is a key part of the UK energy supply, making up one third of the UK’s electricity generation, and supplying 85% of homes using natural gas central heating, making the UK one of the highest users in Europe [151]. In terms of supply, half of the UKs natural gas supply is domestically produced from gas fields in the North Sea, a third comes from pipelines from Norway, the rest is in the form of liquefied natural gas (LNG) from Qatar, US, Russia, and other countries[151]. 

As stated previously there is more than sufficient potential in renewables in Europe to cover both electricity production as well as hydrogen supply. Methane demand is much higher than hydrogen, but even if current demand levels cannot be met the inclusion of renewable methane would provide an easy to integrate solution which contributes to decarbonising the energy sector. The major flaw in this formation of methane from renewable sources and injection into the natural gas grid is that 60% of methane emission come from leaks in the natural gas supply chain [152]. Switching over to renewable methane produced from CO2, captured either from the atmosphere or the oceans, reduces the CO2 impact of this fuel, but doesn’t solve the leakage problem, notable as the impact of methane in the atmosphere, over a 100-year period, is 25 times that of the same weight of CO2 [153]. 

Renewable methane can be formed through thermochemical catalytic hydrogenation of CO2, the same as methanol. An alternative option is through co-electrolysis using a SOE. 

Co-electrolysis is the formation of methane through the electrolysis of steam and CO2. This process allows methanation to occur in a single reactor at a very high energy efficiency. The key potential of SOE for co-electrolysis is the significantly lower electrical energy input of this process [119]. Electrical energy input decreases almost linearly with temperature increase and the waste heat from the exothermic methanation reaction can be integrated within the system to reduce the high electrical energy demand [119]. However, co-electrolysis is low in technological readiness, particularly in finding a cathode electrocatalyst for both steam electrolysis and methanation reaction. Other issues include sealing concerns, limited scale, and limited lifetime due to electrode degradation [119].
[bookmark: _Toc192495009]Conclusion
The modelling work on synthetic fuel production routes is undertaken in Chapter 4 and contextualised for its suitability to offshore production in Chapter 5 of this thesis. The novelty of these chapters lies in the comparison of the four fuels for offshore production and the assessment of the feasibility of such an approach through the physical sizing of the units which would be placed offshore. 

Chapter 5 includes an assessment of the use of future technologies which could make offshore production more feasible. To understand this as well as the work in Chapter 6 a breakdown of the literature surrounding future technologies is required. This is conducted in the next section with an emphasis on those technologies identified as most suitable for offshore production. 
[bookmark: _Toc192495010]Future technologies for production of offshore synthetic fuels
Key problems which arise with offshore synthetic fuel production is the issue of space. Any saving in space is a benefit being a limited commodity offshore. Therefore, coupling of multiple processes into one are attractive options for consideration. Options which arose in the conducting of this literature review include direct seawater electrolysis, combining the purification of water with electrolysis, and the concept of a Battolyser, combining a battery and an electrolyser. The two are explored in more detail here. 
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Producing hydrogen through electrolysis requires very high purity water. High purity water in its raw form is a limited resource, purifying the water requires an energy influx and results in high concentrations of brine which requires treatment before being released into the environment. A potential solution is therefore directly electrolysing seawater, removing the purification step [154]. 

The problem with direct sea water electrolysis is the limited lifetime of the device due to the impurities in seawater. A problem compounded by the ever-changing composition of this feed, both seasonally and topologically. Specifically, lifetime is limited by chlorine ions in the seawater causing electrode corrosion, as well as other substances blocking the electrolyser ion exchange membrane and causing biofouling [155]. 

Direct sea water electrolysis methods are an active area of research. Examples of solutions include alkaline additions to electrolytes to catalyse the sluggish oxygen evolution reaction, additives (e.g. hydrazine [156]) to the anode whose lower overpotentials than chlorine mean these additives are decomposed instead of chlorine, coatings added to the electrodes themselves allowing oxygen evolution over chlorine (e.g. MnO2 [157]), the use of chloro-phobic catalysts (often done in tandem with the coatings approach e.g., nickel-iron hydroxide electrocatalysts on a sulphide layer [158], or a Lewis acid layer on a transition metal oxide catalyst [159]), and innovative electrolyser designs (e.g., the use of asymmetric electrolyte feeds [160]). 

However, various studies exploring the viability of the continued development of direct seawater electrolysis often conclude this approach has significant disadvantages compared to conventional water splitting with limited advantages [155]. Disadvantages often noted include additional cleaning requirements, reduced lifetime, the potential need for expensive additives, and its low technological readiness [155]. 
[bookmark: _Toc192495012]Battolyser 
A Battolyser is a battery electrolyser hybrid, in charge and discharge the unit functions as a battery, but when overcharged hydrogen gas is produced at the negative electrode by water electrolysis. 

Building this hydrogen evolution into the units desired function leads to many benefits, including reduced space, combination of short- and long-term storage, and the ability to run the unit around the clock with significantly higher utilisation [161]. When a separate battery and electrolyser are used as storage the stand-alone electrolyser has long periods of no use waiting for the battery capacity to be exceeded, ineffective from both an economic and material point of view [161]. 

One Battolyser design, based on a nickel iron battery system, has already been developed and commercialised. Nickel iron batteries were first created and patented in 1901 by Thomas Edison, deemed to be superior to lead acid if it hadn’t been for the excessive hydrogen production, a detrimental and undesirable phenomenon [162]. This battery is made up of a positive nickel hydroxide electrode, a negative iron hydroxide electrode and an alkaline potassium hydroxide electrolyte that conducts the OH- ions. When the Ni-Fe battery is charged the nanostructure NiOOH (at the anode described by Equation 8) and reduced iron (at the cathode described by  Equation 9) are formed, both of which are efficient oxygen and hydrogen evolution catalysts, oxygen evolution at the anode is described in Equation 10 and hydrogen evolution at the cathode in Equation 11. Throughout the recharge and discharge cycles these catalysts are formed and reformed over many cycles without losing functionality, as cell potential increases, they become increasingly active. Ni-Fe electrodes do not experience excess oxidation or degradation due to remaining in thermodynamically stable phases [161]. 
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The Ni-Fe Battolyser achieves high efficiencies of 80-90%, significantly higher than its battery and electrolyser components on their own. A Ni-Fe battery sitting at 60 to 70% and an alkaline electrolyser with efficiencies up to 71%. This integration also results in 50% higher use of the active battery material. The investment and operation required to run this battery is like an electrolyser alone but with double the use [161]. 

This Battolyser is currently moving from research to the real world, a kW-scale pilot plant was expected to be completed as of spring 2019 followed by a MW-scale at the end of 2020, a 100MW unit by 2025 and a 1GW by 2030. This is occurring at the Magnum power plant in Eemshaven, Groningen [163]. So far, last reported in May 2020, installation and integration has been completed on a demonstration 60kWh capacity Battolyser the size of a freezer, with hopes of replacing the electrolyser currently in use before creating a 1 to 10MW Battolyser [164]. 

Battolyser capacity is limited by storage capacity and ability to replenish the electrolyte which suffers significant water loss due to the electrolysis. Work is required to understand the full cycle of such a unit including back conversion of hydrogen, energy densities, comparison to individual batteries and electrolysers, and suitability to coupling with variable renewable energy supplies (notably alkaline electrolysis not being best suited to this). 

The concept of this Battolyser also opens the question as to whether other battery configurations may also be suited to this kind of operation. A question explored next. 
[bookmark: _Toc55572547]Other battery configurations
For a battery configuration to be suited for use as a Battolyser it must contain a water-based electrolyte, and when overcharged it must produce hydrogen. Common batteries these parameters apply to include lead acid, nickel cadmium and nickel metal hydride. One which has been proven in concept in literature is a lead acid Battolyser [165].  

The most common battery configuration, lithium ion, cannot be used as a Battolyser as it does not use water. Overcharging a lithium-ion battery produces hydrogen along with CO2, CO, and hydrocarbons, and eventually resulting in thermal runaway due to lithium deposition on the anode [166] [167]. 
[bookmark: _Toc55572548]Lead acid 
There are two reaction cycles that occur in the lead acid cell resulting in the evolution of oxygen and hydrogen. One of these is the oxygen recombination cycle where oxygen evolves at the positive electrode according to Equation 12 [168]. 
	[bookmark: _Ref162290875]Equation 12
	


This oxygen diffuses and the hydrogen ions migrate through the liquid to the negative electrode where oxygen is reduced back to water, the reverse of Equation 12. The second reaction cycle begins with corrosion of the lead cathode through Equation 13 [168]. 
	[bookmark: _Ref162290894]Equation 13
	


These hydrogen ions migrate through the liquid to the negative electrode where hydrogen evolves through Equation 14 [168].
	[bookmark: _Ref162290903]Equation 14
	


Combining Equation 13 and Equation 14 results in Equation 15, the overall cycle reaction [168].
	[bookmark: _Ref162290936]Equation 15
	


Hydrogen evolution in a lead acid battery with no additives is an inevitable consequence of the cell chemistry. Visualised in Figure 16 is the evolution of hydrogen and oxygen in a lead acid batter. When cell voltage exceeds 1.23 V (voltage of water decomposition) evolution of hydrogen and oxygen gas occurs, with standard operation of the battery reaching up to 2 V. As the voltage increases the gas evolution of hydrogen and oxygen increase exponentially, with hydrogen and oxygen eventually becoming primary, rather than secondary, reactions leading to high water loss and reduced cycle life [169]. 

The effect of hydrogen and oxygen evolution during the overcharge of a lead acid battery is shown in Figure 17 [168]. The evolved hydrogen not only leads to the grid corrosion shown at the positive electrode in Figure 17 but it also leads to dangerous increases in pressure within the cell, in a valve regulated lead acid (VRLA) batteries this pressure is dissipated through release of the hydrogen through a valve. This hydrogen evolution reaction also results in consumption of water, drying out the separator and increasing the concentration of the acid in the cell [170]. 
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[bookmark: _Ref55568635][bookmark: _Toc192495176]Figure 16:  Changing rate of evolution of hydrogen and oxygen in a lead acid battery with changing applied potential.
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[bookmark: _Ref55569235][bookmark: _Toc192495177]Figure 17: Showing the reactions going on in the lead acid battery during overcharge.
[bookmark: _Toc55572549]Nickel Metal Hydride 
In nickel metal hydride batteries hydrogen is formed only in extreme, potentially dangerous, overcharge conditions [170]. This production of hydrogen is due to a group of secondary reactions which dry out the cell leading to increased resistance and higher electrolyte concentration. Insertion and disinsertion of hydrogen into the lattice of the active material causes expansion and contraction inducing stress. Overall, the presence of hydrogen leads to fast self-discharge of the battery [170]. 
[bookmark: _Toc55572550]Nickel Cadmium 
During overcharge of a nickel cadmium battery oxygen evolves at the positive electrode and hydrogen at the negative electrode through Equation 16 [171].
	[bookmark: _Ref162291055]Equation 16
	


Nickel cadmium batteries are conventionally hermetically sealed meaning venting of the evolved hydrogen gas does not occur, thus its evolution must be prevented using overcharge protection [171]. This is done through oversizing the cadmium electrode to ensure sufficient charged and discharge material for the negative electrode potential to be stable and overcharge current is kept below the maximum oxygen transport rate so all generated oxygen at the positive electrode reaches the negative electrode fast enough to be reduced [168]. Thus, sealed nickel cadmium batteries are designed to only have the oxygen cycle and no hydrogen evolution. 

Nickel cadmium batteries are not entirely safe from hydrogen evolution and thus are fitted with a valve should internal pressures rise to unacceptable levels. Overall ideal hydrogen forming conditions in a nickel cadmium battery include high charge rate, low temperature, and high state of charge [171].
[bookmark: _Toc55572552]Summary
From the batteries discussed above lead acid and nickel cadmium seem promising potentials for Battolyser configurations. With the greater availability of literature on lead acids, as well as their common usage commercially, this is the chosen battery composition further explored in this thesis. 

The overcharging of lead acid however results in corrosion of the positive electrode, the significance of this corrosion is unclear but could make it unsuitable for use as a Battolyser. Therefore, further exploration into literature of the work into the dynamics of lead acid overcharge, degradation of the electrode and its overall suitability as a Battolyser was performed.  
[bookmark: _Toc55572553]Lead acid overcharge and use as an electrolyser
To understand the lead acid overcharge first the dynamics of hydrogen evolution in any battery must be understood. Hydrogen evolution is a secondary side reaction which affects volume, composition, and concentration of the electrolyte in which it occurs [169]. There are three potential reactions that govern this evolution, Volmer, Tafel and Heyrovsky. In any electrolyte the initial reaction is always electrochemical hydrogen adsorption, known as the Volmer reaction, which changes depending on whether the electrolyte is acidic, shown in Equation 17 or alkaline, shown in Equation 18 [172]. 
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The second step can be either the Tafel, shown in Equation 19, which is the same in both acidic and alkaline conditions, or the Heyrovsky which again changes depending on whether the electrolyte is acidic, shown in Equation 20, or alkaline, shown in Equation 21 [172]. Where is the hydrogen atom chemically adsorbed onto an active site of the electrode [169]. 
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The pathways undertaken in hydrogen evolution strongly depend on electrochemical, chemical, and physical properties of the surface of the electrode. Figure 16 shows the equilibrium potentials of the positive and negative electrodes in a lead-acid battery and the evolution of hydrogen and oxygen gas [169]. 

The evolution of hydrogen at the negative electrode occurs simultaneously with corrosion of the positive electrode [168]. The positive electrode is made up of a lead core, when fully charged this lead is covered by a homogenous layer of lead dioxide. There is also a thin layer, with negligible ohmic resistance and only a few molecular layers thick, between the lead dioxide and the lead, called from now on the interface layer, made up of PbOx where x is between 1 and 1.5 [173]. This is visualised in Figure 18 [173].
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[bookmark: _Ref55569097][bookmark: _Toc192495178]Figure 18: Showing the layout of the positive electrode in the lead acid battery as well as the movement of ions and molecules between electrode and electrolyte.
Any Pb4+ ions that form in the lead/lead dioxide interface cannot move through the lead dioxide layer to the electrolyte interface to be hydrolysed and form lead dioxide. The corrosion of the electrode thus occurs at the lead core where lead is converted to alpha lead dioxide. This corrosion reaction results in the formation of products with higher ohmic resistance than the lead grid resulting in decreased battery performance, and in some extreme cases, grid disintegration [173]. The rate of corrosion is affected by grid composition, grid microstructure, positive electrode potential, electrolyte composition and temperature [173]. 

There are various configurations of the standard lead acid used today which could reduce this negative corrosion associated with hydrogen evolution. These include the soluble lead acid battery, the lead-carbon battery and, the closely related to the ultra-battery.
[bookmark: _Toc55572556]Soluble lead acid 
A soluble lead redox flow battery is a hybrid redox flow battery that differs from a traditional redox flow battery in two ways. Firstly, deposits form at both electrodes as an intentional side effect to the redox reactions and secondly, both half reactions make use of the Pb2+ species meaning no separator is required [174]. This lack of a separator significantly reduces the cost of the cell and is what makes soluble lead acid commercially attractive [175]. 

This battery functions using the variable oxidation states of lead including Pb, Pb2+ and Pb4+. In the simplest design Pb2+ ions are dissolved in aqueous methane sulfonic acid; this is then pumped through the cell. When the battery is charged Pb2+ is oxidised at the positive electrode, a phase change occurs, and lead oxide is deposited onto the electrode. At the negative electrode, Pb2+ is reduced leading to a phase change and the deposition of metallic lead onto the electrode. During discharge the deposits dissolve back into the electrolyte [174] [176]. 

Hydrogen evolution occurs in a soluble lead acid system when the Pb2+ ions in the electrolyte are depleted, and results in the build-up of undesirable deposits on the electrolyte [176]. The presence of the hydrogen has a negative effect on cell performance leading to low efficiency through the loss of active material within the electrolyte, reducing cycle life [177]. This build-up cannot be dissolved meaning it must be forcibly removed. The build-up can grow along the walls of the cell leading to shorting or can break away and scatter in the electrolyte resulting in powdery lead dioxide that cannot be dissolved back into Pb2+ [176][178]. Therefore, this configuration does not seem to provide the reduced corrosion requirement for functioning as a Battolyser. 
Lead carbon batteries and the ultra-battery
In a lead-carbon battery the lead electrode, found in a standard lead acid, is replaced with a carbon electrode. This alteration increases cycle life through improving electrical conductivity, sharing charge and discharge current and restricting sulphate crystal growth [169]. The configuration for this battery is shown in Figure 19 [169].

The ultra-battery is closely linked to the lead carbon. It is a hybrid storage device, a one-unit cell which combines an asymmetric supercapacitor and a lead acid battery. This cell has significantly improved life cycle, increased charge power and acceptance, the configuration of this battery is shown in Figure 20 [169]. 

In both these approaches the novel alteration compared to a standard lead acid is the use of carbon materials. This carbon reduces the overpotential of the cell, but this also promotes greater hydrogen evolution [169]. This is a well-documented phenomenon, with end of charge resulting in significant hydrogen evolution at the carbon materials in the negative plates [179]. 

There is significantly more literature available on the occurrence and prevention of hydrogen evolution reaction in lead-carbon and ultra-batteries in comparison to soluble lead acid. This could suggest the evolution of hydrogen is more prevalent but also potentially has more of a significant effect on the battery performance. 
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[bookmark: _Ref192493674][bookmark: _Toc192495179]Figure 19: Lead-carbon battery configuration
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[bookmark: _Ref190191871][bookmark: _Toc192495180]Figure 20: Ultra-battery configuration
As in lead acid batteries hydrogen evolution in ultra-batteries and lead-carbon batteries is a secondary side reaction affecting electrolyte volume, composition, and concentration. The rate of hydrogen gassing is affected by electrode surface area and activity and results in accelerated water loss leading to reduced cycle life, thermal runaway and electrolyte dry out [169]. High levels of hydrogen evolution result in lower charge acceptance and lower discharge voltage [179]. However, exactly what is occurring in this hydrogen evolution is difficult to determine, with limited discussion as to the corrosion of the positive lead oxide electrode beyond vague comments such as ‘reduced cycle life’ which could be entirely due to water dry out. 

Additional modifications can be made to promote hydrogen including carbon nanotubes, increasing carbon capacitance through increases surface area, and activated carbon modified with acidic groups [180][169]. However, the exact effect of these configurations is often hard to predict, for example, using acidic groups can result in them acting as active sites for lead electrodeposition which suppresses hydrogen evolution significantly [169]. Thus, electrochemical adsorption of hydrogen ions is inhibited or promoted depending on the addition of atoms which decrease or increase negative net charge respectively. The exact mechanics behind whether an atom will promote or inhibit are quite complicated. 
[bookmark: _Toc192495013]Conclusion
This literature review has led to the identification of multiple areas for further work and exploration in this thesis. 

The first route followed, in Chapter 3, will explore the lack of data available on the levels of curtailment currently experienced by offshore wind farms in the UK. The aim of this work to attempt to quantify these levels and use them to explore the potential options for using this curtailed energy. There will also be an attempt to extend this analysis onwards to include the potential energy production, and associated curtailment, levels of future planned wind farms in the UK.

The second route is a continuation of the first, Chapter 4 will take these energy production levels from Chapter 3 and use them to assess synthetic fuel production levels which could be reached using existing and future offshore wind farms. The fuels assessed will include hydrogen, ammonia, methanol and methane and a detailed analysis of the equipment required, the physical sizing of the equipment as well as the energy consumption will be modelled for each of the UK’s offshore wind farms. This will lead on to Chapter 5 where this data from Chapter 4 will be contextualised to understand whether the physical sizes of the units make offshore synthetic fuel production feasible and identify which farms in the UK seem the most promising for such an approach. 

Chapter 5 will further the discussion by also assessing the impact of future technologies identified in this literature review as potentially promising for promoting offshore production, these include seawater electrolysis, capture of CO2 from seawater and the concept of a Battolyser. 

Finally, this thesis will conclude with experimental work into the validation of the use of lead acid as a Battolyser. This chapter assesses both lead acid and lead carbon and attempts to explore the degradation linked to hydrogen evolution for both configurations as well as their suitability for use as electrolysers. The novelty in this chapter is therefore the experimental validation of the use of lead carbon and exploring its better suitability to Battolyser functionality than lead acid. 

[bookmark: _Toc192495014]How much synthetic fuel could be produced from offshore wind farms in the UK?
[bookmark: _Toc192495015]Introduction 
Having discussed the need for the complete use of the energy generated by offshore wind farms, the impact of curtailment, and the lack of available data on UK curtailment, methods for calculating the level of curtailment experienced on the UK grid will be examined. The aim being to fill the gap of the unavailability of a UK curtailment dataset. This takes the form of various approaches dependent upon recorded windspeed data for the UK. The approaches incorporate theoretical relationships between power and windspeed, real life data of windspeeds and resulting power output, as well as detailed models based on environmental conditions experienced at wind farms. Through understanding the expected power output from the UK wind farms and comparing this to the actual output an analysis of the levels of curtailment experienced in the UK from 2000 to 2022 was performed. These results were analysed to discuss the reasons for this curtailment, and how curtailment is expected to change in the future, keeping in mind we are in a transition period meaning big changes to the way we produce and use energy are coming, making future predictions more difficult. 

[bookmark: _Toc107231321]Finally, an analysis on the suitability of using curtailed energy for synthetic fuel production was completed. This was done by performing a high-level calculation of the associated levels of synthetic fuel which could have theoretically been produced for both the curtailment levels calculated as well as the full power output from the wind farms. 
[bookmark: _Toc192495016]Exploring curtailment – How much energy could wind farms produce?
To determine curtailment levels in the UK a model for calculating wind power from windspeed data was applied to turbine models for all offshore wind farms in the UK. The method follows the Virtual Wind Farm (VWF) model developed by Iain Staffell and Richard Green [181]. The main difference to the VWF model, whose output is available on the website https://www.renewables.ninja/, is that the aim of the VWF model is to predict actual outputs of national wind farms based on modelling of windspeed data. In contrast this work aims to determine curtailment levels of wind farms based on modelling of windspeed data. 

The general steps of the VWF model followed include [181] - 
1. Extraction of hourly windspeed data from NASA’s MERRA-2 dataset [182].
2. Spatial interpolation of windspeed values to calculate the windspeed at the specific coordinates of the wind farms.
3. Extrapolation of windspeeds to the hub heights of the wind turbines at each wind farm.
4. Calculation of available output power from commercially available power curves, with ideal power curves applied where actual power curves are not available. 
5. Normalisation of the single turbine power curve to extract a generalised multi-turbine power curve to account for a spatially distributed set of turbines within a wind farm.
6. Application of correction factors to account for issues which reduce wind turbine performance such as wind turbine ageing.
7. Comparison of the model outputs to recorded data available from 23 European countries, and a few select wind farms, followed by the scaling down of available data to fit with these outputs. 

The two areas for difference to the approach in this thesis compared to the VWF model are steps 5 and 7. Step 5 is not applied in this thesis, as of all the operational UK offshore wind farms, none are large enough for average windspeed to take longer than an hour to traverse the entire farm. As windspeed data is only available by the hour, and results are assessed at the most monthly, therefore the variations across an individual wind farm are realistically not important, with the time shift component being negligible through the windfarm.

Step 7 is also not applied as the comparison to European recorded outputs and the subsequent scaling down makes the curtailment of wind turbines invisible in the data outputted by the VWF model and is therefore not done in this work. Instead at step 6 further work was carried out into the application of correction factors to produce data as close to realistic as possible. This data was then compared to recorded, actual power outputs of UK wind farms from two sources, the Digest of UK Energy Statistics (DUKES) and Ofgem. A comparison was also done to existing curtailment data, with consideration of how the values may change in the future. A summary of the model applied, and work conducted at each step is visualised in a flow diagram in Figure 21.
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[bookmark: _Ref191219496][bookmark: _Toc192495181]Figure 21: Flow chart of model applied for calculation of UK curtailment levels, details of nomenclature can be found in the sections detailing each step.  
Each step of the model shown in Figure 21 will now be broken down and described including justification for methodology used and a breakdown of how each was applied to this work. Before this is done, the windspeed dataset used as the basis for this model, shown in the red box in Figure 21, is validated through comparison with other available datasets.
[bookmark: _Ref143181881][bookmark: _Toc192495017]Validation of the input windspeed database 
The windspeed data used in this analysis is sourced from a combination of two datasets. Both datasets are detailed global representations spanning decades, created using state-of-the-art numerical weather prediction models and data assimilation techniques. 

The first dataset is the version 2 of the NASA Modern Era Retrospective-analysis for Research and Applications (NASA MERRA-2) [182]. This dataset is used as it is the only available windspeed dataset source that provides windspeeds at three heights, (2 metres, 10 metres and 50 metres) as well as the key variable ‘surface displacement height’ (the height where windspeed would equal zero in the absence of vegetation), with all four variables necessary in Step 3, extrapolating windspeeds to hub heights of wind turbines. 

The second dataset is the ERA5 dataset created by the European Centre for Medium-Range Weather Forecasts (ECMWF). The benefit of this dataset is its higher resolution, compared to the NASA dataset, however it provides only one variable, windspeed at 10 metres above sea level, and therefore cannot be used for Step 3 of this model. Therefore, the ERA5 dataset is used to validate the NASA MERRA-2 dataset. 

The two datasets are broken down and described in the following sections.  
NASA MERRA-2 Data
The NASA MERRA-2 Project provides data from 1980 through to the present day and replaces the original MERRA dataset. Data is available from the MDISC (Modelling and Assimilation Data and Information Services Centre) and is managed both by the NASA GES (Goddard Earth Sciences) and the DISC (Data and Information Services Centre). 

The specific MERRA-2 data used in this work is the collection with short name M2T1NXSLV, version 5.12.4 [183]. The data downloaded included north and east windspeeds for the three heights available, heights of 2 metres, 10 metres and 50 metres above sea level, as well as the surface displacement height variable, . This was downloaded for each hour of the day, from 00:30:00 on the 1st of January 2000 through to 23:30:00 on the 31st of May 2023, with latitude limits of 49 to 61 degrees and longitude limits of -10.62 to 2.5 degrees. The spatial resolution of this data is 0.5 degrees latitude by 0.625 degrees longitude, equivalent to distances of around 50km in the latitudinal direction. From this data windspeed was calculated from north and east windspeeds using Equation 22. 
	[bookmark: _Ref162621292]Equation 22
	


The calculated two, ten and fifty metre windspeeds were plotted in Python and are shown in Figure 22 for 00:30 on the 1st of January 2000, 00:30 on the 3rd of July 2011, and 00:30 on the 31st of December 2021. 
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[bookmark: _Ref123123294][bookmark: _Toc192495182]Figure 22: Plotted data from NASA MERRA-2 of the windspeeds recorded on 00:30:00 on the 1st of January 2000, 00:30 on the 3rd of July 2011, and 00:30 on the 31st of December 2021, for heights above sea level of two, ten and fifty metres.
ERA5 Data
ERA5 is the fifth generation of the ECMWF reanalysis of global climate and weather, available from 1950 and replacing the ERA-Interim reanalysis. Reanalysis is the combination of model data with observations from across the world to produce a consistent, and globally complete, dataset. 

The specific data source used is ‘ERA5 hourly data on single levels from 1979 to present’ . The portion downloaded consists of north and east windspeed data for each hour of the day from 00:00:00 on the 1st of January 2000 through to 23:00:00 on the 31st of May 2023, with latitude limits of 49 to 61 degrees, and longitude limits of -10.5 to 2.5 degrees. The spatial resolution is 0.25 by 0.25 degrees, approximately equivalent to 28 km by 28 km for the UK. 

Windspeed was again calculated using Equation 1, and plotted in Python, the resultant graphs are shown in Figure 23, this is only for a height of 10 metres above sea level, as this was the only windspeed variable available from ERA5 at time of writing. 
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[bookmark: _Ref141782600][bookmark: _Toc192495183]Figure 23: Plotted data from ERA5 of the windspeeds recorded on 00:00 on the 1st of January 2000, 00:00 on the 3rd of July 2011 and 00:00 on the 31st of December 2021, for the height of 10 metres above sea level.
Comparing the 10 metre windspeeds in Figure 22 to Figure 23 they appear consistent, with both displaying similar shaped darker (lower windspeed) patches on the 3rd of July, the harsh line of difference across the UK where the north is darker and the south is lighter for the 31st of December 2021. Comparing the two also puts into perspective the higher resolution of the ERA5 data in Figure 23, showing clearer images than those in Figure 22. To get a more detailed view of the consistency in these datasets the two are directly compared in the next section. 
Comparison between NASA and ERA5 datasets
In this comparison both the NASA and the ERA5 data were averaged monthly, daily and 4 hourly and then interpolated to the coordinates of the dataset with the higher spatial resolution, the ERA5 data. Thus, the NASA data goes from a spatial resolution of 0.5 by 0.625 degrees to 0.25 by 0.25 degrees. Although both are hourly datasets, they are compared through the three averages of 4 hourly, daily, and monthly as the data stamps for both differ, ERA5 provides hourly data on the hour (i.e., 01:00:00, 02:00:00, etc.) whereas NASA provides hourly data on the half hour of each hour (i.e., 00:30:00, 01:30:00, etc.). To visualise the comparison between the two the NASA windspeeds were subtracted from the ERA5 windspeeds, the resultant graphs are shown in Figure 24.
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[bookmark: _Ref123125874][bookmark: _Toc192495184]Figure 24: Plotted data of ERA5 minus NASA 2 data where both datasets are interpolated and averaged over 4 hours, daily, and monthly shown for three timestamps for each. For the 4 hourly dataset averages were taken from 00:00 to 03:30 on the 1st of January 2000, the 3rd of July 2011, and the 31st of December 2021. For daily averages were taken from 00:00 to 23:30 of the same dates, and for monthly averages were taken for 00:00 to 23:30 from the 1st to 31st of January 2000, July 2011, and December 2021.
From Figure 24 a general trend of NASA recorded windspeeds being greater than ERA5 recorded windspeeds onshore becomes clear, whereas ERA5 windspeeds are generally greater than NASA windspeeds offshore. This difference is so distinct in the monthly averaged windspeed that even though no overlay of the UK is placed on the map it is easily recognisable as the UK. This distinction is less clear in the daily average, but still notable, and subsequently even less so in the 4 hourly dataset, with the 4 hourly 3rd of July 2011 being the hardest to determine the difference between land and sea. A notable aspect of this comparison is in the visible coastal regions. There is a clear white outline creating a distinction between sea and land, present even in some coastal regions in the 4 hourly dataset, suggesting a region of the coast where the two datasets agree.

As expected, the greater the number of windspeeds averaged the more the two datasets agree, with the monthly averaged datasets having the lightest colouring of the three, showing the greatest consistency in the windspeeds. In these three monthly-averaged graphs the maximum discrepancy in windspeed is 4 m s-1 and the minimum is -4 m s-1. Whilst this is quite high, it can be partially explained by differences in calculation methods used, with a 2 m s-1 allowance for discrepancy in calculation, as well as the error incurred through interpolation of the NASA data to the higher spatial resolution of the ERA5 data. 

The 4 hourly averaged dataset show the greatest discrepancies, with a maximum of 6 m s-1, and minimum of -7 m s-1. These are quite extreme differences, and it is unclear why they differ so much. The work in this chapter is, however, performed at a monthly resolution as this is the highest resolution of available data on wind farm power generation levels available from online Ofgem data. Therefore, the discrepancies in the monthly averaged data are the most relevant to the research done here. 

For this work, the key is the windspeed at different offshore wind farm locations around the UK, so the differences onshore can, for the most part, be ignored. To understand the impact of these discrepancies on the work done in this chapter the raw windspeed data was compared at the 59 wind farm locations in UK waters assessed in this chapter. 

The results for five of these wind farms, for windspeed at 10 metres above sea level, over the course of the entire date range explored in this thesis, is shown in Figure 26. The five wind farms include the future planned Dogger Bank A & B, and, currently operational, Hornsea 1, Levenmouth, London Array, and Ormonde. These windfarms were chosen as they provide a good distribution of the wind farms in the UK in both size and location, and most importantly their distance from shore. A summary of these key variables for each windfarm is given in Table 2. 
[bookmark: _Ref138428265][bookmark: _Toc192495112]Table 2: Summary of the five wind farms with detailed analysis in this chapter. 
	Wind farm name
	Size (MW)
	Number of turbines
	Operational date
	Distance from shore (km)

	Dogger Bank A & B
	2470
	190
	Under construction
	131

	Hornsea 1
	1200
	174
	01/12/2019
	120

	Levenmouth
	7
	1
	31/03/2014
	0.04

	London Array
	630
	175
	06/04/2013
	20

	Ormonde
	150
	30
	22/02/2012
	9.5



A list of all 59 wind farms explored in this thesis can be found in Table A1 in Appendix A. The wind farms explored include all UK operational and decommissioned offshore wind farms (as of the first quarter of 2023), a total of 47 wind farms, as well as 12 future planned wind farms, chosen due to the availability of the required data (such as turbine height and wind farm coordinates) when applying the methods detailed in Figure 21. The future wind farms are included for discussion and later chapter purposes and are not used in the calculation of curtailment.
[image: A map of the united kingdom

Description automatically generated]
[bookmark: _Ref139533806][bookmark: _Toc192495185]Figure 25: Summary of average discrepancies seen at each windfarm explored in this thesis.
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[bookmark: _Ref139533349][bookmark: _Toc192495186]Figure 26: Comparison of monthly averaged windspeeds from the NASA and ERA5 dataset at the five windfarms detailed in Table 2. 
The relationships seen in Figure 26, where the peaks and troughs align well between the two datasets are consistent for all the years 2000 to 2021 and for all wind farms explored in this thesis, including future farms. These figures are available in Section A2 of Appendix A. To give greater insight into the data Figure 27 shows the maximum and minimum difference between NASA and ERA5 at each wind farm location, showing it to be limited to approximately +1.5 m s-1 and -2 m s-1. Upon discussion with the data owners, it was discovered this discrepancy is deemed to be at an acceptable level, and attributable to differences in calculation methods between the two. 
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[bookmark: _Ref142058480][bookmark: _Toc192495187]Figure 27: Maximum and minimum average monthly differences between ERA5 and NASA for each wind farm explored in this chapter.
However, when considering power output on an hourly basis, or even a monthly basis, a difference of 2 m s-1 can be significant. This is especially notable when considering Figure 25, which suggests as these windfarms are offshore, they will most likely have higher windspeeds when considering data from ERA5 compared to NASA. As ERA5 provides greater resolution in data it is used as the base dataset in this analysis. 

Consequently, the work in this chapter was performed based on NASA data scaled based on ERA5 windspeed data at the 10 metre windspeed common across both datasets. To understand this choice, first consider Figure 28, showing all NASA windspeeds and ERA5 10 metre windspeed at the London Array offshore wind farm. Both the NASA and ERA5 windspeed data were interpolated to enhance spatial resolution. Subsequently, the windspeed data at the nearest available interpolated coordinates for each of the 59 wind farms were extracted and monthly averaged. Thus, enabling a direct comparison of windspeeds at each wind farm. This is the data shown in Figure 28 but solely for the London Array wind farm. 
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[bookmark: _Ref139533692][bookmark: _Toc192495188]Figure 28: Monthly averaged windspeeds for London Array for the windspeeds at heights of 2 metres, 10 metres and 50 metres compared to ERA5 windspeed at 10 metres. 
In Figure 28 the relationship between the three NASA windspeeds is clear, with windspeed increasing with height. As the 10 metre windspeed is known for both NASA and ERA5 the difference between the two can be found and then added on to the NASA 50-metre and 2-metre windspeed. In this way windspeed at the three heights can be found based on the ERA5 analysis. The fourth variable, d, can be sourced directly from the interpolated raw NASA data with no scaling necessary.

The methods applied are broken down in detail in the next section. Further detail as to how this scaled windspeed data is used, including a comparison of raw NASA and scaled NASA windspeeds is done in Section 3.3.3. 
[bookmark: _Toc107231322][bookmark: _Toc192495018]Methodology
The steps in this methodology were applied through the creation of code in Python, the lines of code written for this methodology are shown in Section A3 of Appendix A, with the model summarised in Figure 21. 
[bookmark: _Toc107231323][bookmark: _Toc192495019]Step 1 – Windspeed data extraction
The first step involved the extraction of key values from both ERA5 and NASA. This included windspeed at heights of 10 metres for both, and, for the NASA dataset, windspeeds at heights of 2 metres, and 50 metres and surface displacement height (). 
[bookmark: _Toc107231324][bookmark: _Toc192495020]Step 2 – Interpolation to specific wind farm locations
The second step involved extracting windspeeds at the specific locations of the wind farms to be analysed. The interpolation process involved the utilization of scatter data points with known values to estimate values at specific points, resulting in the creation of a regular grid or raster image. In Python, the gdal library was employed for this purpose, which offers four distinct interpolation methods: nearest neighbour, moving average, inverse distance weighting, and linear interpolation. Among these options, linear interpolation was chosen. This method involves the computation of Delaunay triangles and employs linear interpolation to assign values based on a point's position within the triangle. This approach was chosen due to its likelihood of producing a smooth and continuous dataset.

[bookmark: OLE_LINK1]To extract windspeeds at the locations of offshore wind farms, it was necessary to obtain the coordinates for each individual farm. These coordinates were sourced from the Renewable Energy Planning Database (REPD), publicly available on the UK government website [184]. This analysis encompassed all operational offshore wind farms as of April 2023. Detailed information about the wind farms included in this thesis, along with the specific values utilized in the analysis, such as turbine types and locations, can be found in Table A1 in Appendix A. Using these coordinate values, the 4 variables for NASA (windspeed at heights of 2, 10 and 50 metres and the value for ), and the one variable for ERA5 (windspeed at a height of 10 metres) were extracted from the interpolated data for each wind farm. This data extraction covered every hour of the day from 00:30 on the 1st of January 2000 through to 23:30 on the 31st of May 2023. The first date limit was chosen as the first UK offshore wind farm, Blyth, which became operational the 1st of December 2000, and the final data limit was chosen as the latest date available on monthly wind farm power outputs which, as of July 2023, was May 2023. 
[bookmark: _Toc107231325][bookmark: _Ref149053803][bookmark: _Ref149053811][bookmark: _Ref149053823][bookmark: _Ref149579279][bookmark: _Toc192495021]Step 3 – Extrapolation to turbine hub height
The next step was to extrapolate to the windspeed at hub heights of the specific turbine type at each farm. This was done first with the raw NASA data before scaling using the ERA5 dataset. 

The need to extrapolate is because the hub heights of the UK's offshore wind farms currently vary between 62 to 145 meters. Among all the factors contributing to the uncertainty in accurate wind power assessment, hub height is likely the most critical. Windspeeds can increase significantly from the surface to these hub heights, sometimes by a factor of four to five [185]. 

To determine the hub heights of the turbines at each wind farm, information was gathered from available online sources. The specific wind turbine models installed at each wind farm, were identified through sourcing data from 4C Offshore[186]. Once the hub heights were found, wind-shear models were employed to extrapolate windspeeds to the hub height. This extrapolation assumed the wind shear, the change in horizontal windspeed with height, remains consistent from the outer flow to the surface. This is a simplification assumption as wind shear, also known as the wind profile, is influenced by various variables, including windspeed, surface roughness, temperature, and, most importantly, atmospheric stratification. Atmospheric stratification results from variations in vertical temperature and, consequently, density [185]. 

The two leading options available in literature on the extrapolation of windspeed to hub heights are using either the power law, shown in Equation 23, or the log law, shown in Equation 24 [185].  
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Where  and  are windspeeds at heights  and  respectively,  is the friction velocity,  is the von Karman’s constant which is equal to 0.4,  is the surface roughness and  is defined in Equation 25 [185].  
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In this calculation, the log law is used as the friction velocity utilised in the log law is more robust compared to the dependency of the power law on . Where  is dependent on windspeed and is therefore likely to have a bias in height, and, consequently, be more sensitive to changes in atmospheric conditions [185]. Research that has used and compared these two variables demonstrates significant underestimations of  at coastal sites, and less variation in the calculation of  compared to  [185].

The equation used is a derivation of the log law, shown in Equation 26.
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Where  and  are the related windspeed and hub height respectively. 

This equation was applied to extrapolation of windspeed to hub height by using the known windspeeds at the three heights. Equation 26 can be rearranged to give Equation 27. Then, plotting windspeed () on the y-axis and  on the x-axis, and plotting a linear polynomial, the values for  and  were derived through equating with the gradient and y-intercept values, respectively.  
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Once  and  were determined they were put back into Equation 26 along with the actual hub height of each farm’s wind turbine to determine the windspeed at the appropriate height. 

After determining the hub height using NASA data, the data was scaled based on the ERA5 data. For each wind farm, at each hour within the extracted time range, the NASA raw 10 metre windspeed was subtracted from the ERA5 10-metre windspeed. This difference was then added to the NASA raw 2-metre and 50-metre windspeed, as well as the newly calculated hub height windspeed. This resulted in the generation of a new set of windspeed data based on the ERA5 data. A visualisation of this scaling is provided in Figure 29. In cases where the subtraction produced a negative result the scaling was not applied, and instead, the calculated windspeed from Equation 27 was used.  
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[bookmark: _Ref149058060][bookmark: _Toc192495189]Figure 29: Visualization of the scaling process for the first hour of data at the Barrow offshore wind farm. This includes 4 points for each dataset at windspeeds at heights of 2 meters, 10 meters, 50 meters, and the hub height of the Barrow turbine, which is 75 meters. [Own work]
[bookmark: _Toc107231326][bookmark: _Toc192495022]Step 4 – Calculating wind farm energy output
After establishing hub height windspeeds at each wind farm location, the power output of each of the wind farms was calculated. The relationship between power output and windspeed for a wind turbine is defined by a unique power curve associated with each turbine type. Figure 30 illustrates a standard wind turbine power curve [187].
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[bookmark: _Ref104200353][bookmark: _Toc192495190]Figure 30: Standard power curve for a wind turbine relating windspeed to power and showing the 4 key turbine design features of the curve, cut-in speed (, cut-out speed (, rated speed (, and rated power (
Every power curve is specific to the model of a wind turbine and evolves as the turbine ages, potentially becoming less efficient over time depending on how the turbine is maintained. A power curve consistently incorporates four critical points: the cut-in speed (the windspeed at which power generation initiates), the cut-out speed (the windspeed at which the wind farm is deactivated for safety reasons), the rated speed (representing the turbine's maximum windspeed output), and the rated power (indicating the turbine's peak power generation capacity). The values for these points for specific turbine types are readily available online [188].

In the VWF model, power curves of specific wind turbine models were applied, in cases where the power curve was not available an idealised power curve was applied for the region between cut-in speed and rated speed. However, access to power curves is becoming more restricted and new turbine manufacture manuals no longer contain even an image of the power curve from which data points can be extracted. Only one turbine type of the 15 currently in operation in UK offshore wind farms has a commercially available power curve. 

Due to this data unavailability four different approaches to creating an idealised curve were used. With the 4 key points on the power curve known, the only unknown part of each wind turbine’s power curve is the section between cut-in speed and rated speed. This section is where the different methods described in this section are applied. These include Methods 1a and 1b, based on theoretical relationships, Methods 2a and 2b, based on real-life turbine data provided by OREC, and Method 3, based on a parametric wind turbine model found in literature [189].   
Method 1a – Applying the generalised power equation
Method 1a applies the standard ideal equation relating power (P), in Watts, and windspeed (v), in m s-1, between cut-in speed and rated speed, shown in Equation 28 [190]. 

	[bookmark: _Ref139544363]Equation 28
	



Where  is air density at sea level taken as equal to 1.225 kg m-3, is area, calculated using  where radius () is half the rotor diameter of the wind turbine, and  is the power coefficient. 

The power coefficient relates to the efficiency of the wind turbine and is the ratio between actual power produced and total power available. This coefficient is calculated as a product of blade aerodynamic efficiency (the loss in energy when converting kinetic wind to mechanical blade spin, ), mechanical efficiency (loss due to friction of gears and bearings, ) and electrical efficiency (losses in conversion to suitable frequency as well as losses in generator and power electronics, ) shown in Equation 29 [191].
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These efficiencies change based on a variety of conditions including turbine model, the age of the turbine, and the windspeed experienced by the turbine. This makes the power coefficient the most complicated modelling parameter in calculating power from windspeed [191]. For this method, as Cp values tend to lie between 0.4 and 0.5, a value of 0.45 was assumed [192].
Method 1b – Applying a theoretical cubic relationship
Method 1b applies a simple cubic relationship between windspeed, in ms-1, and power, in W, between cut-in speed and rated speed, based off the theoretical cubic increase of power with windspeed. 
Method 2a – A generated power curve from recorded OREC data
Method 2a applies a polynomial line to the windspeed range between cut-in speed and rated speed for each turbine. The polynomial curve was determined by plotting historic OREC data collected over a two-year period, consisting of windspeed and power output at 10-second intervals. Several polynomial curves of varying degrees were fitted to the data, and the best-fitting option was chosen. In this case, a third-degree polynomial provided a good fit to the data without overfitting. The cleaned-up OREC data with anomalies removed, along with the overlaid third-degree polynomial trendline, is provided in Figure 31.
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[bookmark: _Ref104200455][bookmark: _Toc192495191]Figure 31: Graph of raw cleaned-up OREC data with the overlaid 3rd degree polynomial curve derived from Method 2a and applied as part of the power curve. The equation of the polynomial line is also provided, found using numpy polyfit. 
The polynomial was scaled to the cut-in and rated speed of each wind turbine model, thus creating an individual Method 2a power curve for each windfarm. Figure 32 shows the power curve for Barrow for Method 2a. Similar power curves were created for the other 58 wind farm turbine types and used to determine power output. These power curves are available in Appendix A, section A4. 
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[bookmark: _Ref148975779][bookmark: _Toc192495192]Figure 32: Power curve produced when applying Method 2a to Barrow offshore wind farm, with turbine model V90-3.0MW Offshore.
Method 2b – Use of the OREC turbine manufacturer power curve
Method 2b utilises the pre-existing power curve provided by the turbine manufacturer of the OREC turbine. This solves an issue with Method 2a in that the OREC turbine is often used for testing and therefore is not operated at optimal conditions, unlike a turbine on a wind farm which is dedicated to energy output. Data points along this curve were extracted and plotted, the resultant graph is shown in Figure 33. 
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[bookmark: _Ref104200581][bookmark: _Toc192495193]Figure 33: Graph of extracted points from OREC wind turbine power curve. 
The curve was scaled to the cut-in and rated speed of each wind turbine model, thus creating an individual Method 2b power curve for each windfarm. Figure 34 shows the power curve for Barrow for Method 2b, overlayed on top of the curve for Method 2a, for comparison. This power curve was created for each wind farm, with the remaining shown in Appendix A, section A4.
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[bookmark: _Ref148975949][bookmark: _Toc192495194]Figure 34: Power curve produced when applying Method 2b to Barrow offshore wind farm, with turbine model V90-3.0MW Offshore, overlayed on top of Method 2a power curve for Barrow. 
Method 3 – A parametric wind turbine model
Method 3 applies a parametric wind turbine model to determine the power curve for the specific wind turbine model employed at each farm, found in literature from a study attempting to quantify the link between windspeed and power [189].  This model uses the rated power, and rotor diameter of the wind turbine as the main input parameters and explicitly accounts for 9 other key variables including 5 technical features, power density, cut-in speed, cut-out speed, rotational speed limits, and aerodynamic efficiency. Additionally, 4 environmental factors are considered, including turbulence intensity, air density, wind shear and wind veer. The curve was validated in the paper against 91 manufacturer power curves showing a general agreement, but with some large variations thought to be due to different turbulence intensity variables being used to correct the power curves [189].  The power curve produced by this method for Barrow offshore wind farm is shown in Figure 35. It is unclear from the available literature whether this power curve represents actual or curtailed output. 
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[bookmark: _Ref139547775][bookmark: _Toc192495195]Figure 35: Power curve produced when applying Method 3 to Barrow offshore wind farm, with turbine model V90-3.0MW Offshore. 
As for the power curves in Methods 2a and 2b, the ones for Method 3 for the remaining wind farms can be found in Appendix A, Section A4.
[bookmark: _Toc107231327][bookmark: _Toc192495023]Step 5 – Application of correction factors
Correction factors were applied to account for reductions in power outputs related to 5 main factors including, machine availability, operating efficiency, wake effects, turbine ageing, and surrounding site conditions. 

Considering the first factor, machine availability, this covers times when farms are turned off for downtime and maintenance. Most data on availability relies on performance availability and capacity factors, with little information as to whether this ‘availability’ is just for maintenance or accounting for times of curtailment of offshore wind farms [193]. Taking, for example, the SPARTA group who include curtailment in their Production Based Availability (PBA) value they report yearly for UK wind farms. This came to an average of 95.39% reported for 2019/20. Alternatively, the Crown Estate states that in 2019/20 UK offshore wind farms had an availability between 95 and 98% with the lower percentage being for offshore turbines with accessibility issues [194]. This value has improved over time, in 2014 availability was reported as 88% [181]. Here it is unclear if this changing value from 88% to 98-95% is also covering curtailment as well. 

Due to the lack of clarity on availability, it was not considered in these correction factor calculations. Therefore, time when turbines were down for maintenance was not accounted for. This may be a source of error, however, reducing downtime for wind turbines is an ongoing area of work in industry, therefore, understanding how much energy could be produced may be better representative of the full potential of wind farms in the future. 

The second factor, operating efficiency, arises due to issues such as sub-optimal control, misalignment of components and electrical losses. Estimations for the effect of these losses on power output is reduction by 2%, which was applied to the energy output for all farms [181]. 

Wake effects are changes in windspeed due to interactions with neighbouring turbines, which in turn increases turbulence and reduces windspeed. A turbine at the ‘front of the farm’, i.e., facing the incoming wind, will receive the full force of the wind. Behind this turbine however a wake effect is produced which creates wind shear. The effect of the disruption of this wake on energy output of other turbines on the farm depends on turbine size and shape as well as the overall size of the farm and spacing between turbines on the farm [185]. The effect on energy output is therefore quantified by the array efficiency, the output of a cluster of ‘n’ turbines compared to ’n’ times the output of a single turbine. The zone in which the wake effect is experienced is measured in rotor diameters (RD). Up to 2-3 RD downwind of a turbine, the wake expands up to a point where pressure reaches ambient level. Up to 5-6 RD more turbulence is generated due to radial flow shear, with dissipation beginning to drain turbulent energy and the wake width increasing, reducing the speed deficit [185]. In general, so long as turbines are placed a minimum of 8-10 RD apart downwind, and 5 RD apart crosswind, the array losses are less than 10%. Dynamic interference from the wake effect is noticeable up to distances of 20 RD, meaning 100% efficiency of a real wind turbine site is unachievable [185]. For offshore farms the impact of wake effects on power output is a reduction of 5-10%[195]. For these calculations an average array loss of 7.5% was applied. This becomes the highest contributing factor in these correction factor calculations. 

As turbines age the components in the wind turbine deteriorate leading to an efficiency drop for the turbine. This deterioration is due to multiple factors such as damage to wind turbine blades as well as greater friction in mechanical function reducing efficiency. Estimating the effect of aging is difficult with the variance in farm age, as well as the inconsistency in the age of turbines within a farm with continued maintenance and replacement of parts. Here a generalised aging factor was applied based on a study done on monitoring the effect of age on turbine energy output [181]. Thus, in these calculations, turbine energy output was corrected by a factor of 1.6% for each year of operation.  

The final factor, surrounding site conditions, is due to imperfections in surrounding site conditions, this includes slopes in terrain, blockage, or masking effects of surrounding terrain, as well as blade fouling. The effect of this on power output is very site specific with estimates of reduction being 2-5% with an extra 1% for every 3% increase in turbulence [181]. However, as this thesis only considers offshore wind farms, these effects are significantly reduced compared to onshore farms, this is due to the lack of built-up infrastructure around them, or slope effects of the sea. Therefore, this factor was not accounted for in these calculations. 

Overall, correction factors applied included a 2% correction for operating efficiency, array losses of 7.5% accounting for wake effect, and finally a turbine age correction factor of 1.6% reduction for each year of operation. 

Finally, for each currently operational wind farm the date the wind farm became operational was included in the data from REPD. This date of operation was placed as a limit, so the wind farms calculated production was limited to years, and in some cases, month first operational. 
[bookmark: _Toc107231328][bookmark: _Toc192495024]Step 6 – Comparison to recorded data
Finally, the calculated power outputs were compared to recorded offshore wind production in the UK. The recorded production was sourced from 2 databases, DUKES and Ofgem. Through comparison with the two datasets curtailment was calculated by subtracting the values recorded by DUKES and Ofgem from the calculated energy output. The calculated curtailment was then compared to recorded curtailment values from ELEXON’s balancing mechanism payments. 
[bookmark: _Toc107231329][bookmark: _Toc192495025]Results 
The results for the above methods are shown compared to both DUKES and Ofgem, including attempts to ensure the data being compared is done so fairly and accurately and therefore includes data processing details as well. Subsequently the calculated curtailment is compared to available curtailment data.

The results obtained via the analysis methods described above are initially compared to DUKES, a database providing yearly data, produced by the UK government, detailing the contribution of different energy sources to the UK electricity grid. DUKES is released in July of the year after the energy output is recorded, for this reason DUKES data in this thesis is only available up to 2022. The data was also compared to Ofgem’s Renewables and CHP Register which records all renewable certificates awarded to wind farms. More specifically this register records Renewable Energy Guarantees of Origin (REGOs), each REGO is issued per MWh of energy output by renewable generators. Data is available monthly from October 2003 to the present day; data was downloaded from the start date of October 2003 up to May 2023 as this is the limit of data downloaded from NASA. Table 3 details the calculated yearly energy outputs from Methods 1-3, along with the recorded yearly outputs from DUKES and Ofgem. 
[bookmark: _Ref106615432][bookmark: _Toc192495113]Table 3: Yearly energy output of UK’s offshore wind farms for Methods 1-3, DUKES, and Ofgem.
	Year
	Method 1a /GWh
	Method 1b /GWh
	Method 2a /GWh
	Method 2b /GWh
	Method 3 /GWh
	DUKES /GWh
	Ofgem /GWh

	2000
	1.35
	0.77
	1.06
	0.92
	1.29
	0.90
	N/A

	2001
	10.26
	5.03
	7.77
	6.45
	9.73
	4.94
	N/A

	2002
	10.19
	5.30
	7.89
	6.64
	9.70
	4.78
	N/A

	2003
	28.34
	14.28
	20.28
	17.32
	27.05
	9.84
	0.83

	2004
	391.49
	187.55
	264.09
	225.38
	373.27
	198.68
	4.19

	2005
	543.68
	270.77
	383.96
	326.14
	516.88
	402.71
	1.39

	2006
	975.34
	554.34
	765.36
	662.10
	928.30
	651.40
	691.44

	2007
	1165.22
	697.36
	939.98
	819.45
	1111.13
	782.54
	624.05

	2008
	2115.71
	1374.28
	1775.82
	1558.54
	2013.83
	1335.40
	1322.32

	2009
	2576.38
	1677.26
	2174.04
	1900.83
	2447.23
	1753.89
	1858.56

	2010
	3350.75
	2112.31
	2827.35
	2432.51
	3172.23
	3059.67
	2951.97

	2011
	5266.24
	3511.08
	4537.61
	3989.43
	5005.78
	5149.02
	5146.16

	2012
	7422.58
	5161.54
	6496.04
	5774.18
	7060.42
	7603.14
	7593.71

	2013
	13121.97
	9657.09
	11775.08
	10592.34
	12497.90
	11471.64
	11500.06

	2014
	14563.98
	10959.85
	13197.24
	11944.90
	13890.07
	13404.60
	13520.08

	2015
	19606.78
	15108.55
	17919.29
	16340.60
	18747.69
	17422.74
	17482.01

	2016
	19299.21
	14357.98
	17446.53
	15690.94
	18362.47
	16405.74
	16491.21

	2017
	22681.71
	16847.66
	20449.83
	18397.49
	21574.38
	20915.91
	20540.94

	2018
	28686.68
	21526.94
	25759.97
	23364.83
	27312.23
	26525.21
	26520.71

	2019
	33701.41
	25275.70
	30493.06
	27609.34
	32068.27
	31975.15
	29879.38

	2020
	44053.68
	34872.00
	40905.21
	37739.18
	42215.35
	40681.08
	39121.17

	2021
	39533.13
	30239.97
	36524.60
	33195.41
	37652.39
	35509.55
	36517.35

	2022
	51204.35
	39369.38
	47767.58
	43498.29
	48771.16
	45019.88
	45322.12

	2023*
	23358.98
	18311.02
	22050.95
	20167.08
	22280.56
	N/A
	19945.79



*Note 2023 shows data only up to May and is therefore not representative of the whole year

Figure 36 compares DUKES and Ofgem yearly data to the results of all the methods in Table 3. It should be noted that due to data for 2023 only being available up to May the graph has a deceptive dip in energy output for 2023, this does not accurately represent the full year.
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[bookmark: _Ref104906964][bookmark: _Toc192495196]Figure 36: Comparison between recorded yearly DUKES and Ofgem data on offshore wind output and calculated offshore wind output for Methods 1-3. 
From Table 3, Ofgem and DUKES provide almost identical data from 2006 onwards. Prior to 2006 they do not align, the reason for this may be an inconsistency in the awarding of REGOs by Ofgem, with the policy only introduced in 2003, hence the lack of data for the first 3 years in Table 3. As the Methods 1 to 3 increase in similar proportions as DUKES data for these three years it is assumed the first 3 years of Ofgem data are anomalous and unrepresentative of real-life production for UK offshore wind farms. 

From 2006 Ofgem and DUKES provide almost identical data, with the values differing only by a few GWh. Both are used to provide a level of validation to results. DUKES provides more reliable yearly data, as each year a new report is released not only is the most recent year updated, but the output for previous years is reanalysed based on more up-to-date information leading to slight changes to when they were originally published. DUKES also provides data for years 2000 to 2003, data which is unavailable from Ofgem. However, DUKES is only available on a yearly basis, whereas Ofgem is available monthly and is specific to each wind farm, allowing further in-depth analysis of curtailment. Therefore, curtailed energy on a more detailed basis is calculated using the Ofgem data, whereas an initial look at yearly curtailment is calculated through comparison with DUKES. Curtailment was calculated yearly by subtracting the recorded DUKES power output from each of the methods calculated energy outputs. The results are shown in Table 4 and visualised in Figure 37 through the plotting of the percentage of energy production curtailed.






[bookmark: _Ref106621607][bookmark: _Toc192495114]Table 4: Curtailed energy total values calculated by subtracting DUKES yearly output from each Methods calculated yearly energy output, the value in brackets adjacent to the total curtailed value is the percentage of total DUKES yearly output curtailed. 
	Year
	Method 1a (GWh)
	Method 1b  (GWh)
	Method 2a (GWh)
	Method 2b (GWh)
	Method 3 (GWh)

	2000
	0.45
	(+49.77%)
	-0.13
	(-14.05%)
	0.16
	(+17.78%)
	0.02
	(+2.55%)
	0.39
	(+42.85%)

	2001
	5.32
	(+107.60%)
	0.09
	(+1.79%)
	2.83
	(+57.28%)
	1.51
	(+30.47%)
	4.79
	(+96.97%)

	2002
	5.41
	(+113.09%)
	0.52
	(+10.92%)
	3.11
	(+65.14%)
	1.86
	(+38.88%)
	4.92
	(+103.02%)

	2003
	18.50
	(+188.02%)
	4.44
	(+45.12%)
	10.44
	(+106.05%)
	7.48
	(+75.99%)
	17.21
	(+174.91%)

	2004
	192.81
	(+97.04%)
	-11.13
	(-5.60%)
	65.41
	(+32.92%)
	26.70
	(+13.44%)
	174.59
	(+87.88%)

	2005
	140.97
	(+35.00%)
	-131.94
	(-32.76%)
	-18.75
	(-4.66%)
	-76.57
	(-19.01%)
	114.17
	(+28.35%)

	2006
	323.94
	(+49.73%)
	-97.06
	(-14.90%)
	113.96
	(+17.49%)
	10.70
	(+1.64%)
	276.90
	(+42.51%)

	2007
	382.68
	(+48.90%)
	-85.18
	(-10.88%)
	157.44
	(+20.12%)
	36.91
	(+4.72%)
	328.59
	(+41.99%)

	2008
	780.31
	(+58.43%)
	38.88
	(+2.91%)
	440.42
	(+32.98%)
	223.14
	(+16.71%)
	678.43
	(+50.80%)

	2009
	822.49
	(+46.90%)
	-76.63
	(-4.37%)
	420.15
	(+23.96%)
	146.94
	(+8.38%)
	693.34
	(+39.53%)

	2010
	291.08
	(+9.51%)
	-947.36
	(-30.96%)
	-232.32
	(-7.59%)
	-627.16
	(-20.50%)
	112.56
	(+3.68%)

	2011
	117.22
	(+2.28%)
	-1637.94
	(-31.81%)
	-611.41
	(-11.87%)
	-1159.59
	(-22.52%)
	-143.24
	(-2.78%)

	2012
	-180.56
	(-2.37%)
	-2441.60
	(-32.11%)
	-1107.10
	(-14.56%)
	-1828.96
	(-24.06%)
	-542.72
	(-7.14%)

	2013
	1650.33
	(+14.39%)
	-1814.55
	(-15.82%)
	303.44
	(+2.65%)
	-879.30
	(-7.67%)
	1026.26
	(+8.95%)

	2014
	1159.38
	(+8.65%)
	-2444.75
	(-18.24%)
	-207.36
	(-1.55%)
	-1459.70
	(-10.89%)
	485.47
	(+3.62%)

	2015
	2184.04
	(+12.54%)
	-2314.19
	(-13.28%)
	496.55
	(+2.85%)
	-1082.14
	(-6.21%)
	1324.95
	(+7.60%)

	2016
	2893.47
	(+17.64%)
	-2047.76
	(-12.48%)
	1040.79
	(+6.34%)
	-714.80
	(-4.36%)
	1956.73
	(+11.93%)

	2017
	1765.80
	(+8.44%)
	-4068.25
	(-19.45%)
	-466.08
	(-2.23%)
	-2518.42
	(-12.04%)
	658.47
	(+3.15%)

	2018
	2161.47
	(+8.15%)
	-4998.27
	(-18.84%)
	-765.24
	(-2.88%)
	-3160.38
	(-11.91%)
	787.02
	(+2.97%)

	2019
	1726.26
	(+5.40%)
	-6699.45
	(-20.95%)
	-1482.09
	(-4.64%)
	-4365.81
	(-13.65%)
	93.12
	(+0.29%)

	2020
	3372.60
	(+8.29%)
	-5809.08
	(-14.28%)
	224.13
	(+0.55%)
	-2941.90
	(-7.23%)
	1534.27
	(+3.77%)

	2021
	4023.58
	(+11.33%)
	-5269.58
	(-14.84%)
	1015.05
	(+2.86%)
	-2314.14
	(-6.52%)
	2142.84
	(+6.03%)

	2022
	6184.47
	(+13.74%)
	-5650.50
	(-12.55%)
	2747.70
	(+6.10%)
	-1521.59
	(-3.38%)
	3751.28
	(+8.33%)
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[bookmark: _Ref142920135][bookmark: _Toc192495197]Figure 37: Yearly curtailment as a percentage of DUKES values.  
At this point the instances of negative curtailment in Table 4 and Figure 37 should be noted. Curtailment is a measure of potential excess which could have been produced if the wind farms were not switched off and therefore should never be negative. Negative curtailment suggests the wind farms produce more power than predicted by these methods. At this point this appears to be the case for all the methods, the closest to showing entirely positive curtailment being Method 1a, with only one negative value in 2012. This negative curtailment could mean the methods used do not provide an accurate representation of wind turbine performance. The underlying reasons why these methods underestimate wind farm energy output levels are examined later in the Discussion in Section 3.5.  

For now, it was deemed that further data processing was required to explore the occurrences of negative curtailment. This analysis began with exploring curtailment levels at a monthly level and at a wind farm level. Understanding the data at a higher resolution allows greater understanding of whether negative curtailment occurs in every year and at every wind farm thus suggesting the methods are flawed or if this is not the case then if some anomalous results are skewing the data. 

This monthly analysis was done based on Ofgem data due to the monthly availability of this data. However, this Ofgem dataset is incomplete at this resolution, meaning monthly curtailment can only be calculated for a limited number of years and a limited number of wind farms. This is down to the method of data reporting from Ofgem, REGOs are most often awarded monthly, however on some occasions they are instead awarded over either multiple months or a full year. The years affected by this are 2004, 2005, 2006, 2008, 2019 and 2020. The wind farms affected are Barrow, Blyth, Burbo Bank, Hornsea 1, North Hoyle and Scroby Sands. Therefore, for these years and these wind farms the data can only be provided on a yearly basis.

Initially, the monthly power output data of all UK wind farms was compared with Ofgem data for all years that were not excluded due to unclear monthly output information. This analysis yielded graphs spanning 14 years. In Figure 38 data is presented for 2003, 2007, 2014, and 2021. The other 10 years can be found in Section A5 of Appendix A.
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[bookmark: _Ref139873465][bookmark: _Toc192495198]Figure 38: Comparison of calculated monthly power output for all operational UK offshore wind farms to Ofgem data for years 2003, 2007, 2014 and 2021. 
Next the data was plotted by wind farm, with comparison to Ofgem both monthly and yearly.  To limit the number of graphs shown here, only results for those wind farms detailed in Table 2 are shown. However, not all are shown, Dogger Bank A & B is a future planned wind farm and therefore has no operational data from Ofgem, therefore, it is not included in Figure 39 or Figure 40. Additionally, Hornsea 1 is one of the farms lacking monthly data, and, therefore, not included in Figure 40.  
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[bookmark: _Ref140137864][bookmark: _Toc192495199]Figure 39: Comparison of yearly Ofgem data to yearly calculated power output on a wind farm level. 
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[bookmark: _Ref142058197][bookmark: _Toc192495200]Figure 40: Comparison of monthly Ofgem data to monthly calculated power output on a wind farm level. 
As previously mentioned, five wind farms can only be plotted yearly. This means 40 monthly graphs are produced, and 46 yearly graphs. The graphs for all wind farms not shown in Figure 39 and Figure 40 are available in Appendix A, in Section A6 and Section A7, respectively. 

The fact only 46 yearly graphs are produced when there are 47 operational/decommissioned wind farms listed in the REPD is because Ofgem records outputs for Race Bank (Phase 2) in the same bracket as Race Bank (Phase 1). This is due to these not being separate wind farms but simply an extension made to an existing wind farm. The wind farms names used in Ofgem are often different to those found in the REPD, determining the match-up in names was done through either the name, or the date of operation/construction of the wind farm.  The name match-up is detailed in Table A2 in Appendix A. 

Figure 40 is the first set of graphs to clearly show an inconsistency in Ofgem data, with clear instances where Ofgem records output from a wind farm before the operational date recorded in the REPD, happening for both the London Array and Ormonde graphs. This error is most likely significant as this early production from Ormonde can be seen in the yearly data in Figure 39 as well. This is a clear visualisation of a potential source of error that comes from limiting wind farm production to the recorded operational date of the wind farm. When farms are made up of multiple turbines, often these are installed over a few months and start contributing from the built portion of infrastructure to energy production prior to the date of being fully operational. This is especially common for large windfarms like the London Array as installations of the entire farm can take months. This causes a slight error when calculating curtailment and would account for times of negative curtailment. 

Therefore, when comparing Methods 1-3 to Ofgem the data for Ofgem should be limited to the operational starting date of the specific wind farm. As Ofgem data is provided monthly, the limit needed to be placed on both the Ofgem data and the Methods data. For example, Beatrice offshore wind farm became operational the 5th of August 2019, therefore both it and Ofgem data were limited to production from the 1st of September This ensures consistency, as including August could include energy production from the 1st to the 5th of August in the Ofgem data which would not show up in the Methods data. The data from wind farms with data spanning a range of months, the five previously identified, was not used due to lack of clarity behind these power output levels. For example, in the case of Hornsea 1, one range spans a couple of months either side of the date of operation, whether the farm was outputting before it was fully operational or not is unclear. For this reason, these wind farms data resolution was deemed insufficient for further curtailment analysis.  

It should also be noted for some wind farms, including most notably Beatrice Demonstrator and Blyth, Ofgem starts recording outputs months, if not years, after the operational date. This is most likely due to the experimental nature of these wind farms. If initially set up for testing, they would have remained disconnected from the grid to limit the dependence of output on grid demand. Due to the uncertainty in how these experimental wind farms were operated when connected to the grid the entire output from the two wind farms for both Methods 1-3 and Ofgem was disregarded when calculating curtailment based on Ofgem power levels.   

When including these restrictions on operational date, as well as only analysing those farms with monthly data, only 31 of the 47 operational UK offshore wind farms were used in calculations of yearly curtailment levels. A list of which windfarms are included in the 31 assessed for curtailment is available in Table A2 in Appendix A. To visualise the effect of the elimination of 16 wind farms on the total levels of offshore wind production, the same graph as shown in Figure 36 is reproduced in Figure 41. This figure includes only the energy output, for both Methods 1-3 and Ofgem, from the 31 wind farms assessed for curtailment. DUKES is not included as it cannot provide monthly or wind farm resolution levels of date, being only available on a yearly, UK-wide basis.
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[bookmark: _Ref149128937][bookmark: _Toc192495201]Figure 41: Comparison between recorded yearly Ofgem data on offshore wind output and calculated offshore wind output for Methods 1-3, for the 31 wind farms explored in this thesis.
Compared to Figure 36, Figure 41 has reduced by around 10 TWh in total output. Notably, unlike in Figure 36 where Methods 1a and 3 are inconsistently above Ofgem data, here, in Figure 41, both Methods 1a, 2a and 3 are consistently above Ofgem data, and thus show positive yearly curtailment. These production and associated percentage curtailment for the five methods is shown in Table 5.
[bookmark: _Ref141725138][bookmark: _Toc192495115]Table 5: Curtailment levels for the 31 wind farms, as calculated by subtracting Ofgem yearly output from each Methods calculated yearly energy output. The value in brackets adjacent to the total curtailed value is the percentage of total Ofgem yearly output curtailed. Data is shown from 2003 as this is the furthest back year available from Ofgem data.
	Year
	Method 1a (GWh)
	Method 1b (GWh)
	Method 2a (GWh)
	Method 2b (GWh)
	Method 3 (GWh)

	2003
	0
	
	0
	
	0
	
	0
	
	0
	

	2004
	0
	
	0
	
	0
	
	0
	
	0
	

	2005
	0
	
	0
	
	0
	
	0
	
	0
	

	2006
	0
	
	0
	
	0
	
	0
	
	0
	

	2007
	0
	
	0
	
	0
	
	0
	
	0
	

	2008
	0
	
	0
	
	0
	
	0
	
	0
	

	2009
	0
	
	0
	
	0
	
	0
	
	0
	

	2010
	73.39
	(+18.55%)
	-105.17
	(-26.58%)
	10.96
	(+2.77%)
	-45.06
	(-11.39%)
	49.75
	(+12.57%)

	2011
	401.33
	(+26.93%)
	-227.74
	(-15.28%)
	169.73
	(+11.39%)
	-28.10
	(-1.89%)
	310.60
	(+20.84%)

	2012
	713.12
	(+21.45%)
	-402.81
	(-12.12%)
	290.89
	(+8.75%)
	-72.24
	(-2.17%)
	526.27
	(+15.83%)

	2013
	1877.84
	(+24.10%)
	-483.98
	(-6.21%)
	998.59
	(+12.81%)
	171.34
	(+2.20%)
	1423.90
	(+18.27%)

	2014
	1845.37
	(+19.26%)
	-743.38
	(-7.76%)
	919.78
	(+9.60%)
	-14.04
	(-0.15%)
	1326.94
	(+13.85%)

	2015
	2748.05
	(+20.48%)
	-681.87
	(-5.08%)
	1520.33
	(+11.33%)
	280.68
	(+2.09%)
	2053.49
	(+15.31%)

	2016
	2643.61
	(+19.20%)
	-1312.97
	(-9.54%)
	1215.68
	(+8.83%)
	-227.54
	(-1.65%)
	1855.70
	(+13.48%)

	2017
	2460.66
	(+14.48%)
	-2273.28
	(-13.38%)
	697.85
	(+4.11%)
	-1000.72
	(-5.89%)
	1519.32
	(+8.94%)

	2018
	3864.87
	(+17.80%)
	-2305.60
	(-10.62%)
	1362.78
	(+6.28%)
	-721.79
	(-3.32%)
	2644.79
	(+12.18%)

	2019
	4530.40
	(+17.74%)
	-2764.86
	(-10.82%)
	1774.05
	(+6.95%)
	-743.44
	(-2.91%)
	3081.53
	(+12.06%)

	2020
	3495.49
	(+11.14%)
	-3662.69
	(-11.67%)
	917.63
	(+2.92%)
	-1542.17
	(-4.91%)
	2046.64
	(+6.52%)

	2021
	4172.72
	(+15.16%)
	-3206.50
	(-11.65%)
	1656.43
	(+6.02%)
	-974.39
	(-3.54%)
	2658.77
	(+9.66%)

	2022
	8969.24
	(+26.56%)
	-798.75
	(-2.37%)
	6083.99
	(+18.02%)
	2557.93
	(+7.57%)
	6931.84
	(+20.53%)

	2023
	3742.30
	(+25.65%)
	6.60
	(+0.05%)
	2773.96
	(+19.01%)
	1371.51
	(+9.40%)
	2918.43
	(+20.00%)


[bookmark: _Ref141725487]
With further data processing Method 1a, Method 2a and Method 3 are now entirely positive. This suggests the alterations made to ensure consistency between methods and the Ofgem database were sufficient to make these three methods valid in their estimation of wind farm power output. However, the other two methods displayed in Table 5 still show instances of negative curtailment. Suggesting either further work is needed to verify the data or that these methods in themselves prove unsuitable for production estimation. This is explored further in the Discussion section of this chapter.  

The results from Table 5 are visualised on a yearly basis in Figure 42 and monthly in Figure 43. Both figures show energy output for all methods compared to Ofgem as well as curtailment as a percentage of Ofgem energy output. 
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[bookmark: _Ref142058032][bookmark: _Toc192495202]Figure 42: Comparison between Ofgem and calculated yearly energy output levels for the 31 wind farms, a) shows total energy levels for all methods and Ofgem, b) shows curtailment for all methods as a percentage of Ofgem energy levels, note Ofgem is not plotted in this graph.
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[bookmark: _Ref142058108][bookmark: _Toc192495203]Figure 43: Comparison between Ofgem and calculated monthly energy output levels for the 31 wind farms, a) shows total energy levels for all methods and Ofgem, b) shows curtailment for all methods as a percentage of Ofgem energy levels, note Ofgem is not plotted in this graph. 
Out of the five methods explored in this chapter, three were identified as suitable for further analysis: Methods 1a, 2a, and 3.  
[bookmark: _Toc107231332][bookmark: _Ref149136526][bookmark: _Toc192495026]Discussion 
Upon reviewing the above results, several trends emerge. When comparing all four of the calculated methods to DUKES and Ofgem (Figure 36), year-to-year changes, visually represented as peaks and troughs in the figures, align consistently. This indicates the methods applied in Methods 1-3 accurately reflect real-life production, as expected being based on real-life windspeed data. Taking a more detailed look at Figure 36 all methods show the total energy output of the UK’s offshore wind farms increased over time, the only exception being 2021. This trend correlates with the increasing number of operational offshore wind farms. The dip in 2021 can be attributed to the below average mean windspeed across the UK. This phenomenon was experienced in other parts of northwest and central Europe, with some of the lowest averages recorded since 1979 [196]. 

An initial look at curtailment, in Table 4, shows no methods producing consistently positive results. As previously mentioned, curtailment cannot be negative as it is a measure of excess energy production. Therefore, the methods clearly have a level of error in them and all methods are underestimating wind turbine power output prior to conducting the further data analysis in the results section and producing valid curtailment data for the 31 wind farms.

Examining Method 1a in Figure 37, where the data is pre the later processing, curtailment, as a percentage of DUKES, rises quickly from 2000 to where it peaks in 2003. The levels reached in 2003 are never again met, with curtailment sharply dropping from 188.02% in 2003 to 35% by 2005. From 2005 onward, curtailment levels never again exceed 60%. There is a steady rise in curtailment from 2005 to 2008, followed by another significant, though not as steep, drop from 2008 to 2012, to the negative calculated curtailment level, of -2.37%. From 2012 to the present day, curtailment, as a percentage, remains relatively stable, ranging between 8 to 14% of overall energy production. This is consistent with the logic of increased experience and investment in connecting offshore wind farms to the grid, with lessons learnt, and increased geographical distribution of wind farms contributing to this reduction in curtailment.  

When comparing Methods 1-3 to Ofgem monthly, by year, in Figure 38, there is a clear consistency with real life output as observed in Figure 36 but in finer detail. As with the DUKES data, the peaks and troughs align. This agreement continues when considering a yearly wind farm basis in Figure 39 and a monthly basis in Figure 40. The most consistent of the wind farms shown is the London Array. When considering graphs for individual wind farms, the ‘agreement’ between the Methods and Ofgem improves over time. This agreement is not only in terms of peaks and troughs but also the fact the measured output from Ofgem for an individual wind farm seems to increase with time. This suggests that as a wind farm gets older, the grid gets better at integrating its output into supply. This could be due to continuous work undertaken into strengthening the grid, thus leading to improved interconnections in the vicinity of the wind farm. These plots led to the data processing which resulted in the final 31 wind farms for whom curtailment could be calculated, due to availability of sufficiently detailed data for monthly curtailment calculations.

Considering production levels for these 31 wind farms, plotted in Figure 41, the graph displays a similarity to Figure 36 in the consistency in the peaks and troughs, as well as a steady increase in power output. Curtailment values are presented in Table 5, and graphically represented on a yearly basis in Figure 42 and on a monthly basis in Figure 43. This allows a more in depth look at the curtailment levels. 

Since data for the 31 farms only begins in 2010, the notably high curtailment as a percentage observed in 2003 is not visible here. However, there is a consistency in the levelling out of curtailment, though the percentages sit slightly higher at 18-26% for the yearly data, and, for the monthly data, a much wider range of about 10-60%. This greater variation in monthly data is expected and could be explained by changing dynamics in windspeed levels throughout the year. Notably, curtailment levels appear to be lowest at the start and end of each year, and highest in the middle of the year, as shown in Figure 43a. This can be explained by the seasonality of wind, which tends to be stronger and more consistent in the winter months. Stronger winds allow farms to operate at full capacity, while consistent winds allow the grid to rely more heavily on offshore wind outputs. This seasonality results in a reduction in curtailment as space is freed up intentionally to allow greater penetration of wind into the grid. Whereas in the summer, wind is more intermittent, exacerbating the conditions that lead to curtailment, thus, it becomes harder to forecast windy days, and when they do occur, the winds are not as strong. Consequently, less reliance can be placed on the farms leading to higher curtailment. Additionally, summer is peak time for solar generation leaving less capacity on the grid for wind energy. This is amplified by a large amount of unmetered solar from PV on houses which, being connected to the distribution rather than transmission network, is not easily monitored. The grid therefore has difficulty planning for such uncontrolled generation. This seasonality is explored further in Figure 44.

[image: A graph of different colored lines

Description automatically generated]
[bookmark: _Ref149204564][bookmark: _Toc192495204]Figure 44: a) Average level of curtailment and b) percentage curtailment, experienced at all 31 wind farms for each month of each year with available curtailment data, as calculated using Method 1a. 
Figure 44 shows the most notable correlations come from comparing percentage curtailment over curtailed energy levels. Figure 44a shows only what has already been shown in Figure 36 and Figure 41, that generally as time goes on, as more wind farms are added to the UK fleet, curtailment as a whole increases. Figure 44b, however, reveals a recurring trend where curtailment increases during the summer months compared to the winter months. This is consistent for all years apart from 2010, 2011, 2012, 2022 and 2023. Anomalies in 2010 and 2023 can be attributed to limitations in data availability, with 2010 data starting in June and 2023 ending in May. The inconsistency with the observed trend in 2011, 2012 and 2022 are more complex. 2011 curtailment is, in contrast to the other years, highest in the winter months, and 2012 is highest at the start of the year then steadily decreases over the rest of the year. Whereas curtailment in 2022 far exceeds any other year and steadily rises throughout the year with the occasional dip. This not only shows the difficulty in predictability of wind, with different years not showing similar trends but may also indicate errors in the method results. 

Before exploring the data further, the individual methods are first assessed to understand where these errors may be coming from. 
[bookmark: _Toc192495027]Validating the method results 
It is important to explore the discrepancies between the calculated levels for Methods 1-3. For all the figures analysed up to this point, and the rest included in this chapter, the difference between the methods is consistent. Method 1a is the highest predictor, followed by Method 3, Method 2a, Method 2b, and the lowest predictor, Method 1b. All methods predict the peaks and dips in power output, due to being based on the same windspeed data. This suggests the calculated outputs are not erroneous; rather, the methods themselves are inadequate. 

Post adjustments to remove sources of error, as performed for the 31 wind farms in Figure 41, it became clear three methods showed suitable data for curtailment calculation, Methods 1a, 2a and 3. To explore this in further detail Figure 45 was used to explore curtailment at a wind farm level, for the 31, post data processing, wind farms both in total energy curtailed and as a percentage of recorded energy output.

From Figure 45 it becomes clear that the consistency in positive results from Method 2a is only observed when considering curtailment on a yearly basis. On a wind farm basis, a handful of wind farms average negative curtailment. This suggests Method 1a and Method 3 are best in estimating curtailment levels being the only two methods to consistently show positive curtailment.

Figure 45 also makes clear the difference between assessing curtailment levels compared to curtailment as a percentage is highly notable here for wind farms Kincardine and Levenmouth. For these two wind farms curtailment levels appear much more significant in Figure 45b compared to Figure 45a. These are two relatively small offshore wind farms; thus, percentage curtailment is more useful when comparing them to other, much larger, wind farms.  

Therefore, further exploration of Methods 1b, 2a and 2b are required to understand why they show negative curtailment, and in parallel exploring why Methods 1a and 3 show positive curtailment. 
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[bookmark: _Ref149144165][bookmark: _Toc192495205]Figure 45: Figures comparing curtailment at an individual windfarm level for Methods 1a, 2a and, 3, a) shows curtailment in GWh, b) shows curtailment as a percentage of Ofgem recorded energy output.
The two methods producing unsuitable underestimations of wind farm production levels, on a yearly basis, are Methods 2b and 1b. Method 1b, the lowest predictor, is the simplest calculation employed in this chapter. It relies on a cubic relationship, as windspeed increases by x amount, power increases by x3. This relationship fails to consider other essential factors, most notable when comparing to Method 1a, the method with the highest predictor for windspeed. Method 1a also employs a cubic relationship but incorporates other important variables, including, rotor diameter, air density, and the power coefficient. The power coefficient reduces wind power output as it typically ranged between 0.4-0.5, depending on the specific wind turbine and wind conditions. However, both the area and air density are above one, and area is a rather large variable, explaining the extreme difference between Methods 1a and 1b and the generally higher prediction of energy levels in Method 1a compared to 1b. Overall, it is clear Method 1b is unsuitable as a predictor for wind turbine production levels, not taking into account sufficient factors to be able to reliably predict wind turbine production levels. 

Method 2b, like its counterpart Method 2a, is based on real life OREC data. These two methods do sit next to each other in the order of methods, however, for the 31 wind farms, only Method 2a consistently outputs positive yearly curtailment results. The difference between the two is Method 2a is based on recorded turbine performance whereas Method 2b is based on the actual turbine power curve. Prior to this analysis, it was expected that Method 2a could result in a below accurate prediction of wind turbine power levels, as the OREC turbine is experimental, and is often operated at lower power outputs than those corresponding to the windspeed. This can be seen clearly in Figure 31 with data points sitting far to the right of the trendline applied to this Method. This could explain why Method 2a falls short of Method 1a in predicting curtailment, and the occasional negative result when applied on a wind farm basis. However, the fact that Method 2a outperforms Method 2b for the 31 wind farms might also be due to the experimental nature allowing it to be pushed to its technical limits. This is shown by the many data points to the left of the trendline in Figure 31 as well. 

Alternative reasons for this inconsistency between Method 2a and 2b could relate to the source data for 2a, being raw data from the turbine itself, whereas Method 2b is based on the manufacturers power curve. This power curve may be reduced to reflect real life production more accurately, thus accounting for some of the power reductions covered in curtailment, including maintenance issues, transmission losses, and curtailment itself. It is clear that Method 2a would produce a higher curtailment calculation than Method 2b when considering the Method 2a power curve for Barrow in Figure 32 compared to Method 2b in Figure 34 with the range between cut-in speed and rated speed being more rounded in Figure 32, and more concave in Figure 34. Based on the irregularity in the data available from Method 2a, and the clear underestimation of Method 2b when comparing these power curves, it becomes clear neither method is suitable for wind farm power prediction nor can be used for reliable curtailment calculations. 

The final calculation, Method 3, was based on a parametric model of wind turbine power curves. This method initially proved unsuitable but became fully positive post the data analysis performed for the 31 wind farms. One reason why this model could underpredict power production levels is that it was developed based on real-life wind farms, which may once again ‘hide’ the curtailment being calculated in this chapter. 
[bookmark: _Toc192495028]Understanding trends in curtailment data
One expected trend in curtailment data, the seasonality of it, is demonstrated in Figure 44b. The graph shows how the level of curtailment at wind farms is higher during the summer months. The reason this relationship is presented here is to further emphasise the necessity of seasonal energy storage for wind farms to smooth out these fluctuations throughout the year. It is worth noting the same bump in curtailment in the summer months is not seen in in Figure 44a. This disparity is because energy output from wind farms is higher during the winter months, due to the higher windspeeds experienced. Therefore, when there is curtailment in the summer, even when curtailment levels are like those experienced in the winter, it is more significant as there is less wind energy being injected into the grid. 

From Figure 45a, showing actual curtailment levels, the standout farm with the highest levels of curtailment was Hornsea 2. The next two notable farms include Moray East and Triton Knoll, though curtailment levels are at almost a quarter of the level experienced at Hornsea 2. In Figure 45b, Hornsea 2 once again experiences the highest curtailment. The difference in this graph compared to Figure 45a is in the next two windfarms now notable on the graph, Levenmouth and Kincardine. 

Looking first at Hornsea 2, a clear justification for the high curtailment levels shown in Figure 45a is the fact that Hornsea 2 is the largest operational offshore farm to date at 1300MW. The link between large curtailment and large windfarms is a difficult one to break down. Larger wind farms have more, and bigger, turbines that can be turned off and therefore lend themselves to greater curtailment, even when operated at similar control levels as smaller farms. Additionally, being larger, they are more difficult to integrate into the grid and create greater fluctuations, leading to higher curtailment. The fact that Hornsea 2 shows the highest curtailment in both  Figure 45a and Figure 45b suggests the second explanation of larger wind farms fits best here. But Hornsea 2 is also the newest wind farm, operational as of October 2022, as well as the wind farm furthest from shore at 89km, sitting off the coast of the Humber. Both of which could explain this higher curtailment, the reason why being explored later in this discussion. 

Of the other two high curtailment windfarms according to Figure 45a, the first is Moray East, with a capacity of 950 MW, operational as of April 2022 and sitting 22 km offshore in the Moray Firth in the North of Scotland. The second is Triton Knoll, another large new wind farm, with a capacity of 857 MW, operational as of January 2022 and sitting 22km off Lincolnshire on the east coast of the England. 

Considering, instead, Figure 45b, the two high curtailment wind farms are now Levenmouth and Kincardine. Levenmouth is a test farm, made up of one 7MW turbine, operational as of May 2014, sitting on the coast at 0.04km offshore, on the north side of the Firth of Forth, the same North Sea inlet as Edinburgh. Kincardine is a 50MW floating offshore wind farm, located 15km off the coast of Aberdeen and operational as of October 2021. 

Levenmouth, as a test turbine, is not operated at optimal levels, with tests including those that intentionally run it at lower than capacity levels. This suggests it could be an anomalous result. Kincardine, however, is not a test wind farm, but is a very new farm in Northern Scotland. The high curtailment could be linked to difficulty in integrating a new farm into an already congested grid, an explanation that can also be applied to the high curtailment in the notable wind farms in Figure 45a.

Of the five wind farms showing high curtailment, there are a few similarities worth highlighting. Firstly, three of them are in Scotland, secondly, three of them are above 800MW in capacity and thirdly, four of them are extremely new, only becoming operational since late 2021. The only theory that does not seem to show up is the distance from shore. Apart from Hornsea 2, all the high curtailment wind farms do not display a clear correlation of curtailment with distance from shore. 

On the other end, when examining the wind farms experiencing the lowest levels of curtailment, as opposed to the highest levels of curtailment, Figure 45a and Figure 45b are in agreement on the farm exhibiting the lowest levels, Kentish Flats 2. This is a 49.5 MW wind farm located 8.3 km off the coast of Kent, and operational as of September 2015. A smaller, older wind farm, located in the less congested South experiencing the lowest levels of curtailment further accentuates the correlation between size, age and location. 

The other lowest curtailment windfarms in Figure 45a include Blyth Test Site, Hywind Demonstrator, and Robin Rigg East. Blyth Test Site is a 41.5 MW wind farm sitting 5.7 km off the coast of Blyth in the Northeast of England, operational since October 2017. Whereas Hywind has a capacity of 30MW, sits 25km off the coast of Aberdeen, and became operational in October 2017. It should be noted that both these wind farms are test sites. Experimental turbines could lead to low curtailment if they were regularly disconnected from the grid. However, this is not the case, as the methods calculate power production for the entirety of the operational life. If disconnected from the grid there would be no Ofgem results, and therefore curtailment would be high. Therefore, these wind farms being test sites is not a factor in their low curtailment. The reason for their low curtailment could be down to both being linked to UK offshore wind farm firsts. Blyth Test Site is on the same site as the UK’s first, now decommissioned, offshore wind farm. Low curtailment could be linked to 22 years of experience in integrating wind energy from this part of the country. Hywind, on the other hand, the UK’s first floating wind farm. Similar decisions could have been made to place it in an electrically well-connected location, and a location with consistently reliable windspeeds. Less intermittency means less curtailment. Both are also small wind farms, and their integration can be kept more local than other, larger wind farms, placing less reliance on the overly congested cross-country transmission lines. 

The third low curtailment windfarm in Figure 45a is Robin Rigg East, a 90MW farm located 11km off the coast of Kent, very close to Kentish flats 2, and operational since April 2010. This wind farm is very similar to Kentish flats 2, in both age and location, and reinforces the theory that low curtailment is linked to older, low-capacity farms in low grid congested areas.  

When considering Figure 45b, the lowest curtailment windfarms, excluding Kentish Flats 2, are now Burbo Bank Extension and Walney 2. Burbo Bank Extension, with a capacity of 258 MW, located in the Irish Sea, 7km off the coast of Liverpool, and operational since April 2017. Walney 2, with a capacity of 183.6 MW, is also located in the Irish Sea, 15km off the coast of Barrow-in-Furness, and operational since April 2012. Once again these are two very similarly located wind farms, suggesting an uncongested grid area. These farms have a larger capacity than those with the low curtailment levels observed in Figure 45a, but they are still around a quarter of the capacity of the high curtailment windfarms from Figure 45a. 

Based on analysis on a windfarm level it seems the three key variables leading to higher curtailment include wind farm age, size, and location, though only location in terms of the North and South of the UK, and not in distance from shore. This was further explored using Figure 46 to Figure 47. These figures explore geographical location, the age of the wind farm, and the wind farm capacity. Figure 46 maps the levels of curtailment at the locations of each wind farm and Figure 47 graphs curtailment levels against wind farm capacity and age. Both figures presented here are derived from results from Method 1a, post the discussion above this is deemed the most accurate route for representing curtailment, followed closely by Method 3, which was excluded due to the lack of clarity as to what reductions were included in the parametric model taken from literature. However, duplicate figures for both Methods 2a and 3 curtailment levels are visualised on maps of the UK in Section A8 of Appendix A.

Figure 46 shows the curtailment results from Method 1a on a map of the UK. The location of all 31 wind farms is displayed by average monthly curtailment experienced at that farm. The size of the circle denoting the windfarm represents the level of curtailment. Figure 47 graphs the curtailment at each wind farm against the size of the wind farm, a third variable, length of time since date of operation, is also plotted and depicted through the size of the circle used to mark each wind farm on the graph. This is done for both total curtailment levels and percentage curtailment. 
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[bookmark: _Ref141116409][bookmark: _Toc192495206][bookmark: _Ref142057905]Figure 46: Map of the UK showing the location and size of a) average curtailment and b) percentage curtailment experienced by the 31 wind farms with calculated Method 1a curtailment data.
Figure 46a, although useful in putting into context the levels of curtailment experienced by region, does not clearly illustrate a strong correlation between geographical location and average curtailment levels. Figure 46b shows windfarms in the North of the UK on the Scottish coast seem to show larger-scale percentage curtailment than the rest, though this is not true for all windfarms in these regions. Another notable observation is the windfarm furthest from the shore, Hornsea 2 has the highest levels of curtailment in the UK. 
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[bookmark: _Ref142060202][bookmark: _Toc192495207]Figure 47: Average level of curtailment and percentage curtailment, both plotted against wind farm capacity, the size of the circle depicting each wind farm correlates to the length of time that the wind farm has been operational, with the larger circles denoting older wind farms. 
Considering first the difference between North and South, in Figure 46b, there seems to be a slight correlation between location and curtailment levels, with percentage curtailment seemingly higher in the ocean surrounding Scotland compared to England, Wales and Northern Ireland. This is as expected because the bottlenecks in transmission, which are a key factor contributing to curtailment, are a major issue between Scotland and England. Scotland is a prime location for offshore wind, and this transmission issue is a severe hinderance to the continued development of offshore wind in Scotland. Notably, this is not reflected in Figure 46a, further reinforcing the theory that exploring trends in curtailment is more notable on a percentage basis rather than a total GWh level. 

The other location-based contributor to curtailment levels, distance from shore, can also be analysed using Figure 46; however, from both a and b, this does not seem to be much of a factor. The lack of correlation between distance from shore and curtailment was unexpected. As already discussed, the curtailment levels in this chapter cover all instances of lost energy, most importantly for this part of the analysis, transmission losses. Transmission losses increase with distance, suggesting curtailment, as calculated in this chapter, should increase with distance from shore. The one data point which does imply this relationship is the furthest offshore wind farm, Hornsea 2 in both Figure 46a and Figure 46b. The lack of other wind farms as far from shore as Hornsea 2 hinders the analysis of the significance of distance from shore on curtailment levels. The ideal comparison would be Hornsea 1; however, it does not have monthly data and therefore is not included in this analysis due to the uncertainty surrounding what part of the recorded yearly output of the wind farm was prior to the registered operational date. All other wind farms with curtailment data are all located close to shore, with no clear increase in circle size with distance from shore visible from Figure 46. Therefore, distance from shore could play a factor in curtailment levels, but it is unclear from the wind farms analysed in this chapter. 

Considering the other potential reasons for curtailment, both age and capacity, Figure 47, here again, Hornsea 2 is a dramatic outlier, being both by far the biggest in term of capacity and the wind farm with the greatest level of curtailment. Figure 47 seems to show an exponential relationship between wind farm capacity and average GWh curtailed which is not as clear in the percentage variables. Thus, displaying that larger wind farms experience higher curtailment levels, but only because greater power output means greater curtailment. Switching off the entire wind farm leads to a greater reduction in power output than switching off a smaller wind farm. Putting it into relative context with the size, the proportion of energy curtailed is consistent, at least not appearing to show a relationship between capacity and percentage curtailment levels. 

In terms of wind farm age, there again does seem to be a relationship between age and curtailment when considering total curtailment, but this relationship is not as clear when considering curtailment as a percentage of wind farm power output. In Figure 47 the size of the blue (GWh) circles decreases as GWh curtailed increases, but also as capacity increases. Newer, younger wind farms are larger than their older counterparts and they show greater curtailment levels. Conversely the size of the yellow (percentage) circles only clearly decreases with capacity, showing the relationship between younger wind farms having greater capacity. If excluding the wind farm Levenmouth, a test turbine that experiences inflated curtailment, showing around 180% curtailment despite being a relatively old farm. The trend of increasing percentage curtailment with age becomes a bit clearer in Figure 47. Though still mostly driven by the Hornsea 2 result, it is unclear as to whether this is an anomaly due to lack of further data for wind farms of both this size and age. This relationship between age and curtailment had previously been expected when assessing the individual wind farm power outputs in Figure 39 and Figure 40, most notably, as already discussed, for London Array. It is significant that of the 16 ‘missing’ wind farms, excluded either for lack of monthly data or whose Ofgem power output began after the operational date, 13 of them are older than Robin Rigg East, the oldest wind farm shown in Figure 47. Therefore, there is a lack of data here of truly old wind farms, potentially covering up trends in wind farm age. 

The fact most wind farms excluded from curtailment analysis are older suggests a link between lack of Ofgem data and older wind farms. This could be as older wind farms were more experimental and therefore not always contributing to the grid, as well as potential issues leading to missing data during the initial implementation of the Ofgem CHP register. 

There is an argument to say age of the wind farm may contribute to curtailment in a different way to what has been visualised in Figure 47, that with time, curtailment levels either increase or decrease. They could increase as wind farms and the cables connecting them to shore age and wear, or they could decrease as the grid adjusts to taking in power from the wind farm. However, when individual wind farm curtailment levels are plotted against time this does not seem to be the case. Once again this may be a phenomenon observed with some of the older wind farms lacking in data. Graphs of curtailment levels, both GWh and percentage with time for each of the individual 31 wind farms are shown in Section A9 of Appendix A. 

A potential error in the results discussed so far lies with the reliance on Ofgem data, which is based on the awarding of REGO certificates. From the way the data is presented it is thought there may be a delay in the time when the energy was produced compared to when the certificate was awarded. This theory is based on the column in Ofgem data titled ‘Issue Date’, which was used to determine the month and year of energy production. However, these issue dates are not continuous, there are numerous missing days suggesting that these certificates may not be awarded daily, as, and when, the energy is supplied to the grid. Most importantly, the difference in time between certificates is regularly more than just a few days. This delay will mostly become negligible as curtailment is assessed monthly in this chapter, and especially when assessing curtailment yearly. However, this will not always be the case, at times the couple of days between issuing could mean, for example, energy supplied in June is not recorded until July, or energy supplied in December of one year is not recorded until January of the next. 
[bookmark: _Toc192495029]Comparison to reported curtailment data
The calculated curtailment can now be compared to recorded curtailment data available on the UK’s offshore wind farms. The only open-source data available on curtailment of UK offshore wind farms is provided by the charity REF (Renewable Energy Foundation), an organisation whose aim is to hinder the continued development of wind farms [197]. REF sources this data from ELEXON the company who manages the Balancing and Settlement Code for the UK, and thus record payments given to wind turbines when balancing out energy supply. The data available from REF is shown in Figure 48b [197], REF provides greater insight into curtailment data, including curtailment on a wind farm and a monthly basis. As the aim of REF may lead to bias the data produced was checked against the only other available graph from this ELEXON data which could be found. This is shown in Figure 48a, showing curtailment data for all UK wind farms from 2011 through to 2020 [74].
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[bookmark: _Ref140491532][bookmark: _Toc192495208]Figure 48: Existing curtailment data for all UK wind farms, a) Sourced from ELEXON, b) Sourced from the REF website.  
Figure 48a and Figure 48b show almost identical curtailment levels, thus justifying the use of REF data. REF was trimmed down to show curtailment solely for offshore farms, the result is displayed in Figure 49a for the all UK offshore wind farms and in Figure 49b for the 31 wind farms with calculated curtailment data. 
[image: A graph of energy and energy

Description automatically generated with medium confidence]
[bookmark: _Ref149302168][bookmark: _Toc192495209]Figure 49: Existing curtailment data for a) all UK offshore wind farms and b) the 31 UK offshore wind farms explored in this thesis, both sourced from the REF website. 
Finally, in Figure 50, curtailment calculations from Methods 1-3 were compared to the existing curtailment calculations shown in Figure 49. This was done for both all UK offshore wind farms, data shown in Table 4 and the 31 offshore wind farms, data shown in Table 5. 
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[bookmark: _Ref106622248][bookmark: _Toc192495210]Figure 50: Comparison of available yearly curtailed energy totals to calculated curtailed energy values from Methods 1-3 for a) all UK offshore wind farms compared to DUKES (data from Table 4) and b) the 31 UK offshore wind farms (data from Table 5).
In Figure 50b curtailment results for the 31 wind farms are higher than those in Figure 50a. This seems, at first glance, to be an error, as logically the 31 wind farms are a subset of the 47 operational farms. The reason for the higher curtailment may be related to the nature of the data in Figure 50b, where Ofgem’s energy output prior to the operational date of the wind farm has been removed. This resulted in a lower overall recorded energy output for individual wind farms and, consequently, higher curtailment. This distinction holds even though Figure 50a is not based on Ofgem results but on DUKES data. Methods 1-3 are still limited to operational dates and DUKES data includes pre-operational contributions to the grid, as evidenced by its close similarity to Ofgem data, as shown in Table 4. 

Both graphs in Figure 50 are compared not only to the trimmed down REF data but also to overall curtailment shown in Figure 48a. This is because the trimming of REF data was done manually and without input from the data creators. In both cases, whether comparing to all offshore farms or just the 31 farms, there were wind farms missing from the REF list of wind farms. Most likely there is a discrepancy in the naming of the farm, but as this is unclear only the wind farms known to match the ones explored in this thesis were included. 

Focusing on Method 1a in Figure 50a, showing yearly curtailment for all operational wind farms, curtailment generally increases as expected, in line with the growth of the UK offshore wind sector. Analysing this graph in more detail reveals a steady decrease in curtailment from 2009 to 2012, followed by a slight dip in 2014. There is a continued increase up to 2016, where it dips, only again surpassing 2016 levels in 2020, and then continuing to increase in 2021 and 2022. 

The initial spike in curtailment in 2016, as shown in Figure 50a, seems out of place as, according to the renewable register, no wind farms became operational in 2016. This, coupled with the fact the data in Figure 50a is based on a comparison to DUKES, where pre-operational power outputs have not been eliminated, suggests that curtailment should have decreased in 2016. The reason it is a spike is due to new wind farms coming into operation in 2017 already contributing to the grid in 2016, which is not accounted for in Methods 1-3, therefore leading to inflated power output levels. This could explain the dip in 2017, a point when the UK offshore wind fleet size began growing rapidly, with six wind farms becoming operational in 2017, increasing the energy from offshore wind farms from 5.098 GW to 6.516 GW.

From 2017 to 2018, the relatively small increase is again noteworthy, with four new wind farms becoming operational, increasing total offshore wind capacity to 7.909 GW. The dip in 2017 might also be attributed to the increased geographical spread of wind farms, greater investment in transmission, the lessons learnt from previous years to improve control, and efforts to reduce curtailment including new legislature such as the Transmission Constraint Licence Condition Legislation introduced in July 2017 [198]. These same factors which contributed to the dip in 2017 could account for the rise in 2016, there were fewer wind farms, resulting in a limited geographical spread, less operational experience, lack of legislation, and fewer developments in transmission lines. 

However, these changes do not keep curtailment low for long, as it rises above 2016 levels from 2020 onwards. Several reasons could explain this trend. Firstly, the number of wind farms increasing could mean a capacity level was reached where control measures were insufficient to mitigate curtailment effectively. Secondly these years are the pandemic years, due to the covid-19 lockdown the energy consumption of the UK was altered, more people worked from home placing a greater burden on the distribution networks, and more time was spent at home in the evenings, potentially increasing night-time energy consumption. When energy consumption sits outside the norm this places greater demand on the grid to both reduce supply earlier in the day and increase supply later at night, the earlier reduction leads to curtailment, the later increase leads to an increase in easy to ramp-up supplies like fossil fuels and therefore not leading to a balance out of production for wind farms. 

The lack of consistency in the increase in curtailment is also linked to supply problems, for example in 2021, the lower-than-average windspeeds in the summer adds another level of complexity to the curtailment problem, more farms connecting to the grid increases curtailment but reduced expected output reduces curtailment.  

In Figure 50b the overall trend of curtailment generally increasing from 2010 through to 2022 is held, however there are slight differences in the details of this graph. The most notable diversion compared to Figure 50a is there is no dip between 2010 and 2012, but rather a plateau. Additionally, there are more plateaus, from 2013 to 2014 and 2015 to 2017, followed by the first significant dip in in 2020 before an increase again. The levelling out in Figure 50b where Figure 50a dips could be linked to the wind farms responsible for this reduction in curtailment not being included amongst the 31 included in Figure 50b. The dip in 2020 in Figure 50b compared to Figure 50a suggests the presence of a wind farm with high curtailment that is not part of the 31 wind farms.

When examining the raw data in Figure 48b the trends observed align with those in Figure 50a including a spike in 2016 followed by a slight reduction in curtailment in 2017 to 2019, and then a continuous increase in 2020 and 2021. However, the most striking difference between recorded curtailment values and Methods 1a and 3 (the methods showing consistently positive results) in Figure 50a is the vast difference in scale. The curtailment calculated in all methods causes the recorded curtailment levels for offshore wind farms in Figure 48b to appear almost as a straight line on the graph. This difference in scale is likely because Figure 48b’s curtailment calculations are based solely on payments received by wind farms for such curtailment. This potentially does not include all curtailment, as discussed previously in the Literature Review in Chapter 2 of this thesis, given the convoluted and varied mechanisms behind payments for curtailed energy among wind farms. 

Another probable reason behind this vast difference in scale is likely due to the methods in this thesis not accounting for losses in transmission to the grid, power conversion losses and other losses throughout the transmission and distribution network. Curtailment payments do not cover energy losses due to inefficiencies in electrical connections. 

Therefore, an effort was made to quantify the significance of these transmission losses on the curtailment results of Methods 1-3. 

The exact transmission losses for individual wind farms depends on a wide range of features including, most notably, whether the connection is HVDC or HVAC. The cable losses depend on specific cable characteristics such as cable resistance, the number of cables, the number of phases, and the number of wind turbines on the farm, with variation in losses between different rows within the same wind farm.  Additional losses beyond the cable itself includes substation losses for AC connections, and losses in AC/DC and DC/AC converter losses for DC connections. 

The transmission losses for the 31 wind farms evaluated for curtailment were calculated based on a case study performed on a 640 MW wind farm made up of 80 turbines, each with a capacity of 8MW [199]. The underlying assumption here is that all the wind farms are connected by HVAC cables to shore, as has been the historical norm [200]. In the study, losses were estimated to be approximately 0.3% for MVAC cables, 0.85% for offshore transformers, and 0.5% for onshore transformers. Depending on distance from shore HVAC cable losses were estimated at 0.9% for locations 50 km from shore, 2% for those 100 km from shore and 3.5% for those 150 km from shore [199]. These percentage losses were graphed, and a linear equation was derived linking distance from shore with cable loss, this was then applied to each farm. It is important to note that for wind farms located at 0km from shore, cable losses are assumed to be 0% but the other losses detailed are still considered, resulting in a total loss of 1.65%. Among the 31 wind farms, the farthest from shore is Hornsea 2, situated at 89km from the shore, comfortably within the distances assessed in the case study. The equation for the line is shown in Equation 30. 
	[bookmark: _Ref143167157]Equation 30
	


Utilizing this equation to assess the 31 wind farms and subsequently revising the curtailment values to account for transmission losses and then comparing these adjusted values to the recorded curtailment values, yields the graph in Figure 51. 
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[bookmark: _Ref143169584][bookmark: _Toc192495211]Figure 51: Comparison of available yearly curtailed energy totals to calculated curtailed energy values for the 31 UK offshore wind farms with transmission power losses applied.
When comparing Figure 51 with Figure 50b it is clear that the removal of transmission losses results in a noticeable reduction in curtailment value. However, this reduction, while significant, is insufficient to align the level of curtailment calculated with that reported in Figure 49b. Hence, even with the inclusion of transmission losses there is still a substantial disparity between recorded and calculated curtailment. 

It is worth highlighting that it is not feasible to calculate losses within the grid itself, including those occurring across the transmission and distribution network. Consequently, there are still unaccounted losses even in the methods presented in Figure 51. 

It is important to note that an ideal comparison would also involve replicating the graph in Figure 50a. Unfortunately, this cannot be done due to the unavailability of detailed data for all UK offshore wind farms. Figure 50a was generated based on curtailment levels for the entire UK offshore wind fleet, as opposed to specific wind farms. The most practical approach is to apply an average transmission loss to the graph, around 3.25%. Which again, does not account for the dramatic difference in scale between reported curtailment levels and those calculated by the methods explored in this thesis.  
[bookmark: _Toc192495030]Validation of windspeed data
Before proceeding with the extrapolation of this curtailment data for the calculation of potential synthetic fuel production levels from the existing offshore wind farms in the UK, it is important to conduct an evaluation of the foundational data upon which this analysis relies. Specifically, the windspeeds used to calculate power output for these wind farms. 

The methodology followed in this chapter, as outlined in Step 3 of the Methodology in section 3.3.3, involved scaling NASA windspeeds to align with ERA5 windspeed data. The rationale being ERA5 10 metre windspeed data consistently recorded higher windspeeds at the individual wind farms assessed in this thesis, compared to the NASA 10 metre windspeed data. To further justify this decision the results obtained when this adjustment is not done, and instead raw NASA data was used, are shown and analysed.  

Figure 52 essentially reproduces Figure 36, using unaltered raw NASA windspeed data. The key takeaway from this graph, is that all the methods consistently underestimate the power output of the UK’s offshore wind farms, every single year produces negative curtailment. 
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[bookmark: _Ref149579733][bookmark: _Toc192495212]Figure 52: Recreation of Figure 36 where the windspeed data used to calculate power output is the raw data from NASA instead of the data scaled using ERA5 data. 
Due to the extreme underestimation of power output in Figure 51 the decision was made to scale the windspeed data using the 10-metre ERA5 data. The entirely negative result from the use of raw NASA windspeed data suggests one of two possibilities. Either, as assumed in this chapter, NASA consistently underestimates windspeeds at offshore wind farms across the UK due to differences in calculation methods and reduced spatial resolution. The alternative explanation is that the methods employed in this chapter collectively underestimate wind farm power output. The utilisation of such a wide array of theoretically sound methods strongly suggests this second explanation is not the case. 

There is, however, one potential explanation, which has been previously mentioned in the discussion regarding the reason why certain methods underestimated wind farm power production even with the use of scaled ERA5 data. The possibility that all these methods for calculating power production are already scaled to account for curtailment. Curtailment is an inherent part of intermittent renewable energy supplies; it is expected to occur and is therefore accounted for; it is built into existing estimations for how much power wind farms are expected to contribute to the grid. This is especially relevant when considering other energy losses included in the curtailment calculations employed in these methods cannot be solely attributed to curtailment, notably losses in transmission and distribution of this energy throughout the grid. 
[bookmark: _Toc107231333][bookmark: _Toc192495031]Synthetic fuel calculations 
This section assesses the feasibility of using this excess curtailed energy to produce synthetic fuels, including hydrogen, ammonia, methanol, and methane. This is done for Methods 1a and 3, deemed as most reliable for curtailment results compared to the other methods. To quantify production levels at an initial high-level the energy demand for production of each fuel is needed. The value chosen, and justification for this choice is summarised below for each fuel considered. 

1. Hydrogen: The typical energy demand for alkaline electrolysis, the most common current commercial method, is estimated at 4.9 kWh m-3 of hydrogen, accounting for the electrolysis unit and balance of plant [201]. While this value is taken from a 2015 source, a more recent paper estimates an energy consumption of 60 kWh kg-1 of hydrogen [119]. Given that hydrogen has a density of 0.08375 kg m-3 [202], the earlier quoted value of 4.9 kWh m-3 is equivalent to 58.51 kWh kg-1. As this value closely aligns with the 2020 figure, it is considered a suitable energy requirement for hydrogen.  

2. Ammonia: The Haber Bosch process for ammonia production, consumes approximately 8 kWh per kg of ammonia produced [125]. However, in renewable ammonia productions, where hydrogen is sourced from electrolysis this energy demand is higher, consuming 14 kWh kg-1 of ammonia, the value taken for these calculations [203]. 

3. Methanol: The specific energy consumption for methanol production from natural gas is approximately 8 GJ per tonne of methanol produced [204]. Again, this value increases for renewable methanol production, (hydrogen from electrolysis and CO2 from air). This increases the estimation to 9.861 kWh kg-1 of methanol produced [204].

4. Methane: Specific energy consumption for methane from natural gas was taken as the value to produce liquefied natural gas at 0.49 kWh/kg. The reason this was chosen is methane is the main component of natural gas and therefore does not have an energy consumption tied to it unless it involves the conversion of methane to liquid for transport.

Applying these energy consumption values to the calculated curtailment of the 31 UK offshore wind farms, as determined from Methods 1a and 3, allows the estimation of the volumes of synthetic fuel that could be produced from curtailed energy. The results are presented in Table 6 for the four different synthetic fuels on a total yearly basis. 
[bookmark: _Ref143266789][bookmark: _Toc192495116]Table 6: Calculated production levels of hydrogen, ammonia, and methanol from curtailed wind energy production levels from Methods 1a and 3 for the 31 wind farms. 
	
	Hydrogen
	Ammonia
	Methanol
	Methane

	Year
	Method 1a (kt)
	Method 3 (kt)
	Method 1a (kt)
	Method 3 (kt)
	Method 1a (kt)
	Method 3 (kt)
	Method 1a (kt)
	Method 3 (kt)

	2010
	1.254
	0.850
	5.242
	3.553
	7.442
	5.045
	149.766
	101.524

	2011
	6.859
	5.308
	28.667
	22.185
	40.699
	31.497
	819.046
	633.870

	2012
	12.188
	8.994
	50.937
	37.591
	72.317
	53.369
	1455.342
	1074.015

	2013
	32.094
	24.336
	134.131
	101.707
	190.431
	144.397
	3832.320
	2905.913

	2014
	31.539
	22.679
	131.812
	94.781
	187.138
	134.564
	3766.052
	2708.040

	2015
	46.967
	35.096
	196.289
	146.678
	278.679
	208.244
	5608.267
	4190.799

	2016
	45.182
	31.716
	188.829
	132.550
	268.088
	188.186
	5395.128
	3787.146

	2017
	42.055
	25.967
	175.761
	108.523
	249.534
	154.074
	5021.750
	3100.660

	2018
	66.055
	45.202
	276.062
	188.913
	391.935
	268.207
	7887.495
	5397.528

	2019
	77.430
	52.667
	323.600
	220.109
	459.427
	312.496
	9245.724
	6288.828

	2020
	59.742
	34.979
	249.678
	146.189
	354.476
	207.549
	7133.658
	4176.815

	2021
	71.316
	45.441
	298.052
	189.912
	423.154
	269.625
	8515.762
	5426.066

	2022
	153.294
	118.473
	640.660
	495.131
	909.567
	702.955
	18304.571
	14146.606

	2023
	63.960
	49.879
	267.307
	208.459
	379.505
	295.956
	7637.345
	5955.973



To understand the values in Table 6, a comparative analysis was performed between the data from 2020, the latest year with annual Europe production levels available, and 2022, the year with the highest curtailment values. Data from both years were compared to the total annual global and European production of each synthetic fuel. 

The global production figures used to calculate percentage of demand were the same as those listed previously in the Literature Review. 90 million tonnes of hydrogen, 147 million tonnes of ammonia, 98 million tonnes of methanol, and for methane demand was set to the equivalent of natural gas at 2529 million tonnes in 2020 [288].

For European demand, in the case of hydrogen, the total annual production in 2020 was 9.756 million tonnes (excluding hydrogen formed as a by-product) [28]. As for ammonia, the annual production in Europe, in 2020, amounted to 17 million tonnes, with a total consumption of 19 million tonnes [205]. For methanol, specific production data for Europe could not be found, therefore the value for methanol demand in Europe in 2020 was used, amounting to 9.71 million tonnes [60]. Finally, for methane demand was also used for European values, reported as 412 billion cubic metres, equivalent to 270 million tonnes [289].

Results from this comparison, both at global and European levels, are shown in Table 7.
[bookmark: _Ref143266767][bookmark: _Ref143266759][bookmark: _Toc192495117]Table 7: Percentage of global and European demand for the three synthetic fuels that could be formed from curtailed energy of the 31 UK offshore wind farms, for years 2020 and 2022.
	
	Hydrogen
	Ammonia
	Methanol
	Methane

	Year
	Method 1a
	Method 3
	Method 1a
	Method 3
	Method 1a
	Method 3
	Method 1a
	Method 3

	
	Global

	2020
	0.07%
	0.04%
	0.17%
	0.10%
	0.36%
	0.21%
	0.28%
	0.17%

	2022
	0.17%
	1.21%
	0.44%
	0.34%
	0.93%
	0.72%
	0.72%
	0.56%

	
	Europe

	2020
	0.61%
	0.20%
	1.47%
	0.86%
	3.65%
	2.14%
	2.64%
	1.55%

	2022
	1.57%
	0.25%
	3.77%
	2.91%
	9.37%
	7.24%
	6.78%
	5.24%



From assessing the values presented in Table 6 and Table 7, the significance of the levels of curtailed energy comes to the forefront. The conclusion drawn is that the potential for synthetic fuel production, even on a European scale is very low. This is exacerbated when also considering the additional infrastructure required to produce these fuels directly at the wind farm location. Producing the fuel in an alternative location requires transport of electricity, which would fall prey to the reasons why this energy was curtailed to begin with. The fuel requiring the least infrastructure, hydrogen, only reaches a maximum of 1.57% of European demand, given its production from purely curtailed, and hence available, energy. 

It is important to note curtailment data used in this analysis is only available for 31 wind farms. Consequently, percentages in Table 7 would be higher if curtailment from all 46 operational UK offshore wind farms was included. However, based on the comparison between output from the 47 compared to the 31, shown in comparing Figure 36 and Figure 41, the difference would, at best guess, increase the values in Table 7 by approximately 15%. The adjustment would raise the highest percentage of hydrogen, based on European demand, to 1.81%, for ammonia to 4.34%, for methanol to 10.78% and for methane to 7.80%. Notably, ammonia, methanol and methane potential production levels are all at significant levels, especially when considering this analysis covers only curtailed energy from the UK, supplying the demand for the entire European market.  

However, it is essential to highlight the substantial challenge posed by the required infrastructure for such a task, with the possibility of placing such production facilities at each wind farm practically impossible. The potential for centralisation is also not viable as this would require transporting electricity over long distances from the farms to production facilities. This would lead to huge energy losses, leading to a significant reduction in the available curtailed energy due to transmission losses, and exacerbating transmission bottlenecks.

Overall, on an individual wind farm basis, using curtailment to produce synthetic fuels does not seem viable. Short term storage has already proven to be optimal in reducing curtailment effects, in various papers in industry. One states how a 37 MW wind farm has almost a 20% reduction in curtailment with only a 100 MWh battery storage solution [206]. Another details how the most significant curtailment reductions were realised with 8 hours of storage, where the first 4 hours proved the most beneficial [207]. 

Nonetheless, the concept of expanding this scenario to the point of allocating the energy production of an entire wind farm to synthetic fuel production remains a potential, and intriguing, possibility. This underscores the true significance of the research undertaken in this chapter, which revolves around understanding the energy levels, and, consequently, the synthetic fuel quantities that could be generated if entire wind farms were dedicated to on-site synthetic fuel production without injecting any electrical energy into the grid. 

Expanding this analysis to encompass entire wind farms, Table 8 shows production levels for the four synthetic fuels. These are based on a scenario where all the electricity generated by all UK offshore wind farms over the past 23 years, based on the available annual data in this chapter, were dedicated to synthetic fuel production. 

The comparison to demand both globally and in the European market, for the years 2020 and 2022, are assessed again based on total offshore wind energy production. These results are presented in Table 9. 
[bookmark: _Ref106718650][bookmark: _Toc192495118]Table 8: Calculated production levels of hydrogen, ammonia, methanol, and methane from total wind farm energy production levels from Methods 1a and 3 for all operational wind farms.
	
	Hydrogen
	Ammonia
	Methanol
	Methane

	Year
	Method 1a (kt)
	Method 3 (kt)
	Method 1a (kt)
	Method 3 (kt)
	Method 1a (kt)
	Method 3 (kt)
	Method 1a (kt)
	Method 3 (kt)

	2000
	0.023
	0.022
	0.096
	0.092
	0.137
	0.131
	2.755
	1.571

	2001
	0.175
	0.166
	0.733
	0.695
	1.040
	0.987
	20.939
	10.265

	2002
	0.174
	0.166
	0.728
	0.693
	1.033
	0.984
	20.796
	10.816

	2003
	0.484
	0.462
	2.024
	1.932
	2.874
	2.743
	57.837
	29.143

	2004
	6.691
	6.380
	27.964
	26.662
	39.701
	37.853
	798.959
	382.755

	2005
	9.292
	8.834
	38.834
	36.920
	55.134
	52.417
	1109.551
	552.592

	2006
	16.670
	15.866
	69.667
	66.307
	98.909
	94.139
	1990.490
	1131.306

	2007
	19.915
	18.990
	83.230
	79.366
	118.164
	112.679
	2378.000
	1423.184

	2008
	36.160
	34.419
	151.122
	143.845
	214.553
	204.222
	4317.776
	2804.653

	2009
	44.033
	41.826
	184.027
	174.802
	261.270
	248.173
	5257.918
	3422.980

	2010
	57.268
	54.217
	239.339
	226.588
	339.798
	321.695
	6838.265
	4310.837

	2011
	90.006
	85.554
	376.160
	357.556
	534.047
	507.634
	10747.429
	7165.469

	2012
	126.860
	120.670
	530.184
	504.316
	752.721
	715.994
	15148.122
	10533.755

	2013
	224.269
	213.603
	937.284
	892.707
	1330.694
	1267.407
	26779.531
	19708.347

	2014
	248.914
	237.397
	1040.284
	992.148
	1476.927
	1408.586
	29722.408
	22367.041

	2015
	335.101
	320.419
	1400.484
	1339.121
	1988.316
	1901.196
	40013.837
	30833.776

	2016
	329.845
	313.835
	1378.515
	1311.605
	1957.125
	1862.131
	39386.143
	29302.000

	2017
	387.655
	368.730
	1620.122
	1541.027
	2300.143
	2187.849
	46289.204
	34382.980

	2018
	490.287
	466.796
	2049.049
	1950.874
	2909.105
	2769.722
	58544.245
	43932.531

	2019
	575.994
	548.082
	2407.244
	2290.591
	3417.646
	3252.030
	68778.388
	51583.061

	2020
	752.926
	721.507
	3146.691
	3015.382
	4467.466
	4281.041
	89905.469
	71167.347

	2021
	675.665
	643.521
	2823.795
	2689.456
	4009.039
	3818.314
	80679.857
	61714.224

	2022
	875.138
	833.553
	3657.454
	3483.654
	5192.612
	4945.864
	104498.673
	80345.673

	2023
	399.231
	380.799
	1668.499
	1591.469
	2368.825
	2259.463
	47671.388
	37369.429



[bookmark: _Ref149581293][bookmark: _Toc192495119]Table 9: Percentage of global and European demand for the four synthetic fuels which could be formed from energy of all UK offshore wind farms, for years 2020 and 2022. 
	
	Hydrogen
	Ammonia
	Methanol
	Methane

	Year
	Method 1a
	Method 3
	Method 1a
	Method 3
	Method 1a
	Method 3
	Method 1a
	Method 3

	
	Global

	2020
	0.84%
	0.80%
	2.14%
	2.05%
	4.56%
	4.37%
	3.55%
	3.41%

	2022
	0.97%
	0.93%
	2.49%
	2.37%
	5.30%
	5.05%
	4.13%
	3.94%

	
	Europe

	2020
	7.72%
	7.40%
	18.51%
	17.74%
	46.01%
	44.09%
	33.30%
	31.91%

	2022
	8.97%
	8.54%
	21.51%
	20.49%
	53.48%
	50.94%
	38.70%
	36.86%



Devoting entire wind farms to synthetic fuel production results in a significantly increased fuel production, as shown in Table 8 and Table 9. The concept of utilising the entire UK offshore fleet to produce synthetic fuel is, however, impractical. Nevertheless, it serves as a valuable tool for understanding the potential for future farms. The current UK offshore wind capacity stands at 13.9 GW, with plans to expand it to 50 GW by 2030, more than tripling capacity in the next seven years [208] [209]. This rapid growth presents an extreme integration challenge and prompts discussion about the feasibility of dedicating certain new wind farms to synthetic fuel production. Therefore, even though the concept may appear unconventional at first glance, it offers the best estimate of production levels based on current available data. This becomes especially significant when considering the exponential increase in wind farm size, implying that what currently equates to the production levels of multiple wind farms will soon be achievable by just one within a matter of years. 
[bookmark: _Toc192495032][bookmark: _Toc107231334]Conclusion 
In summary, curtailment values calculated from Methods 1-3 generally agree with the trend identified in current recorded curtailment levels, however there are large discrepancies in the scale of curtailment predicted. Even when considering errors and energy lost in transmission it seems a large portion of the UK offshore wind energy output is being curtailed, a situation that is likely to continue and worsen as the offshore wind sector expands. This emphasises the need for solutions that allow energy to be used at the source, reducing losses in transmission, and the difficulties faced in integration of large offshore wind farms into the grid through grid reinforcement.

The data also provided an opportunity to explore factors affecting curtailment, including wind farm age, geographical location, distance from shore, time of year and wind farm capacity. All these factors showed a marked impact on curtailment, in general smaller, older wind farms located in less congested areas of the UK experienced lower curtailment than larger, newer wind farms in high congested areas. Additionally, curtailment seems to be affected by time of year with the consensus from the data being greater curtailment in the summer than winter months. However, distance from shore did not seem to play as big a role in curtailment as initially expected, although limitations on available modelling data for wind farms far from shore means there is a lack of confidence in this conclusion. 

The true potential of the lost curtailment energy lies in understanding how it will change in the future, a challenging task given the inherent reliance on both past data and assumptions in making future predictions. Estimations as to how curtailment will change in the future have been given in such studies, including one exploring potential energy savings in capturing curtailed energy as the wind sector expands in Germany. Predictions suggested an oversupply of 24 TWh by 2050, equivalent to producing 2360 million litres of methanol where the renewable energy is used for the electrolysis of water to form hydrogen and the formation of methanol from combining this hydrogen with waste CO2 from fossil fuel plants [210]. Predictions for the UK, however, remain unclear, though the trends presented in this chapter suggest curtailed energy will continue to grow with the growing offshore wind sector.

Alternatively, curtailment could potentially reduce as the industry develops more robust methods of transmitting and distributing wind energy. As the location of offshore wind farms becomes more widespread, and as transmission line capacities are expanded, the issue of curtailment may become less pronounced. Future work could involve extrapolating the data in this chapter to understand curtailment levels as the UK offshore wind sector continues to grow, aligning with a predicted capacity of 50 GW in 2050. 

Regarding the use of this curtailed energy, this chapter explored using it to produce synthetic fuels, demonstrating that current curtailment levels could satisfy European demand for the four fuels at levels of 1.57% for hydrogen, 3.77 for ammonia, 9.37% for methanol, and 6.78% for methane. The key solution highlighted in this chapter is the potential for dedicating entire wind farm outputs to the production of synthetic fuels. While the levels shown here are excessive and dedicating the entire UK offshore wind fleet to synthetic fuel production is unfeasible, it underscores the crucial role offshore synthetic fuel production could play in a future Net Zero world. Economic viability and energy storage aspects have been explored in literature, with promising opportunities for further study. 

[bookmark: _Toc162541390]The next chapter of this thesis will therefore delve into the best route forward for offshore synthetic fuel production, analysing multiple synthetic fuel options, their end uses, suitability for transport, existing infrastructure for production, and their feasibility for offshore production. While many industries report on the production of hydrogen and ammonia from wind farms, a comprehensive analysis of producing these synthetic fuels in the context of an offshore wind farm location has not been explored in depth. This next chapter will perform this analysis, basing production levels on the data generated in this current chapter and applying this analysis to include future planned offshore wind farms. 

[bookmark: _Toc162541391][bookmark: _Toc192495033]The feasibility of synthetic fuel production in an offshore environment
[bookmark: _Toc192495034]Introduction 
Now that the last chapter has provided an understanding of how much energy is available through curtailment across the UK wind energy sector, this provides a useful starting point for the evaluation as to how much synthetic fuel could be produced at these offshore sites. To this end, using data calculated using Method 1a in Chapter 3 a more detailed analysis of the potential for synthetic fuel production using the UK’s offshore wind fleet has been performed in this chapter. This analysis includes the 46 operational wind farms, and one decommissioned, included in Chapter 3, as well as 12 future wind farms previously referred to in Chapter 3, with a full breakdown of these 12 available in Table A1 in Appendix A. 

The purpose of this analysis was to understand the feasibility of offshore production of synthetic fuels. This would consist of a synthetic fuel production facility located offshore and coupled to a wind farm. The aim of this work being, as introduced in Chapter 2, to understand whether current work into hydrogen offshore production could be further improved through the conversion of this hydrogen into derivatives, which are both easier to store and transport. 

The benefits of offshore synthetic fuel production, explored in detail in Chapter 2, include no requirement for construction of underwater electric cables, allows the repurposing of existing offshore oil and gas platforms and pipelines, establishes a local route for supplying key fuels, and facilitates the decarbonisation of a hard-to-decarbonise sector. 

To understand the potential of synthetic fuels, the following process is followed for the four fuels detailed in Chapter 2 (Hydrogen, Methane, Methanol and Ammonia). 
1. Analyse the potential routes for fuel production and choose the best suited for offshore production today.
2. Use hourly energy data from Method 1a in Chapter 3 as the input to a mass and energy balance for each of the four fuels. 
3. Physically size the units required to produce these fuels in terms of area and volume based fundamental chemical engineering principles and the output from the mass and energy balance. 
4. Introduce discussion points on future technologies and contextualising the physical size of these facilities leading into Chapter 5 of this thesis. 
[bookmark: _Toc192495035]Chosen synthesis routes 
The pathways for synthesis of each fuel encompass the sourcing of raw materials through to synthesis of the final product. It is important to reiterate that the conversion of these fuels back to electricity is not considered, as justified previously. 

Each of the chosen fuels – hydrogen, ammonia, methanol, and methane – were thoroughly examined, from analysis of reactions and thermodynamics behind their synthesis to the exact equipment required for their production. The individual processes that make up their synthesis were broken down and assessed to determine the best route forward for this research. Throughout these following sections processes with higher technological readiness level (TRL) were chosen over experimental methods due to the greater availability of data on these processes. Therefore, the two key parameters for choosing a process include suitability to offshore production and TRL. Any promising lower TRL processes are explored further in Chapter 5. 
[bookmark: _Ref152316171][bookmark: _Toc192495036]Hydrogen Synthesis
Green hydrogen is formed from the splitting of water into hydrogen and oxygen by electrolysis, visualised in Equation 31. 
	[bookmark: _Ref162629489]Equation 31
	


Therefore, the only raw material for hydrogen synthesis is water. However, this water needs to be of exceptionally high purity, with Total Dissolved Solids (TDS) measuring below 10 ppm [40]. Depending on the water source purification is most likely needed. As this process will take place offshore the most convenient option for water intake is seawater. Direct seawater electrolysis, explored in Chapter 2, is not chosen here due to its low TRL and lack of evidence for the advantages it may provide. For indirect seawater electrolysis water purification is required. Consequently, the three key stages of green hydrogen production include water purification, electrolysis, and the storage of both water and hydrogen. The options for these key stages are summarised in the next sections including justification for the chosen process.
Water purification 
The average TDS of seawater is far above required levels, with on average 35,000 ppm [40]. Purification, or desalination, of seawater can be achieved through multiple processes, generally split into two groups: membrane processes and thermal processes. A full summary of all available commercial processes and their respective group is provided in Figure 53 [211].
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[bookmark: _Ref116377875][bookmark: _Toc192495213]Figure 53: Breakdown of commercial desalination processes into membrane and thermal types. 
Of the two groups, thermal processes are more robust. The absence of a membrane, which is prone to fouling, means minimal pre-treatment compared to membrane processes [211]. Moreover, thermal processes yield higher purity water, with low salt content of 10-20 ppm [212]. Conversely, membrane processes require a further de-ionising step if producing industrial-grade water, either through a second reverse osmosis stack or through ionic exchange resins [213].

Another aspect to consider is what pairing suits coupling with the specific type of renewable energy source. Thermal is well aligned with solar instead of wind and therefore for wind energy, the three most common couplings include reverse osmosis, mechanical vapour compression, and electrodialysis [211]. Electrodialysis is only suitable for purification of brackish water and therefore is excluded as an option here. Of the other two processes reverse osmosis is the most common technique employed in industry making up 50% of desalination methods. 
Given the commercial popularity of reverse osmosis, there exists equipment specifically for desalinating seawater to sufficient purity levels required for electrolysis, using a combination of reverse osmosis and deionisation [214]. With the extensive history of coupling reverse osmosis with renewable energy, the availability of data on sizing such a unit, and the relative simplicity of the process, this was chosen as the water desalination method. An important feature for design considerations is reverse osmosis is best suited to a stable power source. Therefore, when employing the energy balance, the unit is only operated when there is sufficient energy available for production at capacity. 

A key problem with seawater purification is the potential negative environmental effects when considering the disposal method of the brine of concentrated contaminants. Although all these contaminants are present in the sea already, at these high concentrations they can have a severe negative effect on the surrounding marine life, thus the concentrate needs to be diluted with seawater, oxygenated with green oxygen, and mined to recover minerals. Overall, if this concentrate is released without treatment the concentrate can affect light levels, and cause oxygen deficiency in marine life [215]. The exact effect on sea life depends on the water purification method used. For membrane processes like reverse osmosis, the high salinity of the concentrate increases the density of the solution, thus the plume sinks to the seafloor forming a mass of high salinity water and into the sediment affecting benthic communities [216]. Solutions from thermal processes, lead to thermal pollution and low density, resulting in floating and affecting the pelagic (open water) community[216]. If purification were to occur offshore there would be a need to employ brine dilution techniques. The simplest, although long-term, option would be to release the brine into a contained area where it could be slowly diluted and fed back into the ocean. This is picked up again at the end of Chapter 5 once the levels of brine are better understood, including an attempt to size such a dilution method. 
Electrolysis 
The next, and core, step of this process is the electrolysis of water. To perform this step there are three main electrolyser technologies available including, alkaline electrolysis (AEL), proton exchange membrane electrolysis (PEM) and solid oxide electrolysis (SOE). The three have been detailed and explained previously in Chapter 2 of this thesis. 

From the beginning SOE was excluded from consideration for hydrogen production due to its non-commercial status and therefore insufficient input data to allow reliable modelling. 

The current commercially popular option is AEL, with its high level of technological development, substantial market share, and ease of scalability to high hydrogen output levels. Additionally, AEL units are currently cheaper, with PEM electrolyser units costing approximately 50-60% more than mature AEL units of comparable capacity [30].

However, AEL is unsuitable for pairing with intermittent renewables, with greater degradation and slower response times when compared to PEM. Although PEM is less commercially available, with capacity in 2021 limited to around 10 MW, this is still a significant increase compared to the 250kW limit a decade prior [44].  Furthermore, there is high potential for cost reduction when using PEM with increasing scale, research advancements, standardisation, and increased commercialisation [119]. 

Nevertheless, PEM is held back through its use of iridium as a key catalyst at the anode, a rare material currently produced at levels of 7 tonnes per year. If PEM is installed at current predicted future scales, the required iridium would reach 5 tonnes per year by 2030 and up to 14 tonnes by 2040 [30]. Although there is ongoing research into the finding of alternative catalysts for now this is a key vulnerability for the mass deployment of PEM units. Adding to the uncertainties surrounding electrolyser choice, some AEL manufacturers claim AEL technology will soon match PEM’s capability to handle rapid variations in the power supply [30]. 
Therefore, this thesis explores both PEM and AEL electrolyser units coupled with a battery to mitigate some of the challenges associated with the intermittency of energy availability. It is an industry standard to fit electrolysis units with a deionisation step for the incoming water, this is assumed to be the case here meaning deionisation and electrolysis are performed in one unit. 
Storage
The storage requirement for hydrogen production involves two components: water, as an intermediary, and hydrogen, as the final product. 

The intermediary water storage is straightforward, water is easily stored as a liquid in a tank at standard temperature and pressure. 

However, storing hydrogen presents a range of options and requires careful design considerations. These options have been analysed in detail in Chapter 2, and primarily include compressed gas, liquid storage, Liquid Organic Hydrogen Carriers (LOHC), metal hydrides and chemical hydrides. Of these 5 options, only compressed and liquid storage allow for the storage of hydrogen in its pure form. Compressed storage can be done either in natural salt caverns or gas fields, or in manufactured containers, with the act of compressing the gas resulting in an average 10% energy loss. In this chapter the storage modelled will be a manufactured container whose volume was defined according to the assumed pressure storage of 200 bar. Chosen as standard storage pressure for compressed hydrogen gas [40].

The alternative storage of compressed hydrogen in naturally occurring formations is heavily dependent on the individual wind farm location and constitutes one of the discussion points explored in Chapter 5 of this thesis. The other alternative explored further in Chapter 5 is storing the hydrogen in liquefied form (at -250 °C and 1 bar allowing a density of 70 kg m-3), which necessitates a considerable amount of energy and therefore incurs costs [34][32]. 
[bookmark: _Ref154576953]Process flow diagram 
The process flow diagram for the synthesis of hydrogen as described up to this point is shown in Figure 54.
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[bookmark: _Ref154577061][bookmark: _Toc192495214]Figure 54: Process flow diagram for the synthesis of hydrogen, the blue box shows purification of seawater through reverse osmosis, the green box shows electrolysis of water to form oxygen and hydrogen.
The process shown in Figure 54 commences with the inflow of seawater into the reverse osmosis unit, H-W1 [217]. Two outflows result from this process, one being the purified water, which flows into an unpressurised water storage tank, H-S1, and the other being the brine, otherwise called the retentate. This retentate must be diluted before being returned to the surrounding seawater; however, this step is not included in this diagram.

The purified water stored in tank H-S1 feeds into the electrolysis unit, H-E1. If the electrolysis unit follows the first version of the hydrogen synthesis route, it employs a PEM unit; if it follows the second version, an AEL unit is used. For both units, the process inlets and outlets remain the same. From H-E1, both oxygen and hydrogen are produced, oxygen is vented as a waste product, and hydrogen, the desired product, enters a compressor, H-C1, where it is compressed to 200 bar before being stored in H-S2, a pressurised storage tank. Note for compressor H-C1, and all compressors in this chapter, may become multiple compressors, depending on the energy requirements of the unit. This will take the form of a train of units between which a heat exchanger, called an intercooler, will cool the flow to minimise the compression work required.
[bookmark: _Toc192495037]Ammonia Synthesis
The Haber Bosch process was chosen as the route for ammonia synthesis due to the extensive experience and high TRL of the process compared to alternative routes, such as electrochemical production explored in Chapter 2.  

The Haber Bosch reaction, outlined in Equation 32, involves the formation of ammonia from the two raw materials, nitrogen and hydrogen. 
	[bookmark: _Ref152315654]Equation 32
	


This production process therefore entails the three key stages for hydrogen production plus additional stages for sourcing nitrogen, ammonia synthesis, intermediary storage of both raw materials and storage of final product. 

The method employed for producing hydrogen is as discussed in the hydrogen synthesis section. This is the only method capable of producing green hydrogen and at the necessary purity level for ammonia synthesis. Therefore, the same set up detailed in Section 4.2.1 is used here encompassing water purification, electrolysis, and hydrogen storage. 

Regarding storage, the requirement for hydrogen is to ensure a continuous supply to the ammonia synthesis unit, even during periods of insufficient wind power for hydrogen production. Given the relatively lower volume of storage required for an intermittent commodity compared to a final product, hydrogen is stored at 20 bar, a pressure matching the output from the electrolyser unit and therefore eliminating the need for the compression stage prior to hydrogen storage. 
Sourcing nitrogen
[bookmark: _Hlk117084564]Nitrogen is chosen to be sourced from air, being the most proven method, as explored in the literature review. Nitrogen is required at a purity of 99.99mol % as a minimum, with 0.01% of oxygen as a maximum [40]. Cryogenic air separation is chosen of the three possible methods (the other two being membrane processes or pressure swing absorption) due to the unique suitability of this process to continuous flow of nitrogen production at required purity levels. The name for this unit is the air separation unit (ASU).
Ammonia synthesis by the Haber Bosch process
Ammonia synthesis involves combining nitrogen and hydrogen over an iron catalyst in an adiabatic reactor [40]. In this process, nitrogen and hydrogen are fed into the reactor in stoichiometric ratios of 3 to 1, the single pass conversion of the hydrogen ranges from 25 to 35%, necessitating either a multi-pass or series of reactors. Operating temperatures ranges from 400-500 °C, achieved and maintained through the exchange of heat between outlet and inlet streams. Proper maintenance of the heat of reaction renders the process autothermic [218]. Operating pressures range from 150 to 250 bar, thus the feed streams require compression units and pre-heating units, integrated with other heat recovery units [40]. 

At the reactor outlet, purification of product begins with a flash vessel, with cooling units used for ammonia condensation and heat recovery [40]. Additional equipment includes purge gas removal mechanisms to prevent inert gas build-up and recirculation systems to recycle unreacted gases into the reactor feed. The resulting product is ammonia with a purity of 99.5%, the remaining 0.5% consisting of water and process machine oil. Higher purity ammonia can be obtained through distillation processes [40]. 

Overall, the major process equipment for ammonia synthesis encompasses reactors, compressors, heat exchangers and pumps [40]. 

When considering industrial scale processes, it is important to understand the compatibility of production with variable renewable energy. Sources in literature have delved into this specific coupling of ammonia production through the Haber Bosch process powered by renewables. The research indicates that operational envelopes exist and that variations in stochiometric ratios, particularly in reducing hydrogen inlet, allows for continuous synthesis even during periods of low hydrogen supply [218]. Emphasis is also placed on the role of inerts from the ASU unit, as altering the composition of these in the feed provides the greatest flexibility in operation. 

While exact operational envelopes identified are not directly applied in the current mass and energy balance, they become pivotal for process optimisation, a clear area for future work beyond the scope of this thesis. For now, this mass and energy balance incorporates minimum and standby loads, stoichiometric hydrogen and nitrogen feed ratios, and warm and cold ramp-up rates, with the additional inclusion of minimum and standby loads for the ASU unit to account for the flexibility required when coupling to an intermittent energy source [219]. 
Storage 
In ammonia synthesis, storage is required for water, hydrogen, nitrogen, and ammonia. Water is stored as in all synthesis routes, in a tank, as a liquid, at RTP. Hydrogen gas is stored at 20 bar in a pressurised container. Nitrogen is most often stored as a compressed gas storage at around 165 bar [220], whereas here it is stored at 20 bar due to its intermediary role, therefore not requiring as high density levels of storage and facilitating the mixing with the stored hydrogen. 

Ammonia storage is most common in liquid form either at ambient pressure and at temperatures below -33°C or at ambient temperature but at pressures of 8 bar [65]. Although ammonia can be stored as a solid in metal amino complexes or urea, liquid storage prevails due to extensive technological experience and data availability. 

In this chapter, ammonia is stored at 10 bar and atmospheric temperature. The pressure is higher than needed to allow for a safety window. High pressure over low temperature is chosen as it reduces the need for cooling water and allows for the consideration of for higher pressures over lower temperatures seabed storage, capitalising on the high pressure exerted by the water at the depths of the seabed. Exactly how suited the seabed would be to storage is dependent on the temperature of the water itself. Pressures of 10 bar are reached at depths of 100 metres, however at this depth the water temperature would be lower, with exact temperatures depending on location, and therefore may allow storage at shallower depths.  
Process flow diagram
The process flow diagram is shown in Figure 55. The purification of water and synthesis of hydrogen, in the blue and green boxes respectively, is as described in Section 4.2.1.4. The extraction of nitrogen is from cryogenic air separation, done using an ASU. The products from these processes then feed into the ammonia synthesis loop. 
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[bookmark: _Ref154578092][bookmark: _Toc192495215]Figure 55: Process flow diagram for the synthesis of ammonia, water purification in the blue box, hydrogen synthesis in the green box, ASU in the yellow box, and ammonia synthesis in the orange box.
Nitrogen extraction from air using an ASU, in the yellow box, begins with the compression of air from atmospheric to 8 bar through compressor A-C1 [221]. The stream then enters the largest heat exchanger in the ASU process, A-H1. Called a ‘cold box’ the inlet stream is cooled further through exchanging heat with three separate streams from downstream outlets. 

Once cooled the feed stream enters the first distillation column, A-D1, a high-pressure column operated at 6 bar with three outlet streams, the bottom stream enters just below the middle tray of the second distillation column, A-D2. The middle stream from A-D1 enters an expander before entering A-D2, at a slightly higher tray than the first stream. The final third stream of A-D1 leaves the column at the top and enters a condenser, A-H2, part of the stream is refluxed back into A-D1, the other enters A-D2 at almost the top tray of the column. 

A-D2, the low-pressure column, operated at 1.8 bar, further purifies the air, resulting in four outlets. At the top of the column purified nitrogen product is fed through A-H1 where it is cooled, then stored in compressed storage, A-S3. The other top product from A-D2 is made up of waste products (such as water vapour) this top product also passes through A-H1 as a coolant before being vented to the atmosphere. At the very bottom of the column the stream enters a reboiler, A-H3, a portion of this stream is fed back into A-D2, the other, made up mostly of oxygen, is again used as a coolant in A-H1 before being vented. The final product steam is near the bottom of the column and feeds directly into A-D3, the argon separation column. Argon is separated from the top, condensed in A-H4, and either vented or returned to the column, the bottom product feeds back into A-D2 through pump A-P1. 

The nitrogen stored in A-S3, and the hydrogen stored in A-S2, both at pressures of 20 bar, are then fed into the mixer A-M1 at stoichiometric ratios of 1:3. This combined stream is then compressed in A-C4 to 150 bar [221]. An operating pressure and temperature of 150 bar and 755K respectively were chosen based on available work done on modelling an electric ammonia plant in Aspen found in literature. These were assumed valid for all 59 ammonia plants assessed in this thesis. This is an oversimplification but allows the analysis to be performed without individually simulating each wind farm plant in Aspen Plus. 

The compression of the feed stream from 20 to 150 bar cannot be done in a single compressor and is assumed to be done using multiple stages of compression and intercoolers. This is shown in Figure 55 with just one compressor, A-C4, to simplify visualisation of the process. The stream then enters the next mixer, A-M2 where it is mixed with the recycle stream. As the recycle stream is slightly hotter than the feed stream this slightly raises the temperature of the stream. The stream is then heated in A-H5 using the outlet stream from a later heat exchanger, A-H6. The heated outlet from A-H5 now enters A-H6 where it is heated to 627K. This feed then enters a three-bed reactor A-R1, where the temperature of the feed rises to an operating temperature of 755K. The reactor outlet stream is cooled in A-H6, A-H5 and A-H7 to 313.5K, at this temperature the feed has become partially liquid, the product then enters a flash drum, A-F1, here the liquid, consisting of high purity ammonia is separated and leaves the bottom of A-F1 to be stored in A-S4. The product from the top, made up mostly of unreacted gases and inerts, is partially purged to reduce the level of inerts and then recycled. To make up for the pressure losses in synthesis of ammonia this recycle is compressed in A-C5 then mixed with the feed. 
[bookmark: _Toc192495038]Methanol Synthesis
Methanol is formed from the hydrogenation of CO2, a process described by Equation 33. 
	[bookmark: _Ref161050600]Equation 33
	


From Equation 33 the following steps are required, sourcing hydrogen, sourcing CO2, synthesis of methanol, and methanol storage. With hydrogen sourced and stored as in ammonia synthesis. Notably, there is opportunity here for water integration, the methanol synthesis reaction produces water which could be used to feed into the electrolysis unit.
Sourcing Carbon Dioxide 
Three options for sourcing CO2 were explored in Chapter 2, including from air, from seawater and from waste. From waste is omitted due to its geographical limitations in plant location, with a notable lack of industrial processes offshore. Sourcing CO2 from seawater presents a symbiotic option owing to its potential co-location with an offshore plant, and the abundance of CO2 in the ocean [146]. While this technology holds promise for offshore synthesis, its low TRL and therefore lack of available data on energy requirements and physical sizing exclude it from this chapter. However, it is explored in more detail in Chapter 5. 

This leaves sourcing CO2 from air for which there are three main routes, the chosen process here is TSA, with its high TRL outweighing the high energy consumption levels as data availability allows it to be sized as needed [222]. Noteworthy commercial companies engaged in Direct Air Capture (DAC) by TSA include Climeworks, Carbon Engineering (CE), and Global Thermostat (GT). Climeworks, with its greater deployment of commercial plants in Europe, and lowest operating temperature range of 80 – 120 C, makes it the preferred choice [222]. CE and GT, though currently only operating pilot plants, are mentioned for their low energy requirement hinting at their potential as future technologies of choice. 

The operation of Climeworks, as depicted in Figure 56 [223], involves the intake of air, the capture of CO2 by a filter, and the release of CO2 once the filter is saturated by heating to 100 C [223]. The filter, comprising special cellulose fibre supported by amines in a solid form, captures both CO2 and air moisture, thereby the product requires cooling and purification before storing the CO2 gas. Energy consumption for CO2 release is 200 to 400 kWh tonneCO2-1 of electrical energy, with filter regeneration requiring 1500 to 2000 kWh tonneCO2-1 of thermal energy. The entire process takes 4 to 6 hours with adsorption taking 95% of this cycle time and yielding 99.9% pure CO2, [143][224]. DAC units are proven to work under variable loads, and provide an ability to stagger the production of the units due to the batch nature of the system [225].
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[bookmark: _Ref117154392][bookmark: _Toc192495216]Figure 56: Image of how a solid sorbent DAC device functions.
CO2 straight out of the filter is not yet at sufficient purity, requiring further purification steps to remove any captured water vapour. The water separated from the CO2 is of high purity, so it could either be used as a feed to the electrolyser, thus reducing reliance on RO, and reduction in brine, or it could be used to dilute the brine directly. 
Methanol synthesis 
Methanol is formed through the hydrogenation of CO2 over a CZA (copper, zinc oxide, and aluminium oxide) catalyst. Hydrogen and CO2 are fed into the reactor at stoichiometric ratios of 3 to 1, with operating temperature of 280 C, and operating pressure of 70 bar, the single pass conversion is 30%, thus requiring either a dual-bed reactor or two reactors in series [226] [227]. Notably, there is significant opportunity for heat recovery, including using heat from reaction for reheating of gases or distillation [138].

The initial stage of plant start-up is slow as the reduction of the catalyst requires precise temperature-controlled conditions before reaching temperatures for reaction of the gases. The purification of the reactor outlet is a crucial part of this process, requiring flash drums and distillation columns to remove gas impurities and water to achieve a methanol product of purity 99.5 mol% [228]. Additional equipment is like those employed in ammonia synthesis, including both purge gas removal and recirculation of a recycle stream into the reactor feed [138]. 

Overall, major process equipment for methanol synthesis encompasses reactors, compressors, heat exchangers, distillation columns and flash drums. For the synthesis of methanol, like most industrial chemical processes, the convention is to operate at steady state with a constant load. When considering the compatibility of this setup to production with variable renewable energy, there are also studies conducted in literature on this coupling. Research suggests an economically viable route is through the introduction of intermediate storage and oversizing of flexible units [229]. This means methanol synthesis, like ammonia synthesis, can operate over a range of loads, though this can impact performance, therefore a minimum and standby load is employed here, as well as warm and cold ramp-up rates as done for ammonia synthesis. 
Storage 
In methanol synthesis, storage is required for water, hydrogen, CO2, and methanol. Water, and hydrogen are stored as detailed in ammonia synthesis. For CO2 storage the options are like those for hydrogen, including storage in natural caverns or in a compressed gas container. As the storage is required here as an intermediary both on demand insertion and extraction of the stored CO2 is needed, a requirement not possible using natural caverns. Thus, CO2 storage was modelled as a pressurised container stored at 20 bar, the same pressure as the hydrogen to facilitate mixing. Finally, methanol is liquid at atmospheric pressure and ambient temperature, thus requires a standard storage vessel at RTP [65]. 
[bookmark: _Ref154587651]Process flow diagram
The process flow diagram is shown in Figure 57. The purification of water and synthesis of hydrogen, in blue and green boxes respectively, is as described in Section 4.2.1.4. The process flow diagram for the extraction of CO2, based on Climeworks technology, was created with reference to a study done in literature [230]. For specific details as to the amount of water captured, it was assumed the membrane used in the Climeworks unit is like the TEPA-SBA-15 membrane tested in literature [231]. Hydrogen and CO2 then feed into the methanol synthesis loop. 
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[bookmark: _Ref154587495][bookmark: _Toc192495217]Figure 57: Process flow diagram for the synthesis of methanol, with water purification in the blue box, hydrogen synthesis in the green box, DAC in the yellow box, and methanol synthesis in the orange box.
Capture of CO2 through DAC, in the yellow box, begins with the inflow of air into the Climeworks unit labelled M-G1, with inflow driven by ventilators, M-V1 and M-V2. The CO2 is adsorbed onto the sorbent within the capture unit. Once saturated, the air stops flowing, and the sorbent is heated using heat transfer fluid pumped (using M-P2) into M-H2, where it is heated before entering M-G1 to heat the sorbent. The stream leaving the middle of M-G1 is the recycle of this heat transfer fluid. The product CO2 rich air, released during heating, leaves the bottom of M-G1, and is cooled in heat exchanger M-H1. The stream then enters flash drum M-F1, where water vapour is separated out. This product stream is compressed in M-C2 and stored at a pressure of 20 bar in M-S3.

The pressurised hydrogen and CO2 (both at 20 bar) are taken from storage and mixed in M-M1 before being compressed to 70 bar in M-C3. The feed is then mixed with the recycle feed and heated to 280 C in two stages of heat exchangers, M-H3 and M-H4. This feed then enters reactor M-R1, with the product fed into M-H3, heating the incoming feed, while cooling the product. This stream is further cooled in M-H5 before entering flash drum M-F2. The gaseous top outlet from M-F2 is partially purged, with the remaining being recycled, with any pressure loss over the reaction loop recuperated using compressor M-C4 before mixing with the feed. The liquid bottom product from M-F2 is heated to 80 C in heat exchanger M-H5 before entering distillation column M-D1. M-D1 produces methanol as a top product, and water as a bottom product. The bottom product is split in two, with some being removed as product water, and the rest heated in reboiler M-H5 and fed back into M-D1. At the top of M-D1 the distillate enters M-H6 where it is condensed, the stream is then split with a small portion refluxed back into M-D1, and the rest fed into flash drum M-F3. In M-F3 the final contaminates are removed as gaseous waste at the top, the bottom is the final liquid methanol product stored at RTP in M-S4. 
[bookmark: _Toc192495039]Methane Synthesis
Methane is formed from the hydrogenation of CO2, called the Sabatier process, shown in Equation 34, or the hydrogenation of CO, the Fischer-Tropsch process, shown in Equation 35 [119]. 
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This process can be performed in an almost identical way to methanol, however, to explore a more novel, and potentially more suitable, route, the option chosen here is co-electrolysis. Co-electrolysis is the formation of methane through the electrolysis of steam and CO2 in a SOE unit, operated at temperatures of 680 C. Inlets are fed in at stoichiometric ratios of four to one for water and CO2 respectively. 

The reason for consideration of co-electrolysis in this thesis, despite its low technological readiness, is the high potential of such a technology in the future. This process allows methanation to occur in a single reactor at a very high energy efficiency. Overall, the use of a SOE in the synthesis of methane has the capability of high energy efficiency and low energy consumption. Add to this the potential to be low in capital cost, due to the significant reduction in required equipment, it becomes clear why SOE is touted as a key future technology in the synthesis of green methane [119]. 

The raw materials required are therefore, water and CO2, with water sourced from the reverse osmosis unit and CO2 from the DAC unit, as described in the methanol synthesis section. The additional key stages include the SOE unit and storage of final product and intermediaries. 
Storage 
Water and CO2 were stored as previously described in this thesis, with water in a tank at RTP and CO2 as a compressed gas in a pressurised tank, though here at 10 bar as this is the operating pressure of the SOEC unit.

Methane is a gas at atmospheric pressure and temperature and can be stored as both a gas and a liquid, with extensive industrial experience in both. Here methane is stored in a pressurised container at 100 bar. 

Process flow diagram
The process flow diagram is shown in Figure 58. DAC is as described in Section 4.2.3.4.and the purification of water as described in Section 4.2.1.4, shown in Figure 58 in blue and green boxes, respectively. Water and CO2 from these processes are then fed into the SOE unit.
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[bookmark: _Ref154587693][bookmark: _Toc192495218]Figure 58: Process flow diagram for the synthesis of methane water purification in the blue box, DAC in the yellow box, and SOEC in the orange box.
The formation of methane in the SOE, in the orange box, begins with mixing CO2 and water in C-M1 and feeding into the SOE, C-E1. Outlets from C-E1 include oxygen as waste and high purity methane, which is fed into and cooled by C-H3, compressed in C-C2 from 10 bar to 100 bar, and stored in pressurised C-S3. 
[bookmark: _Toc192495040]Summary of chosen routes
The chosen routes for the synthesis of the four fuels are summarised in Figure 59. Although four routes are defined due to the inclusion of either a PEM or AEL unit in the synthesis of hydrogen, ammonia and methanol there are a total of seven routes explored in this thesis. 
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[bookmark: _Ref152680217][bookmark: _Toc192495219]Figure 59: Summary of the synthesis methods of the four fuels explored in this chapter. Electrolysis is shown in green to identify it as the unit which changes technology depending on the version of the process, and thus the reason why the total number of routes is seven. .  
[bookmark: _Ref152256936][bookmark: _Toc192495041]Battery model
In the literature review of this thesis it became clear that batteries were not the answer for long term large-scale storage as required for the renewable sector. However, they are still important. Batteries, with their short response time, provide the short-term energy storage vital for keeping synthetic fuel production processes running. Batteries provide ancillary services such as frequency regulation, spinning reserve and voltage support. In practice, they smooth out the fluctuations on an hourly basis allowing units which function best at steady state conditions, as is true for most industrial chemical units, the ability to do so. Therefore, here in Chapter 4 of this thesis, where the routes for production of the four identified synthetic fuels are modelled, a battery was included. 

Various studies have been conducted into hybrid power systems combining renewable energy with both electrolysis units and battery units. The consensus being adding a battery increases utilisation but makes the system more expensive, often increasing AEL capacity is a cheaper option than adding battery storage [232] [233]. However, when aiming for high levels of electricity utilisation, with the high number of units being powered, a battery becomes essential. This is exacerbated further here due to most units involved, electrolysers, DAC, ASU, ammonia synthesis, and methanol synthesis, all having minimum load requirements. Therefore, it was decided all the routes summarised in Figure 59 required a battery which would act as a minimum load support for each unit with a minimum load requirement.  

The two important design decisions for battery modelling included the battery capacity and the type of battery. When defining battery energy capacity, choices were made based on a combination of papers which model batteries as sole energy storage units for renewable energy farms, and papers where battery storage was modelled coupled with electrolysers. 

When modelling batteries as the sole energy storage solution, the aim is generally to mitigate curtailment. Studies conducted on the capacity of battery required for such a task are usually very site specific with few generalisations. Of the few studies performing a generalised assessment, for one, modelling for a 200 MW wind farm, the highest capacity battery storage solution used was 32 MW/40 MWh [234]. For a generic 10 MW PV farm, electrolysers of rated powers of 500, 1000, and 3000 kW were modelled with a battery of capacity 240 kW/660 kWh[232]. Of the more specific studies, one study assessed the energy storage requirements for the Texas electric grid with 55% renewable energy penetration and concluded that the first 4 hours of storage were found to provide the largest benefit, with half the benefits of avoiding curtailment captured in 8 hours of storage [235]. 

For systems where the battery is modelled as the only energy storage device for a wind farm connected to the grid, the optimal power capacity for a multi-hundred MW offshore wind farm in the Netherlands was determined to be in the range of 0.23 to 0.27 times the rated capacity of the wind farm to reduce short term profile effects [236]. 

For this analysis the role of the battery was defined as a back-up supply to maintain units at standby level when there is insufficient energy available for operation of the units. Thus, capacity was defined as 8 hours of total plant standby power consumption. Amounting to around 25% of total power demand of the plant. This fits with the above literature. There is significant room here for further optimisation of the battery capacity. 

Considering next the type of battery, the options for the battery chemistry are numerous. Current commercially available options include lead acid, nickel cadmium, nickel-metal hydride, lithium-ion, sodium high temperature, and redox flow [232].

For large-scale, high-energy applications, e.g., arbitrage trade, renewable integration, or peak load reduction the better choice is sodium sulphur (NaS) and redox-flow batteries. These batteries require less investment than lithium ion and are suited to high MW capacities with long cyclic and calendric lifetime and long operation times [232].

For small-scale, high-power applications with limited operation time, e.g. ancillary services, lithium ion and lead acid are most common. Lithium ion is popular due to its high energy and power densities as well as suitability to deep discharge and long cyclic and calendric lifetime, however they are expensive, can lead to thermal runaway, and require complex management systems [232]. Lead acid batteries are used due to their low investment costs, as well as their lack of thermal runaway issues and no need for complex management systems [232]. Lead acid is also included due to its suitability for use as a Battolyser, a function Lithium ion cannot perform. The importance of this functionality comes into focus in both Chapter 5 and Chapter 6. 

For renewable energy storage both lead acid and lithium-ion are commercially available with multiple papers available which model both lead acid [237][238], and lithium ion coupled to renewable energy supplies [232][233][239]. Both are suitable as the battery modelled here is required for short-term storage, performing ancillary services, which suits lithium ion and lead acid batteries. 

The key variables assumed for battery modelling in the energy balance are defined as follows. The depth of discharge (DoD) of the lead acid battery was set to 70%, chosen as the general range for DoD is 20% to 80% [39], with modelling papers defining it as 67%, and 70% [237][238]. For lithium ion the DoD was set to 100%, even though the defined range is 70% to 100% [39], it is consistently modelled as 100% [233][232]. 

To reduce the complexity of the model the round-trip efficiency for both was assumed to equal 87.5%, split equally, and therefore amounting to a charge and discharge efficiency of 93.5%. Generally, in literature this value is slightly lower for lead acid, defined in the range of 65-85% [39]. The value for lithium ion is generally slightly higher up to 98% [39], through it can be modelled as low as 90% [232]. Therefore, this average between the two of 87.5% was taken. It is also assumed, again for simplification, that this efficiency is constant, whereas it generally varies depending on factors such as charge rate and ambient temperature [39].

When physically sizing the volume of the battery unit, the setup proposed is the same as grid level storage battery systems which are realised as scalable, container-based systems. The lithium-ion battery volume was based on the Willenhall battery at the University of Sheffield. A lithium titanate 2 MW/1 MWh battery cell made up of 21000 cells of 25Ah and fully housed within a 40-foot ISO container including ancillaries, with an additional 20-foot ISO container for inverters. Thus, battery volume could be sized in modules equivalent to the capacity of this battery set-up. 

For the lead acid battery, the volumetric sizing was based on a 6V Monobloc with capacity of 8 Ah. With a length of 139 mm, a width of 102 mm and a height of 54 mm. To account for room for ancillaries and inverters an approximation was made for similar space as available in Willenhall. This was quantified by changing the energy density to reflect these batteries instead of the lithium ion, and assuming the ancillaries, space for ventilation and maintenance, as well as inverter volumes were equivalent for both. This way the lead acid battery could also be scaled in modules. 
[bookmark: _Toc192495042]Mass and Energy balance 
Before performing the mass and energy balance, key variables surrounding the key units, summarised in Figure 59, need to be defined. This is then followed by the definition of generic equations for the mass and energy balance and the results for each of the seven routes.

For now, for each of the seven routes of production, the summed capacity of the key units was set to equal the full capacity of the wind farm, as defined by the hourly energy data from Chapter 3 of this thesis. Notably, due to the application of correction factors including operational efficiency and wake effects, total capacity is below wind farm rated capacity. There is potential for optimisation of each individual process at each individual wind farm whose results may show for specific wind farms it may be best to over or under size the capacity of units. However, this is an additional area of work that was not completed in this thesis due to lack of time. 
[bookmark: _Toc192495043]Definition of key variables for key units
The key variables defined here include energy consumption in kWh per kilogram of unit product, minimum and standby loads, raw material consumption, and warm and cold start-up rates. Minimum loads are defined here as the minimum energy input which will result in synthesis of product. Standby load is defined as the minimum energy input which will maintain operating temperature and pressure to allow warm start-up. Warm start-up is the time to reach full capacity from heated and pressurised stand-by mode to full mode [122]. Cold start-up was defined as start up from ambient temperature to full capacity after a long shutdown. The units defined include reverse osmosis, electrolysis, ASU, ammonia synthesis, DAC, and methanol synthesis.
Reverse osmosis
The first unit in all seven routes, with energy consumption defined as 4 kWh per m3 freshwater. This includes 3 kWh per m3 freshwater for the process of reverse osmosis and an additional 1 kWh per m3 freshwater to include water pre- and post- treatment [41]. There is no minimum or standby load for the reverse osmosis unit, it is used only at capacity, as the process is run by pressure, running below capacity has a significant impact on function [240]. Additionally, warm, and cold start-ups are not applied, due to lack of available data.

The raw material consumed is seawater, with recovery defined from 30 % up to 55% [217][241]. In this chapter, the inflow is defined based on industrial units, hence it is not set here for the mass balance, the only requirement is for the volumes of pure water, determined from the mass balance around the electrolyser unit. 
Electrolysis
There are three types of electrolyser units explored in this chapter, two being PEM and AEL, as the ‘Electrolysis’ module in Figure 59, and the third being SOE in its own module in methane synthesis. The PEM unit’s energy consumption ranges in literature from 46.6 kWh up to 83 kWh per kg H2 [233][242][243]. The variance in reported variables is due to differences in what is included in the energy consumption metric, some including only stack-specific elements while others encompass system power consumption. Even within system energy consumption, there is inconsistency regarding inclusions such as rectifiers, utilities, and compression. Thus, there is still quite a large range, defined in one paper as 55.63 to 72.319 kWh per kg H2 [122]. To match anecdotal evidence from industry of lower energy consumption PEM being installed than reported in literature a lower range value of 55 kWh per kg H2 was selected. 

For AEL energy consumption was set to 53.4 kWh per kg H2 [40][225][232]. This falls within the system range of 50 to 78 kWh per kg H2 [243]. The key factor for selecting values was to ensure to reflect AEL’s lower energy consumption compared to PEM. 

SOE’s energy consumption was defined as 29.5 kWh per kg CH4. This comes from an energy consumption of 27 kWh per kg CH4 plus additional energy for conversion of water to steam[119]. This additional energy requirement was estimated based on the extra 10 kWh per kg for an SOE unit producing hydrogen [243]. As water requirement, by mass, to produce 1 kg of methane is approximately a quarter of that required for 1 kg of hydrogen, an additional 2.5 kWh per kg CH4 was added. It is notable, that literature values for SOE energy consumption when producing hydrogen are around 48 kWh per kg H2 when including steam generation [243]. This significant disparity comes from high levels of heat integration in methane production, due to the exothermic nature of the Sabatier reaction, compared to the endothermic spitting of water to make hydrogen.  

Minimum load was set at 5% for PEM, with reports in literature of 0 to 10% [122][244]. Notably, PEM units are expected to reach a minimum load of 0% by 2025, 5% was applied to reflect current technological levels [242]. For the AEL unit minimum load was set to 15%, based on ranges in literature of 10-20% [65][225][242][244]. The minimum load for SOE was set to 3% [244]. Literature for all three types of electrolysers suggested operational flexibility can exceed 100%, however, in this chapter all were modelled with 100% capacity limit, due to degradation risks and inconsistency in reporting of this flexibility in literature [65]. This is, however, a notable potential for optimisation.

Standby loads of 0.5% were set for both PEM and AEL, based on industry modelled electrolysis units with a standby load of 0.1 to 1%. For SOE, with no suitable reference for standby load and noting the extremely high temperatures of the SOE unit compared to the PEM and AEL, the value was set just below minimum load at 2.9% [122].

The consumption of water, the raw material for both PEM and AEL, stoichiometrically amounts to 8.92 kg of water per kg of hydrogen. For the PEM unit, an additional 25% of water (equivalent to 11.15 kg total) was applied, accounting for losses in real life operation [245]. For AEL the value was set to 10.1 kg water per kg H2 based on consumption data of commercial units [246][247]. For SOE consumption was defined for two raw materials CO2 and water. CO2 consumption was determined stoichiometrically and divided by the selectivity of the process, set as 98%, equating to a consumption of 2.8 kg CO2 per kg CH4 [248]. Water consumption was calculated relative to hydrogen production with SOE units requiring 9.1 kg of water per kg H2 [247]. This value is 102% of the water to hydrogen stoichiometric relationship, applying this percentage to the water to methane relationship to account for assumed similar losses, equates to 4.58 kg of water per kg of CH4. 

Warm start-up times were set at 10 seconds for PEM, 3 minutes for AEL, and 15 minutes for SOE, reflecting the less compact design and higher thermal capacity of AEL, and the higher temperature requirements for SOE [122][249]. 

The long shutdown at which point the electrolyser requires a cold start-up was defined as 5 hours, based on the Lurgi electrolysers reported ability to maintain pressure and temperature for 4 to 6 hours after shutting down [122]. Lurgi electrolysers are AEL units, however, lack of available data on PEM and SOE meant this was assumed applicable to all three. Cold start-up was set as 5 minutes for PEM, and 20 minutes for AEL [65]. For SOE cold start up is either generically reported as ‘hours’, or varies depending on the unit capacity, from 36 minutes for a 720-kW unit to 10 hours for GW scale [122][249][250]. In this work a cold start-up of 4 hours was assumed, chosen as an acceptable median from the above data. As capacity of the units will vary greatly from MW to GW scale, applying a cold rate which changes with capacity both complicates modelling and does not account for the modular aspect of electrolysis, which provides room for control measures to mitigate long cold start-ups. 
ASU
For the ASU, the energy consumption was set to 0.098 kWh per kg N2. Calculated based on a similar literature model where a 1.1 MW ASU plant produced 8940 Nm3 of N2 per hour, and assuming a N2 density of 1.25 kg per Nm-3 [40]. Minimum load was set to 60%, based on the ASU flexibility range of 60-100% [219]. Consumption of the raw material, air, was defined as 1.468 kg per kg of N2 [40]. 

Standby loads as well as cold and warm start-up times of the ASU unit were not available in literature. For this reason, due to the similarity in the equipment which makes up the ASU unit to the methanol synthesis loop, as shown in the process flow diagrams Figure 55 and Figure 57, the same variables defined for methanol, detailed in in section 4.4.1.5, were applied here. Including a standby load of 10%, a warm start-up of 6.5 minutes and a cold start-up of 36.5 minutes. 
Ammonia synthesis
The energy consumption for ammonia synthesis was set to 0.64 kWh per kg NH3 [40]. Minimum load was set to 55%, based on a range of 50-60% [251]. Standby load was assumed to equal 20%, based on the maximum increase in rate of 20% per hour on the ammonia synthesis ramp up so as not to damage the catalyst [251]. 

The raw material consumption rate includes consumption of nitrogen and hydrogen. Set as 0.83 kg of N2 and 0.18 kg of H2 per kg of ammonia, calculated from stoichiometric ratios and the efficiency of conversion within the ammonia synthesis loop, 98% [252]. 

Cold, and warm start-up were based on the same 20% ramp-up rate as used for the standby load. A cold start-up is defined as whenever the ammonia unit is off for more than 5 hours, assumed to be the same as the electrolysis units. For the next 5 hours the system increases power consumption by 20% until reaching 100% operation. If at any point in these 5 hours the system is unable to match the required 20% increase due to lack of power availability, then the system remains at the highest possible level it can depending on energy input in that hour. In the next hour, if power input levels increase then the system again begins increasing operation. This 20% limit always applies, if the ammonia synthesis loop operates at 64% one hour, the next hour it is limited to an operational level of 84%. 
[bookmark: _Ref155184131]DAC
For the DAC an energy consumption of 2 kWh per kg CO2 was taken, an average of the defined range of 1.54-2.45 kWh per kg CO2 [146]. Minimum load was taken as 50%, based on the defined flexibility range of 50-100% [225]. The raw material consumption rate, in this case air, was based on a single pass recovery of 90% with an air inlet rate of 2.86 m3 s-1 [224].This produces 135 kg of CO2 per day, based on an air content of 400ppm. The concentration of 400ppm allows for variation in distribution of CO2 in different regions, with average global concentrations consistently above 400 ppm since 2014 [253].

The DAC unit is a batch process which takes 5 hours to complete a cycle (an average of the 4-6 hours reported by manufacturers) [224]. This cycle consists of the adsorption of CO2 onto the solid sorbent followed by desorption through heating. If a disruption in energy supply resulted in DAC operating below minimum load midway through the adsorption step the unit could simply sit and wait until sufficient power were available to continue operation. Therefore, there is no warm or cold start-up. The sole time dependent hinderance in starting up again is the 15 minutes it takes for desorption of the CO2. For this reason, standby load was set to equal the adsorption process, the longer, but less energy intensive step, of 0.3 kWh per kg of CO2, equivalent to 15%. This allows for continuous adsorption to saturate all available membranes even when desorption cannot occur, hence the unit is at standby and producing no CO2. When power is restored to minimum load, this facilitates continuous CO2 production. Thus, the only scenario not accounted for is a point where all the DAC modules have simultaneously desorbed, requiring a 5-hour cycle before any CO2 is produced, a scenario avoided through appropriate system control and potential oversizing of unit capacities. 
Methanol synthesis
For methanol synthesis, energy consumption was set at 0.113 kWh per kg CH3OH [254]. This includes compression of the inlet hydrogen and CO2 streams to reactor operating pressure, compression work done on the recycle stream and heat exchangers where heat integration with other parts of the system is included [254]. Some papers report higher energy consumption levels of 0.3 to 1.3 kWh per kg CH3OH; however, these systems include preheating and distillation column reboiler demands, which through adequate heat integration can be avoided [141]. 

Minimum load was set to 15%, based on ranges of 10-20% [251][63]. Standby load was set to 10%, based on the flexibility range of 10-120% [251]. Cold and warm start-ups were, as with the ammonia synthesis loop, based on ramp-up rates. With a ramp-up rate of 20 to 100% taking 6 to 7 minutes, an average of 6.5 minutes was chosen for warm start-up [251][63]. A cold start-up rate of 20% per hour, was assumed for cold to standby load (10%), with the additional 6.5 minutes for standby to 100% operation, this equates to a cold start-up of 36.5 minutes. 

Raw material consumption, for both CO2 and H2 was based on stoichiometric ratios and process conversion efficiency, taken as 92.5%. This selectivity was based on the higher selectivity of catalytic conversion of CO2 and H2 to CH3OH compared to conventional syngas which is reported to sometimes reach the high selectivity of 90-95% [255]. This equates to consumption rates of 1.43 kg CO2 and 0.196 kg H2 per kg CH3OH. 
Summary
A summary of all key variables detailed in the previous section and used in the mass and energy balance for each fuel synthesis route are provided in Table 10. 










[bookmark: _Ref160891702][bookmark: _Toc192495120]Table 10: Summary of key variables used in calculation of mass and energy balance.
	[bookmark: _Ref154649490]Unit
	Raw material 
	Product
	Energy consumption (kWh/kgProd)
	Minimum load (%)
	Standby load (%)
	Raw material consumption
(kgRM/ kgProd)
	Cold start-up (min)
	Warm start-up (min)

	RO
	Seawater
	H2O
	0.004
	N/A
	N/A
	Unit dependant
	N/A
	N/A

	PEM
	H2O
	H2
	55
	5
	0.5
	11.126
	5
	0.17

	AEL
	H2O
	H2
	53.4
	15
	0.5
	10.1
	20
	3

	ASU
	Air
	N2
	0.098
	60
	10
	1.47
	36.5
	6.5

	NH3 synthesis
	1 – N2
2 – H2
	NH3
	0.64
	55
	20
	1 – 0.83
2 – 0.18
	Limited to 20% ramp-up per hour

	DAC
	Air
	CO2
	2
	50
	15
	1813
	N/A
	N/A

	CH3OH synthesis
	1 - CO2
2 - H2
	CH3OH
	0.113
	15
	10
	1 – 1.43
2 – 0.196
	36.5
	6.5

	SOE
	1 - CO2
2 - H2O
	CH4
	29.5
	3
	2.9
	1 – 2.8
2 - 4.58
	240
	15


[bookmark: _Toc192495044]Generic equations employed 
The absolute governing equations of each mass balance conducted for each route of fuel synthesis are summarised as follows. First the energy consumption of the fuel synthesis plant () at hour t must equal the sum of the energy consumption of all units required for fuel synthesis. For hydrogen this equates to the electrolysis unit () and the reverse osmosis unit (), shown in Equation 36. The total available energy during each hour equals the sum of the energy input from the wind farm (), and the available energy stored in the battery (), shown in Equation 37. Additionally, the energy consumption of the plant can never exceed the energy input, shown in Equation 38. Finally, the level of any storage cannot exceed capacity, both in terms of energy for the battery (), shown in Equation 39, and in mass for any intermediary storage (), shown in Equation 40. Note for final storage a limit is not imposed to allow determination of the highest possible level of fuel production.  
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Individual fuel energy balance equations
On an individual fuel basis, the next step was to assess whether the main unit in each synthesis route could function at the energy input level of time t. The hierarchy of which unit was prioritised over another depends on the product of the unit as well as the energy consumption level of the unit. For example, for ammonia the main unit which requires energy input is the ammonia synthesis loop, this is the key unit in the production of ammonia and can function when the ASU and electrolyser are off, if there is sufficient stored raw material. The same applies for the electrolyser for hydrogen, the methanol synthesis loop for methanol, and the SOEC for methane. 

Considering first hydrogen production, here only the electrolyser functions at multiple loads, standby, minimum, and capacity. The only stored intermediary is water. Therefore, the balance first determines the load of the electrolyser at . If the electrolyser can operate above minimum the next assessment is based on the water demand, assessing if there is sufficient remaining energy to also power RO or, alternatively, enough water stored to operate the electrolysis unit at . If the answer to both these questions is no, then the electrolysis operation level is altered to  minus RO capacity, and reassessed. If the unit is now sitting below minimum load but above standby load then the electrolyser is at standby, with no hydrogen produced. If sufficient energy is available for standby operation and RO operation then both occur, if not then operating the electrolyser at standby is prioritised. If the RO unit is operating when the electrolyser is off or at standby, then water storage level must be checked to ensure the limit is not surpassed. 

This same idea is applied to the other three fuels; however, the mass and energy balance is slightly more convoluted due to the requirement for two raw material inputs. This is exacerbated for ammonia and methanol, as both raw material production units can operate at multiple loads. Here, when assessing storage limitations of intermediaries, the storage of the two was assessed simultaneously to ensure sufficient levels to operate the synthesis loops at highest possible load. 

By the end of the balance, any excess energy is diverted into the battery described in Equation 39, where  and  are charge and discharge efficiency, both equivalent to 93.5%, totalling a total round-trip efficiency of 87.5%. If the excess energy plus the current battery capacity level would cause the battery to exceed full capacity, the battery is full, and the remaining energy is dumped. If already at capacity the entire excess energy is dumped. 

This mass and energy balance is detailed in equations in Appendix B, with hydrogen described in section B.1.1., methanol and ammonia in B.1.2. and methane in B.1.3. This balance does not include consideration of cold and warm start-ups. This is to create an idealised energy balance as a base-case, to then change based on warm and cold rates, which apply to the electrolysers and synthesis loops. 
Integration of warm and cold start-ups
For all units with warm and cold start-ups the start-ups are applied post the initial mass balance and, except for SOE cold start-up, in the same way. For methanol and ammonia there is an additional consideration due to having multiple units in series affected by warm and cold start-ups. 

For all units except SOE cold start-up, whenever a unit is off for more than 5 hours, and in the subsequent time step the unit is generating product, then this product level (in t + 1) is multiplied by the cold start up rate. Only the mass of product is altered, and the energy consumption of the unit remains unaltered, assuming the energy is needed both for reduced production and for the start-up procedure. For warm start up, if at time t, the unit has been off for less than 5 continuous hours, or the unit is at standby and in the period t + 1 is above minimum load, then the generated production level (in t + 1) is reduced to account for warm start-up. 

For SOE cold start-up, as the process takes 4 hours, and the power data is available on an hourly basis further considerations are needed. It is assumed this means the unit needs to be operated at capacity for 4 hours, during which there is no product generation. It is assumed the unit can also heat up entirely in standby load, however this takes 13.74 hours for the same total energy input. Additionally, it is assumed this cold start must occur continuously, therefore, whenever the unit is cold before initiating warming the next 14 hours of operation are assessed, if at any point in these 14 hours the power consumption is zero, the total energy input over the previous hours before this point was summed. If there is sufficient energy to warm the unit to full operation, the unit is warmed, otherwise the unit remains cold until there is sufficiently available energy. This mode of operation could be performed in a real-life scenario as predicting wind farm operation days and hours in advance is common practice. 

For ammonia and methanol where the electrolysis unit is a raw material production step this reduction in production has a subsequent effect on the fuel synthesis step. As the methanol and ammonia synthesis loop also have warm and cold start-ups the method applied is slightly different. For each time step, t, the requirement for either warm and cold start-up was assessed and applied, as described above, to the synthesis unit. For methanol this leads to an alteration in only mass production, but for ammonia involves mass production and power consumption, due to the limited 20% increase of capacity every hour. The reduced mass production equates to lower consumption demands on raw materials, whereas reduced power consumption leads to greater availability of power for the raw material production steps. Next the warm and cold start-ups for the raw material synthesis units were assessed and applied, this occurs even in time steps where the synthesis unit did not require a warm or cold start. If these warm and cold start-ups mean the raw material units cannot operate as required then the level of final product, and therefore power consumption is altered accordingly, accounting for steps where warm and cold start-ups of the synthesis unit are also required. 
Degradation of units
Finally, degradation of the units was considered. All units considered above will degrade in performance over time, RO suffers from membrane fouling, sorbent materials in DAC lose functionality, equipment corrodes and requires replacement, catalysts in reactors degrade with usage, and electrolysers face membrane and electrode degradation. Since comprehensive degradation rates were not available for all units, only degradation specific to the electrolyser units was applied here. By applying this to the overall production levels it was assumed this would account for whole system degradation, this is an oversimplification but allows an idea of degradation to be included. Additionally, the units will be maintained throughout their modelled life, keeping degradation to a minimum. 

For the three electrolysis units, degradation rates and operational lifetime are shown in Table 11 [122]. For PEM and AEL the average for both was taken, for SOE the slowest degradation and longest lifetime was applied to reflect the future potential of SOE. 
[bookmark: _Ref155690444][bookmark: _Toc192495121]Table 11: Summary of lifetime and annual degradation of electrolyser units.
	Unit
	Lifetime
 (thousand hours)
	Annual degradation (%)

	PEM
	60-100
	0.5-2.5

	AEL
	55-120
	0.25-1.5

	SOE
	8-20
	3-50



When applying degradation rates, it was assumed the degradation would only result in a reduction in final product mass levels. Thereby the same level of raw material was required and the same power input, but final mass product was lowered.
[bookmark: _Toc192495045]Results
The results for the mass balance of the seven routes encompassing the four different fuels, for the 59 wind farms assessed in this chapter are visualised in Figure 60 compared to capacity. V1 and V2 denote versions 1 and 2 of fuel production for each fuel, with details as to what this includes summarised in Figure 59. Raw data for all farms is shown in Figure 61, with exact values available in Table B1 in Appendix B. Note that the yearly averaged output does not include the final year, 2023, as the data for this year was only available up to June, thus has a misleading reduction on yearly output. Although this applies to all wind farms it has a disproportionate effect on newer wind farms compared to old and future farms. 
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[bookmark: _Ref161240775][bookmark: _Toc192495220]Figure 60: Summary of average yearly mass of fuel produced compared to the wind farm capacity levels. 
From the results in Figure 60, it appears fuel synthesis production increases linearly with wind farm capacity. There are however a fair few wind farms which seem to not fit this trend very well. Anomalous results include farms only operational for a few months to a few years. As the above is a yearly average, if a new wind farm has a bad year, the dip cannot be covered by the averaging of yearly output across many years. Therefore older wind farms or future wind farms modelled on the full yearly output of 2000 to 2023 fit the trend better. This should not feature as heavily in the next step, physical sizing of the units, as they are sized in terms of area and volume to maximum hourly capacity rather than to an averaged value. 
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[bookmark: _Ref161916356][bookmark: _Toc192495221]Figure 61:Summary of average yearly production for the 59 wind farms explored in this thesis. The wind farms are ordered by size of wind farm on the y-axis. The x-axis of the second graph are zoomed in to see the production levels at the lowest capacity wind farms. 
[bookmark: _Toc192495046]Physical Sizing 
The next step in this chapter involved the physical sizing of the units required for producing each of the four fuels. This begins with a breakdown of the equipment involved, based on the process flow diagrams for all fuels shown in Figure 54, Figure 55, Figure 57, and Figure 58, the major steps for each fuel, defined by the coloured boxes in these figures, are summarised in Table 12. 
[bookmark: _Ref155714248][bookmark: _Toc192495122]Table 12: Summary of units required to produce each of the four fuels.
	Fuel
	Water unit (blue box)
	H unit 
(green box)
	D unit 
(yellow box)
	T unit 
(orange box)

	H2
	RO
	PEM / AEL 
High-pressure storage
	N/A
	N/A

	NH3
	RO
	PEM / AEL 
High-pressure storage
	ASU 
High-pressure storage
	NH3 reactor, Purification, 
High-pressure storage

	CH3OH
	RO
	PEM / AEL 
High-pressure storage
	DAC 
High-pressure storage
	CH3OH reactor, Purification,
High-pressure storage

	CH4
	RO
	N/A
	DAC 
High-pressure storage
	SOE
High-pressure storage



The different equipment which makes up the units summarised in Table 12 are broken down in Table 13. This includes reverse osmosis, compressors (and drivers), heat exchangers, flash drums, distillation columns, pumps, electrolysers, Climeworks DAC unit, the ammonia reactor, the methanol reactor and storage tanks. The determination of the physical size of these 11 individual equipment types is defined in this section. 
[bookmark: _Ref155715622][bookmark: _Toc192495123]Table 13: Breakdown of unique units required for each unit, note CW denotes a pump providing cooling water to heat exchangers.
	Unit
	Unique equipment
	Compressors 
(& Drivers)
	Heat exchangers
	Flash drums
	Distillation
	Pumps

	RO
	RO
	N/A
	N/A
	N/A
	N/A
	1

	PEM/AEL/SOEC
	Electrolyser
	N/A *
	N/A **
	N/A
	N/A
	N/A

	ASU
	N/A
	2
	4
	N/A
	3
	1 + CW


	DAC
	Climeworks
	N/A
	1
	1 
	N/A
	CW

	NH3 reactor & Purification
	NH3 reactor
	2 
	3 
	1 
	N/A
	CW

	CH3OH reactor & Purification
	CH3OH reactor
	2
	4
	2
	1 ***
	N/A

	High pressure storage
	Storage tank
	****
	N/A
	N/A
	N/A
	N/A


* Compression done within electrolyser unit
** Heat of unit comes from power input
*** Minimum, increased as needed depending on total volume calculated
**** Dependent on storage pressure
[bookmark: _Toc192495047]Reverse osmosis unit 
The reverse osmosis unit’s area was based on the required flow rate of fresh water in m3 per day and available industrial reverse osmosis data from Hatenboer Water summarised in Table 14 [256]. The code applied identifies the area of the unit based on the capacity in m3 per day, determined from the hourly maximum output of the reverse osmosis unit multiplied by 24. If more than just the largest unit is required, then multiple units are used, whether that means multiple units of the largest or the largest plus a smaller unit is determined based on the total capacity required. 

[bookmark: _Ref155720580][bookmark: _Toc192495124]Table 14: Summary of commercial reverse osmosis units according to Hatenboer Water.
	Version
	Name
	Capacity (m3 day-1)
	Pump power (kW)
	Seawater feed flow (m3 h-1)
	L (m)
	W (m)
	H (m)
	Area (m2)
	Dry weight (kg)
	Operating weight (kg)

	Tethys
	DTS40-1
	3
	3.0
	0.96
	1.27
	0.64
	0.84
	0.804
	120
	140

	Tethys
	DTS40-2
	6
	3.0
	0.96
	1.27
	0.64
	0.84
	0.804
	130
	165

	Oceanus
	DOS40-4
	16
	5.5
	2.40
	1.00
	0.80
	1.90
	0.800
	337
	515

	Oceanus
	DOS40-6
	24
	5.5
	2.40
	0.80
	0.75
	1.90
	0.600
	365
	565

	Proteus
	DPS80-2
	36
	11.0
	4.00
	1.80
	1.50
	1.96
	2.700
	800
	1350

	Proteus
	DPS80-3
	55
	11.0
	5.20
	1.80
	1.65
	2.06
	2.972
	1100
	1900

	Proteus
	DPS80-4
	70
	15.0
	7.00
	2.80
	1.70
	1.97
	4.760
	1150
	2300

	Proteus
	DPS80-6
	100
	18.5
	8.90
	2.80
	1.70
	1.98
	4.760
	1200
	2450


[bookmark: _Toc192495048]Electrolyser
The electrolyser area was based on combining theoretical calculations and available industrial data. Theoretically the area was calculated using Equation 41, based on current density of the individual electrolyser units (). The current density of a PEM cell was set at 3 A cm-2, and for an AEL cell as 0.5 A cm-2, according to information provided by OREC, assumed to be more up to date than those available in literature, which sit slightly below these values. For SOE current density was taken as 1 A cm-2, the higher range of values available in literature [122]. 
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Where  is electrolyser capacity, in kW, and  is cell voltage, in volts. To calculate cell voltage, there are two equations available [122]. The first, shown in Equation 42, relates cell voltage to electrolyser efficiency, (). The electrolyser efficiency is taken to equal 70.5% for PEM, 69.5% for AEL, and 81% for SOE [65][244].  

	[bookmark: _Ref155768214]Equation 42
	



Where the Faraday efficiency () was assumed here to be equal to 100%, a valid assumption at nominal current density, (above 50-100 mA cm-2). The value of 1.48, is the minimum voltage for electrolysis to take place. When applying Equation 42 to the SOE unit the value of 1.48 changes to 1.31[122].

Cell voltage was also calculated through Equation 43, relating cell voltage to specific energy consumption, the kWh required to produce 1 Nm3 of H2 (). 
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Rearranging both these equations allows two separate calculations of the cell voltage. An average of the two is taken and used to calculate area using Equation 41 for all three types of electrolysis units. Calculating the area this way allows an understanding of the relationship between the areas of different electrolyser types. This means PEM and SOE, who have limited commercial data, can be sized relative to AEL which has ample industrial data available on its physical size. 

Due to the widespread use of AEL, when considering commercial units below 20 MW, there is a wide range and difference in areas related to power capacity. A summary of a few commercial units from an internal OREC report are shown in Table 15. 

[bookmark: _Ref155772992][bookmark: _Toc192495125]Table 15: Summary of dimensions of commercial AEL units of different capacities. 
	Electrolyser capacity min (MW)
	Electrolyser capacity max (MW)
	Production rate (Nm3 h-1)
	D1 (m)
	D2 (m)
	D3 (m)
	Area (m2)
	Weight (kg)

	0.001
	0.01
	1.05
	0.8
	1
	1.1
	0.8
	41

	0.01
	0.1
	6
	1.8
	0.8
	1.9
	1.44
	N/A

	0.1
	0.99
	100
	13.7
	2.5
	2.9
	34.25
	N/A

	1
	2
	210
	13.2
	4
	5.7
	52.8
	36,000

	2
	5
	1000
	N/A
	N/A
	N/A
	400
	58,000



Above the power consumption levels in Table 15 there is less variation as these bigger units are far less common. A commercial 20 MW unit has an area of 900 m2 and a 100 MW unit, 3500 m2 [257][258]. Above this capacity there are only theoretical estimations on GW level electrolysis units. 

The area of the AEL electrolysis units was therefore determined based on this available commercial data. The total capacity was assessed and made up of a mixture of different units. For example, if the required capacity was 88 MW, the area of the unit would be equivalent to four 20 MW units and two units in the range of 2 to 5 MW. 

For the PEM and the SOEC unit, their area was determined theoretically and compared to the theoretical area of the equivalent capacity AEL unit providing a scaling factor for PEM and SOE compared to AEL. This scaling factor was then applied to the equivalent AEL commercial unit area and thus scaled to PEM and SOEC area. 
[bookmark: _Toc192495049]Compressors
Compressor areas were calculated based on industrial units, requiring calculation of compression power, determined based on chemical engineering design principles. It was assumed all compressors were centrifugal, the most used compressor type, to facilitate sizing. Thereby power was calculated using Equation 44 [259].
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Where  is the fluid power required for compression, in kW,  is fluid inflow temperature, in Kelvin,  the polytropic exponent,  the universal gas constant (8.361 ), , fluid mass flow rate in kg s-1, and  and  the pressure at the inlet and outlet of the compressor, respectively. , relates pressure and volume changes of an ideal gas during a polytropic process, with the value dependent on the composition of the compressed gas. Calculated by dividing specific heat at constant pressure (cp) by specific heat at constant volume (cv), available in chemical engineering textbooks [260].

For the power requirements of the drivers, the motors which power the compressors were set as equivalent to the shaft power divided by electric motor efficiency. Shaft power is the power required to turn the compressor, equivalent to fluid power divided by compressor isentropic efficiency, which was set as 75% [130]. The electric motor efficiency is generally above 90%, but increases with rated operating power, as compression power is most often in the MW range an efficiency of 95% was assumed [221]. 

Commercial industrial units used for compressor area sizing are summarised in Table 16 [261].


[bookmark: _Ref155794329][bookmark: _Toc192495126]Table 16: Data on commercial centrifugal compressors by the company Sollant.
	Model
	Pressure (bar)
	Flow range (m3 min-1)
	Motor Power (kW)
	Dimensions (mm)
	Weight (kg)

	
	
	Min
	Max
	Min
	Max
	L
	W
	H
	

	SLT-300C
	9
	24
	48
	132
	263
	2750
	1500
	1820
	3800

	SLT-600C
	12
	45
	82
	248
	450
	3280
	1850
	2200
	6300

	SLT-900C
	12
	76
	122
	400
	640
	3800
	2000
	2250
	8160

	SLT-1200C
	12
	118
	150
	630
	800
	4200
	2150
	2350
	11500

	SLT-1500C
	16
	118
	228
	760
	1300
	4200
	2150
	2350
	12000

	SLT-2000C
	16
	186
	310
	980
	1600
	4600
	2200
	2500
	17200

	SLT-3000C
	16
	268
	438
	1380
	2250
	5300
	2300
	2970
	21500

	SLT-4000C
	25
	347
	550
	1800
	2850
	6000
	4500
	3500
	40000

	SLT-6500C
	25
	530
	920
	2660
	4540
	8500
	4200
	4200
	45000

	SLT-10000C
	30
	830
	1660
	4060
	7950
	12000
	5000
	5300
	65000

	SLT-20000C
	30
	1780
	3000
	8980
	15130
	15000
	6200
	6000
	80000



In determining the model of compressor, the key value used was motor power. Although there are limits placed on pressure and flow range, these were not used as these variables are applied in the calculation of motor power above, thus the power is assumed to be already limited by these variables. In cases where motor power does exceed 15130 kW (the maximum from column ‘Motor Power’ in Table 16) multiple compressors were used in a compressor train, if power was below 0.132 MW it was assumed the SLT-300C was still a valid assumption of unit area. 

In scenarios where a compression train was required, intercoolers were used to reduce compression work, these are heat exchangers which cool the air between compression stages. The area of intercoolers was calculated using the same method as heat exchangers in Section 4.5.4 below. The outlet air temperature of the compressor, an important variable when determining intercooler area, rises across the compressor according to Equation 45. 
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It should be noted the sizing of the area of these compressors is done post the energy balance. The assumption that the required energy consumption of the compressors, and all other ancillaries is covered, depends on two points. Firstly, the energy consumption levels in the energy balance were chosen to account for ancillaries. Secondly there are various opportunities for power integration across the plant, for example expanders, equipment over which pressure drops, producing power, and thus increasing the available power for ancillaries through appropriate integration. 

It is also important to mention that hydrogen is an especially difficult gas to compress. The low density of the gas means compressors must be run at high energy levels to compress the hydrogen gas and the smallness of the molecule lends itself to high leakage levels. There is ongoing work to fix this problem, and it is assumed by using appropriate seals and optimised compressor design equivalent energy consumptions to compressors used today could be employed in this analysis [262].
[bookmark: _Toc192495050]Heat exchangers
Before calculating physical area, the heat exchange surface area was first calculated. There are two standard methods which can be applied depending on whether the heat exchanger is multi-stream or single stream. For a multi stream heat exchanger, the only one of which is A-H1, Equation 46 was used to calculate volume (V) [221]. 
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Here C is a constant equivalent to 50,000 , and dT is the average temperature difference between all streams within the multi-stream box. Once volume was found area could be found by multiplying volume by surface density of the fins on the plate-fin exchanger. Surface density was taken to equal 1000  [221]. With these values taken from a similar study done on sizing such a heat exchanger and was assumed consistent for all 59 wind farm capacities and thus related physical sizes. 

For a single stream heat exchanger, Equation 47 was used, rearranged for area (A) [259].
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Here U is the overall heat transfer coefficient, the calculation of which requires the area of heat transfer to be known, which is the value being calculated here. Therefore, an estimation of U was taken for each heat exchanger assessed using Equation 47. For ammonia this is straightforward. The heat exchangers required in ammonia synthesis can be based off previous work done in literature to model a similar process to what is being modelled here. A summary of these values is shown in Table 17 [221].
[bookmark: _Ref159405299][bookmark: _Toc192495127]Table 17: Overall heat transfer coefficient values for heat exchangers used in ammonia synthesis.
	U (W m-2 K-1)
	Process fluid
	Service fluid

	865
	Condensing ammonia vapour, nitrogen gas, hydrogen gas
	Condensing ammonia vapour, nitrogen gas, hydrogen gas

	500
	Condensing ammonia vapour, nitrogen gas, hydrogen gas
	Cooling water

	56
	Ammonia vapour, nitrogen gas, hydrogen gas
	Cooling water



For any compression train requiring intercoolers in hydrogen, and any in methanol and methane however, estimations were made based on the graph shown in Figure 62 [259], correlating overall heat transfer coefficient based on service fluid and process fluid. Service fluid being the fluid performing the heating/cooling, and process fluid, the fluid being heated/cooled. These values were verified through estimating the overall heat transfer coefficients for ammonia and comparing them to the available data in Table 17. 
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[bookmark: _Ref159404745][bookmark: _Toc192495222]Figure 62: Correlation between service fluid and process fluid for the estimation of U, found by drawing a line connecting the two fluids in the two external axis, where this line crosses the centre axis is the value for U. 

Going back to defining Equation 47, LMTD is the log mean temperature difference, calculated in Equation 48. Where the streams use utilities, either cooling water or steam, the temperatures assumed are summarised in Table 18 [221].
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[bookmark: _Ref161324102][bookmark: _Toc192495128]Table 18: Summary of utilities used and their associated temperatures across applied heat exchangers.
	Utility
	Temperature in ( C)
	Temperature out ( C)

	Cooling Water
	5
	15

	Hot water
	394.4
	296.9






For both Equation 46 and Equation 47,  is the heat exchanger heat duty, related to mass flow rate () and temperature required across the heat exchanger, was calculated using Equation 49. Alternatively, if the fluid within the heat exchanger is undergoing a change in phase instead of a change in temperature, then Equation 50 is used.
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Where , is the latent heat of the mixture, determined using Equation 51, based on the molar fractions () of the components in the mixture, and their latent heats (), which can be found in a range of engineering textbooks [260].  
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To determine specific heat of the mixture (), a similar approach to latent heat was used, shown in Equation 52. With individual specific heat capacities of components, , determined using Equation 53.
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Where a, b, c, and d, are coefficients for each component in the mixture, shown in Table 19 for all components present across all seven synthesis routes, the only missing variable is argon, for which these values could not be found [260]. Therefore, the specific heat capacity of argon was taken as constant at 20.79 kJ kmol-1 K-1 [263]. It appears this is a valid assumption as the specific heat does not change with temperature in this reference. 
[bookmark: _Ref155796108][bookmark: _Toc192495129]Table 19: Coefficients for calculating specific heat capacity of different components over a range of temperatures. Valid for temperature ranges of 273-1500 K (some up to 1800 K).
	Component
	a
	b ()
	c ()
	d (

	Hydrogen
	29.11
	
	
	

	Nitrogen
	28.9
	
	
	

	Ammonia
	27.568
	
	
	

	Carbon dioxide
	22.26
	
	
	

	Methanol
	19.0
	
	
	

	Methane
	19.89
	
	
	

	Oxygen
	25.48
	1.52
	-0.7155
	1.312



Once the surface area over which heat is exchanged was known, the physical area of the heat exchangers could be determined based off industrial units. It was assumed all heat exchangers were plate and fin, which are the more compact, lightweight and highly efficient option best suited to offshore use [260]. The area was based off the units summarised in Table 20 and Figure 63 [264]. The surface area calculated was compared to the maximum surface area possible, then the surface area was divided by the cross-sectional area of one plate, to determine the number of plates required for the necessary heat transfer. As plate length was taken as 7.15 mm this allowed calculation of the length of the unit [264].
[bookmark: _Ref161328158][bookmark: _Toc192495130]Table 20: Summary of commercially available industrial units, the dimensions referred to in A, B, C and L are shown in Figure 63.
	Model
	A (mm)
	B (mm)
	C (mm)
	Max surface area (m2)

	HBS-ZF250/250
	250
	250
	356
	166.67

	HBS-ZF300/300
	300
	300
	427
	300

	HBS-ZF350/350
	350
	350
	498
	449.167

	HBS-ZF400/400
	400
	400
	568
	586.67

	HBS-ZF500/500
	500
	500
	710
	916.67

	HBS-ZF600/600
	600
	600
	851
	1320

	HBS-ZF700/700
	700
	700
	993
	1796.67

	HBS-ZF800/800
	800
	800
	1134
	2346.67

	HBS-ZF1000/1000
	1000
	1000
	1417
	3333.33

	HBS-ZF1200/1200
	1200
	1200
	1702
	4800

	HBS-ZF1400/1400
	1400
	1400
	1985
	6533.33

	HBS-ZF1600/1600
	1600
	1600
	2265
	8533.33
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[bookmark: _Ref161328383][bookmark: _Toc192495223]Figure 63: Dimensions A, B, C and L on a diagram of a plate and fin heat exchanger.
It should be noted that heat exchangers are some of the units with greatest opportunity for heat integration. As shown by the multiple heat exchangers in the PFD diagrams (Figure 54, Figure 55, Figure 57, and Figure 58,) designed to exchange heat between streams. These cases were not always easy to visualise on these diagrams, in one instance, for ammonia, A-H2 and A-H3, although shown as two separate heat exchangers in the process flow diagram are linked and thus become one heat exchanger when considering the area. 
[bookmark: _Toc192495051]Pumps
Pumps area was defined based on the volumetric flow of the pumped fluid (), in m3 per second, and the power, in kW, calculated using Equation 54, determined based on heuristics. 

	[bookmark: _Ref155798822]Equation 54
	



Notably, in most cases the fluid being pumped is cooling water for the heat exchanger. Consequently, the volumetric flow is dependent on the heat flow required and can therefore be found by rearranging Equation 49. The drop in pressure () is in kPa and pump efficiency () was taken as equal to 85% [221].  

Based on the power required the pumps dimensions were based on industrial standards from a variety of industrial suppliers, including Robert Bosch Ltd, Honda and KSB, summarised in Table 21 [265][266][267].












[bookmark: _Ref158908666][bookmark: _Toc192495131]Table 21: Summary for specifications of a range of industrial fluid pumps. 
	Company
	Name
	Flow 
(m3 hr-1)
	Power (W)
	Max head (m)
	L (mm)
	W (mm)
	H (mm)

	Robert Bosch Ltd
	PAD
	0.5
	18
	2
	1290
	335
	942

	Robert Bosch Ltd
	392024078
	1
	80
	9
	1178
	284
	800

	Robert Bosch Ltd
	392024041
	1.2
	60
	6
	1178
	284
	800

	Honda
	WX 10
	7.2
	720
	37
	340
	220
	295

	Honda
	WX 15
	16.8
	1600
	40
	355
	275
	375

	Honda
	WH 15
	22.2
	2600
	40
	415
	360
	415

	Honda
	WH 20
	27
	3600
	50
	520
	400
	460

	Honda
	WMP 20
	50
	3600
	25
	520
	400
	450

	Honda
	WB 20
	37.2
	2600
	32
	490
	365
	420

	Honda
	WB 30
	66
	3600
	23
	510
	385
	455

	Honda
	WT 20
	42
	3600
	26
	620
	460
	465

	Honda
	WT 30
	72
	6300
	25
	660
	495
	515

	Honda
	WT 40
	96
	8700
	25
	735
	535
	565

	KSB
	Calio
	51
	790
	18
	505
	240
	450

	KSB
	Calio S
	3.5
	3900
	6
	250
	168
	180

	KSB
	Calio Z
	52
	1680
	18
	493
	560
	340

	KSB
	Etaline DL
	150
	3400
	21
	380
	515
	360

	KSB
	Etaline-R
	753
	315000
	97
	1491
	1520
	845

	KSB
	Etanorm R
	2285
	132000
	101
	1015
	1060
	1060


[bookmark: _Toc192495052]Distillation column
A distillation column takes advantage of the different boiling points of the two (or multiple) components being separated. The substance with the lower boiling point is separated from the top in gaseous form, and the substance with the higher boiling point from the bottom in liquid form. The interior function of distillation columns is best understood through the concept of internal trays over which the gas and liquid flow, with the gas rising through the column, gaining mass as it rises and the liquid descending through the column also gaining mass as it descends. Alternatively, the interior can be made up of packing, the composition of which is dependent on what is being separated. For all columns in this thesis the interior was assumed to be packed, this is the case in multiple ammonia and methanol modelling papers [221][226][227][268].

When designing a distillation column for a plant, this involves a rigorous simulation requiring intimate knowledge of the conditions of the column and the use of ASPEN HYSYS, a chemical engineering plant simulator programme. As this would require a simulation to be performed for each of the seven routes for each of the 59 wind farms, a more general method was applied. Based on chemical engineering design principles column cross-sectional area for a packed distillation column () was calculated using Equation 55 [259]. This method still requires knowledge of gas and liquid mass flow rates within the column itself, it was assumed these could be approximated from similar processes modelled in literature using ASPEN, this was done for ASU, methanol synthesis and ammonia synthesis, through scaling these literature flow rates to the flow rates from the mass balance performed [226][227][269][268].

	[bookmark: _Ref155876123]Equation 55
	



Where  is the gaseous mass flow rate,  the viscosity of the liquid,  a packing factor, set to 52 m-1 corresponding to a packing size of 76 mm, assumed as such in the literature [259].  is a constant determined using Figure 64 [259], based on the stress factor (), calculated using Equation 56, and the pressure drop in the column. Pressure drop was set to 80 mm H2O per metre of packed height, based on design recommendations for packed columns [259].

	[bookmark: _Ref155892263]Equation 56
	



Where  and , are liquid and gas density in kg m-3. Gas density was calculated through combination of the ideal gas equation, shown in Equation 57. With the definition of gaseous density () as mass divided by volume, and the definition of number of moles (n) as mass divided by molecular weight (), resulting in Equation 58. Liquid densities, as well as viscosity were found from online databases due to the lack of available correlations [270], [271], [272][273]. 
	[bookmark: _Ref155948725]Equation 57
	



	[bookmark: _Ref159248095]Equation 58
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[bookmark: _Ref159421511][bookmark: _Toc192495224]Figure 64: Relationship between stress factor and pressure drop for the calculation of the  variable.
The height of the distillation column was calculated by multiplying the number of trays within the column by standard tray heights. As this is a packed column the number of theoretical trays within the column was calculated and then multiplied by the height equivalent to a theoretical plate (HETP), estimated based on the packing size, taken here as 1 metre as standard [227].
[bookmark: _Toc192495053]DAC unit
The area of the DAC unit was defined in a modular way based on the Climeworks unit ‘Orca’. This unit, first commercially installed in 2020, produces 500 tonnes of CO2 per year, and takes up an area of 212.5 m2 [274]. Each Orca unit is made up of 10 individual Climeworks Units, each of which produces 135 kg of CO2 per day and takes up an area of 20 m2 with a height of 3.2 metres [224]. Thus, the Orca unit takes up just over the area of 10 times an individual unit, the slight increase was assumed to include spaces between units and space for ancillaries. Additionally, these Orca units are stackable, with set-up as shown in Figure 65 for a 4 kiloton per year facility and in Figure 66 for a 50 kilotons per year facility [275]. From Figure 66 it was assumed the units could be stacked up to 5 units high. 
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[bookmark: _Ref159233538][bookmark: _Toc192495225]Figure 65: Image of the Orca units installed at the Hellisheiði site in Iceland, producing 4 kilotons per year of CO2.
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[bookmark: _Ref159233541][bookmark: _Toc192495226]Figure 66: Image of the idealised set-up of a facility producing 50 kilotons of CO2 per year, made up of stacked orca units with a central hub for ancillaries.
When determining DAC area, it was assumed the space taken up by Orca includes any space required for ancillaries detailed in the process flow diagrams, for example in the circular space in the middle of the units. Therefore, only the DAC unit area is calculated and taken as the total area. 
[bookmark: _Toc192495054]Flash drum
The flash drum is a simple separation unit that allows the separation of gas and liquid through settlement. The unit area was determined based on chemical engineering principles, with the diameter of the drum (D) calculated using Equation 59 [259].

	[bookmark: _Ref155892328]Equation 59
	



Where  is the volumetric gas flow rate in m3 per second and  the settling velocity of the liquid droplets, calculated using Equation 60 [259].
	[bookmark: _Ref155892337]Equation 60
	


  
The height of the drum could then be calculated using Equation 61 [259].

	[bookmark: _Ref155892345]Equation 61
	



Where  is the volumetric liquid flow rate in m3 per second,  is the cross-section area in m2 (determined from the previously calculated diameter) and  is the liquid hold up time in seconds, typically 10 minutes for low viscous fluids. This is valid as all fluids involved in this process can be classified as low viscous. The values of  and   were determined based on the same work modelled in ASPEN as the distillation columns.
[bookmark: _Toc192495055]Ammonia reactor
The ammonia synthesis loop is centred around the ammonia reactor. The reactor used is a fixed bed catalytic reactor that works both as a reactor and heat exchanger, with the heat exchanger removing the heat of reaction from the reactor. The reactor volume, and area were based on the mass of catalyst required for the reaction to occur. This was based on modelling work in literature on an ammonia reactor coupled with renewable energy [221].

The calculation begins by applying Temkin-Pyzhev kinetics, calculating the rate of ammonia reaction () in kmol NH3 per kg catalyst per hour shown in Equation 62 [268]. Rate equations which have been well verified against experimental results [276].

	[bookmark: _Ref155892911]Equation 62
	



Here  is a multiplying factor for catalyst activity with a value of 4.75,  is the bulk density of the catalyst set to 2.65 kg L-1,  are the partial pressures in bar of the components, R is the universal gas constant, and T is temperature in Kelvin. Finally,  and  are defined as shown in Equation 63 and Equation 64 respectively. 

	[bookmark: _Ref155892922]Equation 63
	



	[bookmark: _Ref155892924]Equation 64
	



Once reaction rate was known the volume of catalyst required was calculated by dividing mass flow rate of ammonia out of the reactor by the rate of reaction. The volume was also divided by 0.7, an effectiveness factor [221]. 

Dividing volume of catalyst by volume of feed per hour allowed calculation of space velocity, the volume of feed in m3 per m3 of catalyst per hour. The only design variable input into this design is the required ammonia product at the end of the entire process, therefore not providing information on flows in out of reactor or in the recycle. Therefore, the reactor output was estimated through comparison of final product flow rate to the ASPEN simulation final flow rate [268]. This reactor output, a mixture of N2, H2, and ammonia, was converted to volume using the ideal gas equation. Thus, the volume of each individual component in the mixture was calculated and summed. Once known, this total volume was divided by the single pass conversion of 30% to determine the flow rate of the feed. It should be noted that ammonia is present in the feed because the feed into the reactor is a combination of both the raw material feed and the recycle feed. 

Note this calculated feed inflow rate will not match overall inflow of raw materials in the mass balance. This is because the mass balance is an overview of the entire reactor and therefore does not account for the intricacies of the feed and recycle stream. 

Once space velocity was determined the corresponding pressure drop () across the reactor could be found, using Figure 67 and assuming a catalyst width of 8 mm.
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[bookmark: _Ref159239981][bookmark: _Toc192495227]Figure 67: Pressure drop against space velocity dependent on the diameter of ammonia catalyst.
Finally, the length of the reactor () was calculated using Equation 65. Thus, the cross-sectional area and length of the reactor were found. The reactor was assumed to be similar in set-up to the methanol reactor visualised in Figure 68. 
	[bookmark: _Ref155947833]Equation 65
	



Where  is the height of the catalyst bed, provided in Figure 67,  is assumed to be equal to 2% of the reactor operating pressure,  is assumed to be equal to one, ,  and  are the pressure, temperature, and molecular weight of the reference reactor, with all three provided in Figure 67. , , and  are the operating pressure, operating temperature, and molecular weight respectively, of the feed for the reactor being modelled. 
[bookmark: _Toc192495056]Methanol reactor
The methanol reactor, shown in Figure 68 [277], is modelled in a similar manner to the ammonia reactor capacity, again beginning with rate equations. Here two reactions are involved, production of CH3OH and the reverse water gas shift reaction [278]. As the methanol reaction is the slower step it defines the reactor volume, this reaction rate is shown in Equation 66. 
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[bookmark: _Ref161398921][bookmark: _Toc192495228]Figure 68: ICI methanol reactor with internal heat exchange and cold shots.
	[bookmark: _Ref158128887]Equation 66
	



Where the  values in Equation 66 were calculated as shown in Equation 67. The value of  is calculated using Equation 68. For both equations T is temperature in Kelvin. It should be noted this rate of reaction is specifically for a methanol synthesis fuelled by green hydrogen and high purity CO2, not syngas.

	[bookmark: _Ref158128611]Equation 67
	



Where the values for the A and B constants are summarised in Table 22. 

	[bookmark: _Ref158129028]Equation 68
	


[bookmark: _Ref158128482][bookmark: _Toc192495132]Table 22: Summary of A and B constants required for Equation 67.
	i
	A constant ()
	B constant ()

	1
	1.07
	40,000

	2
	3453.38
	-

	3
	0.499
	17,197

	4
	6.62
	124,119



Catalyst volume was then found by dividing the rate by the flow out of the reactor and the catalyst density, taken as equal to 1650 kg m3 [226][278][279]. At this point, due to data availability the calculation of reactor volume begins to take on more generalisations and assumptions than the ammonia reactor. Reactor volume was calculated by dividing catalyst volume by the void fraction of the catalyst bed (), set to 0.39 [227][278][279].

The next step was to define reactor length and pressure drop. Based on previous work the length was set to 0.48 metres, a suitable length linked to a defined pressure drop of 1.5 bar [226][279]. Based on this reactor length and pressure drop the flow through the reactor, G (in kg m-2 s-1), could be calculated based on the Ergun equation shown in Equation 69, rearranged for G and calculated using the discriminant of the resultant quadratic equation [279].

	[bookmark: _Ref158128660]Equation 69
	



Where  is the density of the gas mixture, calculated as in Equation 58,  is the average molecular weight of the gas, found using mass fractions () in Equation 70.  is the catalyst particles diameter, set to 2 mm [227][279]. Finally,  is the overall gas mixture viscosity, in units of Pa s, calculated using Equation 71 [279]. 

	[bookmark: _Ref159248145]Equation 70
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Where  is the mole fraction of each individual gas,  was calculated using Equation 72, and , the viscosity of each individual gas, was calculated based on the Chapman-Enskog theory for dilute gas viscosity shown in Equation 73.

	[bookmark: _Ref159252365]Equation 72
	



	[bookmark: _Ref159248941]Equation 73
	



Where M is molecular weight in g mol-1, T is temperature in Kelvin,  is the potential distance parameter, calculated in Equation 74. 

	[bookmark: _Ref159249006]Equation 74
	



Where  is the critical volume in cm3 mol-1 and  the reduced collusion integral dependent on chosen intermolecular potential. For computer application an empirical equation shown in Equation 75 was deemed suitable for estimating this potential [280].

	[bookmark: _Ref159250661]Equation 75
	



Where A equals 1.16145, B equals 0.14874, C equals 0.52487, D equals 0.77320, E equals 2.16178, F equals 2.43787, H equals -6.435, S equals 7.27371, W equals 18.0323, and Y equals -0.76830. The dimensionless temperature  is calculated by Equation 76. Where the potential energy parameter () and Boltzmann’s constant () are related by Equation 77.
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Where  is the critical temperature in Kelvin. The calculation of  and  described up to this point is only valid for simple molecular gases such as argon and methane. To extend these equations to include polyatomic molecular gases (that is both polar and nonpolar)  in Equation 73 is multiplied by a factor () to account for molecular structure and polar effects. The factor is based on empirical data, calculated in Equation 78. If the final two terms of the equation equal zero, then the gas being defined is non-polar. 
	[bookmark: _Ref159251251]Equation 78
	


Where  is the acentric factor,  is a dimensionless dipole moment determined using Equation 79, and  is a correction factor for hydrogen-bonding effect of associating substances including alcohols, acids, and water. The values related to the components within the methanol reactor are summarised in Table 23 [279][281][282].

	[bookmark: _Ref159251393]Equation 79
	


[bookmark: _Ref159251831][bookmark: _Toc192495133]Table 23: Key variables for Equation 78 and Equation 79.
	Gas
	 (cm3 mol-1)
	 (K)
	
	 (D)
	

	CH3OH
	118.00
	512.64
	0.565
	1.70
	0.215175

	H2O
	55.95
	647.14
	0.344
	1.84
	0.075908

	H2
	64.20
	32.98
	-0.217
	0
	0

	CO
	93.10
	132.85
	0.045
	0.122
	0

	CO2
	94.07
	3045.12
	0.225
	0
	0



Finally, having calculated G the tube cross-sectional area could be determined from internal diameter, taken as equal to 3.75cm, this parameter has a big influence on the heat transfer occurring between shell and tube within the reactor. The value chosen is on the upper range for industrial units, however it matches with values used in similar studies done in literature [226][227]. Additionally, the lack of CO in the feed reduces the need for high heat transfer area as heat generation in CO2 hydrogenation is lower than CO hydrogenation [227]. 
[bookmark: _Toc192495057]Storage
Finally, each individual storage unit volume was determined based on the storage capacity of the unit, as determined from the mass balance, and the density of the product or intermediary at the defined storage pressure. Each of the products stored, the density at normal temperature and pressure, boiling point, storage pressure and the density of each product at these storage pressures is summarised in Table 24. 
[bookmark: _Ref158128427][bookmark: _Toc192495134]Table 24: Summary of components to be stored including key physical properties for storage.
	Component
	Density at NTP* (kg m-3)
	Boiling point
 ( C)
	Storage pressure (bar)
	Density at storage pressure (kg m-3)

	H2 (Product)
	0.0899
	-252.9
	200
	14.51

	H2 (Intermediary)
	
	
	20
	1.622

	N2
	1.165
	-195.8
	20
	23.11

	CO2
	1.842
	-78.5
	20
	40.77

	NH3
	0.717
	-33.3
	10
	609

	CH3OH
	791
	64.7
	1
	791

	CH4
	0.668
	-161.5
	100
	78.3


* NTP = Normal Temperature and Pressure, 20C and 1 atm.
The choice of storage pressures for each of the 6 components is justified as follows. Hydrogen, as a product, is stored at pressures of 200 bar as this is the same level of storage as used in the Orkney hydrogen facility. The hydrogen as an intermediary is stored at 20 bar as this is the pressure at which it leaves the electrolysis unit at the Orkney hydrogen facility. This eliminates the need for an extra compression step before intermediary storage. All other intermediary storage components, N2 and CO2, are also stored at 20 bar, this ensures all stay in the gaseous phase and can be mixed at the same pressure when entering as a feed to the synthesis process. Ammonia is stored at 10 bar as this allows it to be stored as a liquid and at similar density to methanol stored at atmospheric pressure. Finally, methane is stored at 100 bar as this allows it to be stored as a gas at a high density. Storing methane at similar densities to methanol and ammonia would require liquefaction, and it was deemed this was not necessary as the density of 78.3 kg m-3 is sufficient for efficient storage, being over 5 times greater than the density of the hydrogen product. 
[bookmark: _Toc192495058]Results
The results for the physical sizing of the plant for the 59 individual wind farms is summarised in Figure 69 and Figure 70. These mirror the results from the mass balance, including capacity against area, and the area of each individual wind farm.  
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[bookmark: _Ref161485628][bookmark: _Toc192495229]Figure 69: Summary of total plant area compared to the wind farm capacity levels, note the battery included here is a lead acid battery.
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[bookmark: _Ref161485677][bookmark: _Toc192495230]Figure 70: Summary of total plant area for each fuel route for the 59 wind farms explored in this thesis. The wind farms are ordered by size of wind farm on the y-axis. The x-axis of the second graph are zoomed in to see the areas for the lowest capacity wind farms.
Results for specific parameters used in the physical sizing of wind farms for each unit are available in Tables B2 to B11 in Appendix B. 
[bookmark: _Toc192495059]Discussion
Before the subsequent discussion chapter (Chapter 5), where optimisation and changes to the data to understand the suitability of offshore production are explored. The results presented here require analysis and validation. 

Starting with the mass balance, and comparing results on a high level, of those depicted in Figure 60 fuel production levels for the mass balance generally increase in the following order, from lowest to highest: hydrogen version 1, hydrogen version 2, methane, methanol version 2, methanol version 1, ammonia version 2 and ammonia version 1. Version 1 denotes the use of the PEM electrolysis unit and version 2 the AEL unit. Thus, for both methanol and ammonia the PEM produces higher mass of fuel than the AEL, whereas for hydrogen the AEL unit produces more fuel. This result comes from the AEL having a lower energy and raw material consumption than PEM, but a higher minimum load. Thus, although the AEL produces more hydrogen when it is on, the PEM functions and produces hydrogen at times when the AEL cannot, due to the lower minimum load. This greater flexibility in hydrogen production is crucial for ammonia and methanol production where the hydrogen is an intermediary product whose production constrains further downstream processes. 

Overall, the sequence in which the fuels present themselves in the mass balance results in Figure 60 correlates to the energy consumption of the plant per kilogram of product, detailed in Table 25. At first glance it might be expected for hydrogen production to be the fuel produced at the highest fuel production level, considering that both ammonia and methanol have hydrogen production as part of their process. However, the importance is on the fact these fuels are compared gravimetrically which, with hydrogen being so low in molecular weight (shown in Table 25), means even though more moles and therefore more product is being produced, the overall output mass is significantly lower. Consequently, the mass of hydrogen fails to adequately contextualise the high production levels of the units nor allow a proper comparison. This aspect is further explored in Chapter 5 when looking at production levels compared to demand. For now, it is sufficient to state the levels seen in these results match with expected levels when considering both molecular weight and energy consumption of the whole plant. 
[bookmark: _Ref161932924][bookmark: _Toc192495135]Table 25: Comparison of molecular weight and total energy consumption of plant for the four fuels.
	Parameter
	Hydrogen
	Ammonia
	Methanol
	Methane

	Molecular weight (g mol-1)
	2.02
	17.00
	32.04
	16.04

	Total energy consumption of plant
(kWh kgprod-1)
	V1 – 55.04
V2 - 53.44
	V1 - 9.09
V2 -10.31
	V1 - 12.12
V2 - 13.46
	35.18



The results were considered next on a wind farm basis. Of the 59 wind farms, with results summarised in Figure 61, the largest producing wind farm was Berwick Bank, consequently also the largest capacity wind farm. Conversely, the lowest producing wind farm was Blyth, the smallest capacity wind farm. Based on Figure 61 the steady increase of production with wind farm capacity is generally consistent for the 59 wind farms, however there are sufficient inconsistencies in this trend to require further inspection. As mentioned previously, it was thought these anomalous results were due to new wind farms being based on limited data, whereas old and future wind farms are based on a much larger data pool. Table 26 provides a comparison between Barrow, operational since April 2006, and the future farm Berwick Bank, along with Hornsea 2, operational since August 2022. Berwick Bank, being a future farm, has production levels based on the full span of years available, and therefore lines up well with Barrow, with production increasing for all fuels exponentially with capacity. In contrast, despite being over 14 times the capacity of Barrow, Hornsea 2 production levels, despite being higher than those at Barrow, have fuel production at levels which increase below the scale (compared to Barrow) of the capacity increase. Thus, Hornsea appears as an anomaly in Figure 61, and does not fit with the linearity increase of most of the farms. 
[bookmark: _Ref161240956][bookmark: _Toc192495136]Table 26: Results from the mass balance for three wind farms explored in this thesis. Values are averaged yearly output for each wind farm in thousand tonnes.
	Wind Farm
	Date fully operational
	Capacity (MW)
	Hydrogen
	Ammonia
	Methanol
	Methane

	
	
	
	V1
	V2
	V1
	V2
	V1
	V2
	-

	Barrow
	01/04/2006
	90
	5.07
	5.25
	29.80
	26.38
	20.79
	19.34
	5.25

	Berwick Bank
	N/A 
	4100
	295.35
	309.06
	1750.15
	1537.55
	1260.35
	1171.59
	340.38

	Compared to Barrow
	x 45.56
	x 58.25
	x 58.87
	x 58.73
	x 58.28
	x 60.62
	x 60.58
	x 64.83

	Hornsea 2
	31/08/2022
	1300
	43.87
	44.98
	263.32
	231.95
	192.04
	173.97
	59.28

	Compared to Barrow
	x 14.44
	x 8.65
	x 8.57
	x 8.84
	x 8.79
	x 9.24
	x 9.00
	x 11.29



To mitigate the assumed impact of year-to-year variability and to account for wind farms with limited operational history, the maximum hourly production, on which the area of the plant is predicted, was compared in Figure 71. 
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[bookmark: _Ref161933010][bookmark: _Toc192495231]Figure 71: Mass balance results plotted against capacity based on maximum hourly production rather than average yearly production.
Apart from the order in which the fuels stack up, which is the same as previously detailed for the mass balance results, this graph closely resembles the area results in Figure 69. This indicates a clear correlation between plant area and the maximum hourly capacity upon which this area was based. All unit areas were defined in comparison to a base ASPEN simulation found in literature, leading to an area increase proportional to the mass flow, thus this correlation is as expected. For the largest farm, Berwick Bank, the factor of increase for ammonia was 4.95 (with ASU increasing by 2.93) and for methanol was 1.85. Conversely, for the smallest farm, Blyth, ammonia decreased by a factor of 200 (with ASU decreasing by around 300) and for methanol, the decrease was by a factor of 500. These large scaling ups and downs could have a significant effect on results for units where heat integration is important, including reactors, distillation columns, and of course heat exchangers. This may mean through individual optimisation the energy consumption and related fuel production levels could be increased, or alternatively the lack of available heat for reintegration for smaller farms may reduce fuel production levels. However, this was the best approach available when determining mass and energy balances, as well as physical sizes for 59 wind farms, and is only solved through conducting 59 individual Aspen simulations, for each of the seven routes. For now, this approximation is assumed valid, although this is explored further in Chapter 5.  

Beyond the issues with approximating plant capacity based on a single simulation, there are limitations in literature on this plant capacity. Due to heat integration, it is advised that ammonia plants are designed to exceed 250 tonnes per year [221]. Based on actual average yearly production all wind farms assessed here are suitable for ammonia production. Similar concerns apply for methanol production, but not for hydrogen and methane due to the simpler nature of the production routes, lacking distillation columns, reactors, and heat integration amongst heat exchangers. Data for existing methanol plants indicates production ranging from 330 tonnes per year up to 4380 thousand tonnes per year [63]. This range comfortably encompasses average yearly production values for all wind farms. Thus, for all fuels and all wind farms production levels are suitable for real life application. 

Considering next the plant area results shown in Figure 69 there is a change in the sequence of the fuels compared to the mass balance. The increase in area, from smallest to largest is in the following order: hydrogen version 1, ammonia version 1, hydrogen version 2, ammonia version 2, methane, methanol version 1 and methanol version 2. Thus, ammonia both yields the largest mass of product, and, for the PEM version, the second largest production area. Here, hydrogen being the smallest plant in terms of physical area aligns with methanol and ammonia synthesis, requiring both the hydrogen production space as well as additional equipment for synthesis of the final product fuel. As hydrogen production solely requires the electrolyser, it logically occupies the smallest space. The considerable difference in area between the PEM and AEL is evident as the entire ammonia plant which uses the PEM (version 1) is even smaller than the AEL unit exclusively used to produce hydrogen (version 2). 

The route which proves the most unexpected in terms of plant area is methane. The lower production levels of methane compared to the other fuels in Figure 71 (where mass production on an hourly basis is compared), can similarly be explained by Table 25 with methane, like hydrogen, requiring high levels of energy input per kilogram of product. However, the argument of this being misleading due to hydrogen’s extremely low density does not extend to methane as well, being almost the same molecular weight as ammonia. Additionally, in terms of area, the methane plant is larger than ammonia and only just below methanol. The reason for this, as well as the low production in mass, is the substantial energy consumption and area taken up by the DAC unit. Hence the distinctively lower production rate by mass and large area of the two fuels which use it, methanol, and methane. To contextualise, the DAC unit consistently occupies around 67% of the total area taken up by the methane plant. The potential for methane as a fuel is rooted in the use of the SOE unit, which, per kWh, occupies less space than even a PEM. However, this is entirely overshadowed by the area of the DAC unit. This suggests if alternative technologies with smaller units could be used, for example extracting CO2 from the sea, this would have a significant impact on reducing plant area and thus fuel suitability to offshore production. This aspect is explored further in Chapter 5. 
[bookmark: _Toc192495060]Conclusion
In conclusion, the mass of product, energy consumption, and physical size of seven routes for synthetic fuel production across the 59 wind farms explored in this thesis has been modelled. The results have been compared to real life scenarios and designed based on fundamental chemical engineering principles. The trends observed in the results are as expected considering production by mass and physical area relative to wind farm capacity. 

The next step was to explore these results in further depth, which will be done in Chapter 5. This will include assessing both the mass & energy balance as well as the physical sizing of the plants themselves. This is followed by an assessment of alternative and future technologies which could facilitate offshore production, and how these technologies alter the results from the mass and energy balance and the physical sizing results from Chapter 4. This chapter then assesses the potential of such production in an offshore environment using existing offshore infrastructure. Finally, the results were then contextualised by demand, determining the level that could be satisfied by these offshore synthetic fuel plant.


[bookmark: _Toc192495061]Discussion and analysis of synthetic fuel production in an offshore environment
[bookmark: _Toc192495062]Introduction 
The chapter includes further exploration of the results from Chapter 4. This exploration will entail a comprehensive breakdown of the results, including an assessment of the length of time the units for each route operate at capacity and the relationship between production and demand. 

Furthermore, an exploration of alternative and future technologies which may alter the suitability of these fuels to offshore production will also be conducted. Future technologies will include seawater electrolysis, the use of a Battolyser, alternative methods for ammonia and methanol production and sourcing nitrogen and carbon dioxide from the sea. A consideration for changes to storage methods including both underground hydrogen storage and liquefied storage will also be assessed. 

Finally, the analysis will include contextualising the results through comparison to demand of the four synthetic fuels.
[bookmark: _Toc192495063]Further exploration of Chapter 4 results 
The exploration into the results begins with further analysis of the mass & energy balance results followed by a comparison of both the mass and energy balance and physical size to the hydrogen generation plant linked to an onshore wind farm in Orkney. This site was chosen due to the availability of information of the size of this unit and its ancillaries. Finally, the physical size was contextualised compared to available offshore infrastructure. 
[bookmark: _Toc192495064]Mass & Energy Balance 
An effort is made here to understand the intricacies of what is happening within the mass and energy balance on an individual wind farm basis. One parameter, often used in literature, is exploring how long units modelled for each of the seven routes, at each of the 59 wind farms, are operating at capacity. This is visualised here as a percentage of time where units are at capacity compared to the overall time of operation of the plant, which varies between farms due to them being modelled based on real life date of operation. 

However, units do not need to be at capacity to be generating product, as all final product units (electrolysers, ammonia synthesis unit and methanol synthesis unit) in this thesis can generate product between minimum load and capacity. This means even though some units may only be at capacity for less than 10% of the total time the wind farm is modelled, there is still sufficient product to lead to the high levels seen in Chapter 4. Therefore, the time the units are ‘hot’ - that is, generating product - was also explored. 

Finally, these two parameters were compared to existing work on the modelling of coupling renewable energy to synthetic fuel plants.  
Percentage of time units at capacity
Figure 72, shows for what percentage of time the unit producing the final product was at full capacity, plotted against both wind farm capacity and date of operation for all 59 wind farms. The comparison to both capacity and date of operation gives an insight into whether wind farm capacity size influences the mass and energy balance as well as understanding whether the length of time for which the unit has been operational also has an effect. So far in this thesis the date of operation has appeared to be quite a significant variable influencing energy levels in Chapter 3 and therefore is explored here to understand if this reads across to the energy production levels as well. For hydrogen and methane, the unit whose % time at capacity is modelled is the electrolyser. For both methanol and ammonia, the unit is the synthesis loop. 
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[bookmark: _Ref162465833][bookmark: _Toc192495232]Figure 72: Percentage of time the main unit (for hydrogen this is the electrolyser (PEM for version 1 and AEL for version 2), ammonia the synthesis loop, methanol the synthesis loop and methane the SOE unit) is at capacity plotted a) against wind farm capacity, and b) against date of wind farm operation, with all future farms plotted with date of operation of 01/01/2000 as this is the date they are modelled on. 
From the results in Figure 72, methane is the fuel whose key unit operates at capacity for the highest percentage of time modelled for all the wind farms. Next in the order is methanol followed by ammonia, with both fuels showing similar percentages for versions 1 and 2. Hydrogen, however, barely gets above full operation for a single percentage of the total time modelled. For methane, methanol and ammonia there is a slight logarithmic relationship in Figure 72a, however hydrogen does not seem to show a distinguishable trend. This is the same for hydrogen in Figure 72b but for the other fuels, there is a clear linear correlation between percentage of time main units are at capacity compared to the wind farm date of operation. 

This solely gives us an insight into the main unit for each fuel and each version. To include the other units which are involved in the fuel production data from individual wind farms is presented in Table 27, for Barrow, Hornsea 2, and Berwick Bank, the same wind farms explored in detail in the Discussion of Chapter 4. The details for each wind farm include the percentage of time the individual units are at capacity for each of the four fuels and under version 1 (where the electrolysis unit is PEM) and version 2 (where the electrolysis unit is AEL) for the fuels for which there are two versions (hydrogen, methanol and ammonia). The value plotted above in Figure 72 are shown in bold to allow them to be found in these figures. 

In Table 27 the wide range in the operating % of the ammonia and methanol production is clear, with Hornsea 2 operating at total production level a significantly higher percentage of the time than both Barrow and Berwick Bank. What is notable is even at these significantly different levels, methane is consistently the production route where the % operating at total capacity is highest, and hydrogen is the lowest - in fact it does not get much above zero.
[bookmark: _Ref162691029][bookmark: _Toc192495137]Table 27: Operating % of the four fuels at three wind farms. Note the E unit corresponds to the electrolyser unit, the T unit corresponds to the methanol synthesis loop for methanol and the ammonia synthesis loop for ammonia, and the D unit corresponds to DAC for methanol and ASU for ammonia. The percentages plotted in Figure 72 are in bold. 
	Name
	Fuel
	Version 1 (%)
	Version 2 (%)

	
	
	Total
	E unit
	RO
	T unit
	D unit
	Total
	E unit
	RO
	T unit
	D unit

	Barrow
	Hydrogen
	0.00
	0.03
	41.57
	N/A
	N/A
	0.00
	0.16
	40.82
	N/A
	N/A

	
	Ammonia
	0.21
	1.41
	40.56
	14.78
	17.51
	0.00
	1.72
	40.42
	12.91
	23.74

	
	Methanol
	0.52
	3.56
	24.02
	21.34
	22.77
	0.00
	3.28
	23.04
	21.76
	22.58

	
	Methane
	29.17
	26.60
	3.79
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Hornsea 2
	Hydrogen
	0.00
	0.73
	63.90
	N/A
	N/A
	0.00
	3.18
	63.50
	N/A
	N/A

	
	Ammonia
	3.33
	29.79
	63.59
	47.05
	38.56
	0.00
	36.89
	63.52
	47.03
	34.25

	
	Methanol
	11.63
	37.85
	42.70
	48.92
	49.59
	0.00
	38.20
	41.27
	49.82
	47.40

	
	Methane
	54.44
	54.33
	44.71
	N/A
	N/A
	0.00
	48.72
	3.51
	N/A
	N/A

	Berwick Bank
	Hydrogen
	0.00
	0.06
	54.22
	N/A
	N/A
	0.00
	0.17
	53.74
	N/A
	N/A

	
	Ammonia
	0.34
	1.71
	53.46
	23.40
	27.23
	0.00
	2.15
	53.46
	19.21
	33.99

	
	Methanol
	0.58
	4.29
	34.59
	32.39
	28.66
	0.47
	3.87
	33.35
	33.12
	28.74

	
	Methane
	42.55
	36.91
	21.65
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A



The reason all units in hydrogen production never operate simultaneously at capacity is the slightly higher total plant capacity compared to wind farm capacity. The process was modelled where the electrolyser capacity was equal to wind farm capacity. For hydrogen to operate at total capacity this means both the electrolyser and RO unit must be at capacity. As the electrolyser capacity equals wind farm capacity, both units are only at capacity if the power available is equal to wind farm capacity plus additional power to operate the RO unit. This is not an entirely unfeasible scenario, due to the inclusion of the battery, and does occur for seven of the 59 modelled wind farms, including Kincardine, Race Bank, Race Bank Phase 2, Rampion, Sheringham Shoal, Walney 3 and West of Duddon Sands. The results shown above in Table 27 are provided in Appendix C in Table C1 for the remaining 56 wind farms. For these wind farms the percentage of time hydrogen units are all operating at capacity ranges from 0.01 to 0.08% of the modelled time. 

The remaining three fuels (methane, ammonia and methanol) are modelled similarly, with none including the RO unit in the split up of the wind farm capacity amongst main units. However, with the greater number of units required for fuel production it seems this allows total capacity to be reached on a greater number of occasions. This is most likely mainly due to the larger size of the battery available to the plant, with battery capacity set as equal to the sum of the minimum loads of all units. This means battery capacity is larger for multi-unit minimum load processes like methane, methanol and ammonia, compared to the one unit with a minimum load in hydrogen production (the electrolyser). 

For time where all units are operating at capacity (the Total column) the fuel for which this is the highest is methane, proving to be consistently the highest for all farms with its lowest value being 13.01% (for Blyth wind farm). Considering the RO unit once again the lower water consumption of the SOEC unit compared to PEM and AEL clearly has a significant effect on the results, as this reduces the size of the unit and therefore allows it to operate at capacity for a greater proportion of the time. 

Considering the individual units, for both Barrow and Berwick bank, the percentage of time at capacity appears in the same order for both, with RO highest, followed by the D unit (DAC for methanol and ASU for ammonia), the T unit (methanol synthesis loop and ammonia synthesis loop) and finally the electrolyser. However, for Hornsea 2 not only does the sequence differ between ammonia and methanol for whether the T unit or the D unit is operating at full capacity more than the other, but the actual percentages of operation are significantly higher for all units, most notably the electrolyser. Hornsea 2 is modelled on the smallest range of data, as it only became operational for the beginning of 2022, therefore it is modelled on data spanning from 2000 to mid 2023. Whereas Berwick Bank, being a future wind farm, is operated on the entire available dataset from January 2000 through to June 2023, and Barrow being operational since 2006, is modelled from then through to June 2023. 

This fits with the trend seen in Figure 72b with a steady increase in % time the key units were at capacity steadily climbing with increasing date of operation, for all four fuels. Additionally, all the future farms, which appear in the straight vertical line on the left of the figure all sit below (on the y-axis) the high levels of % time at capacity of the newer wind farms, though notably also sitting higher in the y-axis than older wind farms. 

The reason for this trend is most likely as newer wind farms tend to be further offshore, where wind is more consistent, allowing farms to operate at capacity for longer. This, combined with the reduction of utility when modelling the farm on a greater span of years, may explain the way future farms sit in the middle of the graph, when considering the y-axis. Another factor to consider is the aging of the farms. An age factor was applied to the power data to visualise the aging effects on a wind turbine. This factor has a greater effect the older a farm is, and with the future farms modelled from the first hour of data available they would be most affected by this age factor. Thus, the way the future farms sit in the middle of this data makes sense.

To explore the distance from shore as a factor the change in % time at capacity of the key units against distance from shore, is shown in Figure 73 with Figure 73a showing all 59 wind farms and Figure 73b showing the same data but with future farms removed. The positive correlation between distance from shore and % time the key unit is at capacity is clear in Figure 73b except for the wind farm furthest from shore, Hornsea 1 at 120 km. For this farm there is a clear dip in production. This may be explained by the fact this wind farm became operational in December 2019. This means not only does this wind farm have a limited set of data on which it is modelled, it also encompasses 2020, a year where wind speeds were significantly lower than other years. As the percentages are based on yearly averages a low producing year has a significant effect on the farm output levels, especially for those with already limited data on which they are modelled.  
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[bookmark: _Ref162777102][bookmark: _Toc192495233]Figure 73: % time key units were at capacity for all seven routes for synthetic fuel production, plotted against distance from shore for a) all 59 wind farms and b) with future farms removed.
Percentage of time plant generating final product
Figure 74 displays the percentage of time at which the unit responsible for generating the final fuel product was ‘hot’, defined as generating product. This is plotted in Figure 74 against capacity of the wind farm in Figure 74a, and against date of operation in Figure 74b. In Figure 74a there is a clear change in the sequence of the fuels compared to the previous graphs in Figure 72 and Figure 73. Both version 1 and 2 of hydrogen now top the graph as the process with the key unit generating product for the largest percentage of the time modelled. This is as expected as hydrogen has the fewest units operating of all the processes modelled in Chapter 4, therefore the wind farm output does not need to be split amongst multiple units. Next comes methanol sitting just above ammonia, as it did in previous figures, and consistent with these two processes being made up of a similar number of units. The fuel now at the bottom of  Figure 74 is methane. 

Figure 74a seems to show a slight logarithmic curve in the increase of % time unit is hot compared to capacity. Thus, farms of greater capacity also spend a greater proportion of time ‘hot’ but only up to a limit. The initial positive correlation of capacity to time unit is hot is most likely linked to the greater capacity allowing more flexibility within the functioning of the units. However, this is only true up to a certain capacity, at which point the correlation plateaus. This relationship could be linked to the reasons explored for the correlations in Figure 72 and Figure 73. This includes a combination of the size of the farm, its location and its date of operation. This is reflected in the slight increase in % time the unit is hot plotted against the increasing date of operation in Figure 74b. Notably, the future farms now sit at a similar level to newer farms in Figure 74b, although they are still lower than would be expected if they were plotted at their operational date this suggests time units are hot is not as affected by the age factor as time units are at capacity. 
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[bookmark: _Ref162465949][bookmark: _Toc192495234]Figure 74: Percentage of time the key unit was ‘hot’ and thus generating product plotted a) against capacity and b) against Date of operation. 
With hydrogen in the lead in Figure 74 but falling behind the other fuels in Figure 72 this suggests the electrolyser operates consistently at levels where it is producing hydrogen but rarely reaches capacity. This adds further support to previous work into optimising the size of an electrolyser unit to the size of a wind farm, with results suggesting the electrolyser should be modelled at 87% of wind farm capacity [242]. Here where the electrolyser is modelled to be equivalent to farm capacity the electrolyser consistently operates at around 80 to 90% of capacity, depending on the electrolyser type used.

As the unit modelled as being ‘hoy’ is only the unit generating the final product it is again logical that methanol, ammonia, and methane sit below hydrogen due to the additional units involved in synthesis of the final product. Recreating Table 27 with percentages for when the individual units are ‘hot’ and generating product in Table 28 allows further insight into what is happening for these processes requiring the use of additional units. Again the same table as Table 28 is recreated in Appendix C for all remaining 56 wind farms, in Table C2. 
[bookmark: _Ref162770701][bookmark: _Toc192495138]Table 28: % of time units were hot and generating products for all four fuels at three wind farms. The percentages plotted in Figure 73 are shown in bold. 
	Name
	Fuel
	Version 1 (%)
	Version 2 (%)

	
	
	Total
	E unit
	RO
	T unit
	D unit
	Total
	E unit
	RO
	T unit
	D unit

	Barrow
	Hydrogen
	34.78
	86.98
	41.57
	N/A
	N/A
	27.50
	73.70
	40.82
	N/A
	N/A

	
	Ammonia
	24.23
	80.96
	40.56
	49.77
	55.43
	24.04
	71.71
	40.42
	49.74
	53.38

	
	Methanol
	20.54
	78.04
	24.02
	53.81
	65.21
	20.16
	68.72
	23.04
	52.84
	64.30

	
	Methane
	26.45
	29.50
	26.66
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Hornsea 2
	Hydrogen
	60.22
	93.70
	63.90
	N/A
	N/A
	54.23
	86.68
	63.50
	N/A
	N/A

	
	Ammonia
	43.60
	90.68
	63.59
	69.88
	74.16
	33.29
	83.56
	41.27
	72.26
	80.47

	
	Methanol
	33.77
	89.16
	42.70
	73.10
	81.14
	34.88
	92.67
	42.99
	78.12
	86.60

	
	Methane
	46.91
	55.05
	53.32
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Berwick Bank
	Hydrogen
	49.33
	92.40
	54.22
	N/A
	N/A
	42.74
	83.92
	53.74
	N/A
	N/A

	
	Ammonia
	36.74
	88.65
	53.46
	63.27
	70.72
	29.62
	80.64
	33.35
	64.00
	76.41

	
	Methanol
	30.38
	86.81
	34.59
	64.91
	77.02
	32.56
	90.81
	34.92
	70.84
	84.38

	
	Methane
	38.35
	43.02
	38.48
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A



From Table 28, the percentages across all four fuels increases for both versions compared to the results in Table 27. Now the time all units are hot simultaneously is far larger, the values in the ‘Total’ column, with the electrolyser unit leading the way in time generating product compared to all other units for both version in all fuels and all wind farms. 
[bookmark: _Toc192495065]Comparison to Orkney
Next a comparison was made between the results from the sizing modelling and a real-life set up of an electrolyser linked to a wind turbine. For hydrogen a good comparison is the hydrogen plant in Orkney, powered by an onshore wind turbine. An image of the Orkney plant is shown in Figure 75. Here the electrolyser, with a built-in heat exchanger, is housed within a 20 by 10-foot ISO container. This electrolyser is a PEM unit that generates 260 kg of hydrogen per day with a power capacity of 670 kW [283]. 

When modelled to generate hydrogen using a PEM unit the average energy density (kW m-2) across the 59 wind farms is 109.5 kW m-2, ranging from a minimum 47.3 kW m-2 to a maximum 168.5 kW m-2 compared to Orkney’s 36 kW m-2. Thus, the units modelled here are more compact than the unit in Orkney. This is most likely as the units in the sizing analysis done in this thesis were sized based on more commercially advanced AEL units and therefore provide a futuristic look at the potential of PEM units. 

Considering another comparable metric, average production rate across the 59 wind farms, this averages at 0.20 kg kW-1, ranging from a minimum 0.10 to a maximum 0.25 kg kW-1, compared to Orkney’s 0.38 kg kW-1. The lower levels for the wind farms modelled here are consistent with the data being done in yearly averages as well as the additional reduction factors applied including wind farm age and electrolyser degradation. 

For the ammonia and methanol processes the sizing of the units was based off available sizes in literature, thus there is limited room for comparison to real life results. For methane the novel nature of the use of an SOEC unit for co-electrolysis means there is no real-life data to compare to. 
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[bookmark: _Ref162778608][bookmark: _Toc192495235]Figure 75: Image of the hydrogen generation plant connected to an onshore wind turbine in Orkney.
[bookmark: _Toc192495066]Comparison to offshore platforms 
Next an initial look at whether these sized plants would fit on an offshore platform was assessed. When comparing the size of the synthetic plants to the available offshore infrastructure the exact sizes of the local platforms to the wind farms vary, with 552 offshore platforms in the North Sea [284]. For a general analysis the size of the units was compared to a standard semi-submersible platform. This platform includes workplace, production devices and living facilities, and is split into the main deck and the upper deck. Assuming the upper deck is sufficient for the extra facilities required, the size of the plants was compared to the main deck. The dimensions for this main deck are a height of 30 metres, a length of 91 metres and a width of 71 metres [285]. Therefore, the available area for the plant is assumed to equal an area of 6461 m2. Applying this limit to the area data from Chapter 4 produces the graphs shown in Figure 76. This platform area is on the lower end of the graph, shown in Figure 76a - therefore a more focused view on a smaller scale is also shown in Figure 76b. 
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[bookmark: _Ref162713770][bookmark: _Toc192495236]Figure 76: Plant area for all 59 wind farms plotted against capacity, including the line showing the limit applied here for offshore platform available area, a) shows the data for all the wind farms, b) shows the data on a reduces scale limited to 10 thousand m2. 
Overall, the number of wind farms for whom the synthetic fuel plant would fit on this platform are summarised in Table 29. 
[bookmark: _Ref162714120][bookmark: _Toc192495139]Table 29: Summary of number of wind farms and maximum capacity possible for each of the four fuels based on the limit placed on offshore platform area. Note the total wind farms which are modelled equals 59. 
	Fuel
	Version
	Number of wind farms
	Maximum wind farm capacity (MW)

	Hydrogen
	1
	44
	714

	
	2
	22
	150

	Ammonia
	1
	33
	353

	
	2
	21
	108

	Methanol
	1
	9
	60

	
	2
	6
	49.5

	Methane
	-
	11
	64.8



Apart from hydrogen version 1, not even half of the number of wind farms modelled (59) would fit onto this average offshore platform area. How well the standard offshore platform area of 6461 m2 approximates available North Sea infrastructure is unclear, with data on the footprint vaguely mentioned in the region of hundreds to several thousand m2. Suggesting when exploring those offshore platforms closest in location to many of the wind farms may be smaller than the standard visualised in Figure 76.

Therefore, even for the hydrogen version 1 process there is a clear need for these synthetic fuel production plants to be smaller. Even when considering the planned future use of artificial islands, whether these islands will be built or not, as well as the number of them co-located to wind farms is unclear. Even if considering these islands reductions in size would both simplify the transport logistics of the required infrastructure and reduce the size required of the island. The proposed methods in this thesis for this reduction in size is using alternative, future technologies. 

Possibly one of the more restricting size limitations placed on these plants is the height of the offshore platform. The height restrictions affect most often the distillation columns modelled, which are the tallest structures. For all fuels the ammonia plant is most affected, with distillation columns for the ASU unit reaching heights of 120 metres whereas the platform modelled here is limited to 30 metres. This height is not a restriction in that there is a roof involved, but in the stability of the infrastructure itself. This would not be a problem for an artificial island but eliminates the potential of ammonia synthesis on an offshore plant if an ASU is used to capture the necessary nitrogen. 
[bookmark: _Toc192495067]Alternative and future technologies
The alternative and future technologies explored in this section include those explored in the literature review both developed sufficiently for application to such a process, as well as with clear possibilities for space reduction. These include seawater electrolysis, the use of a Battolyser, alternative carbon capture technologies, and storage in naturally occurring gas caverns. The technologies are assessed to determine their effect on the mass and energy balance as well as a reassessment of the effect of this change on the physical size of the synthetic fuel synthesis plant. This is then followed by assessing the effect of the technologies’ space saving on the number of farms whose synthetic fuel plant would now fit on the standard offshore platform. 
[bookmark: _Toc192495068]Seawater electrolysis 
Seawater electrolysis, as explored in the literature review (Chapter 2) saves on space through no longer requiring a separate RO and electrolyser unit. The energy consumption of this is assumed to be unchanged, as is the mass balance. The same amount of hydrogen would be required, and it is assumed seawater electrolysis energy consumption would be equal to the sum of the two processes it is joining together. Thus, the only change is the removal of the RO unit and the water storage from the total size of the plant. 

This results in an average reduction of 4.15% for the synthesis of hydrogen, with the wind farm gaining the most space, Berwick Bank, saving 8.35% of space for version 1 (PEM electrolysis), and the farm gaining the least, Blyth saving only 0.55% of space for version 2 (AEL electrolysis). The effect on the other fuels is negligible, as the RO unit makes up a very smaller percentage of space taken up by the multiple units used to synthesis these fuels. 

Overall, this area reduction is barely notable and does not seem to justify the technological unreadiness of seawater electrolysis. 
[bookmark: _Toc192495069]Battolyser 
The next technology considered is the Battolyser, a unit which combines the battery and the electrolyser units. How this is modelled is a bit more complicated. First there is the comparison of the two battery types noted as suitable in the literature review, lead acid and lithium ion. The results up to this point are modelled on the lead acid option (to allow ease of modelling the Battolyser). The Battolyser space saving potential is compared not only to the lead acid battery which shares its chemistry set up but also to the smaller (due to its higher energy density) lithium-ion battery option.

A Battolyser functions by overcharging a battery, in this scenario a lead acid one. Therefore, the battery infrastructure is unchanged. However, electrolyser capacity is far larger than modelled battery capacity. Therefore, a battery capable of producing sufficient levels of hydrogen may need to match the electrolyser energy capacity rather than the battery. Overall although it is expected the electrolyser capacity is more representative of the Battolyser the optimum sizing of the battery to produce the required levels of hydrogen is unclear due to the novel nature of this technology. 

The implementation of the Battolyser alters the energy balance, as the functionality of allowing immediate cross over from battery mode to electrolyser mode means there is no longer a need for warm or cold start-up. Thus, the minimum load of the electrolyser mode of the unit becomes the point when the Battolyser has just reached overcharge. Additionally, further control measures would be required to ensure Battolyser systems were ready to produce hydrogen in their overcharge state on demand. This would be to avoid the limitation of the Battolyser not being fully charged and the one step standing in the way of further downstream processes, like ammonia synthesis, being the hydrogen production level. On the other hand, if the Battolyser is overcharged and producing hydrogen then there is no extra battery capacity to top up when the wind farm is underperforming for the other units required for the fuel synthesis. Although it is most likely that not one unit but a combination of stacks of Battolyser cells would be used for this process allowing them to be operated flexibly, with some kept in an overcharged state and in electrolyser mode while others remain in battery mode. Notably neither of these problems are much of an issue when hydrogen is the final product.

The mass and energy balance of the process was therefore not reapplied as the mechanics behind the Battolyser are not yet well enough understood. Instead, the area model was reassessed in the two ways the Battolyser could manifest itself: a unit the same size as the battery, and a unit the same size as the electrolyser. These two models, as well as the lithium-ion model, are shown in Figure 77. Notably Figure 77c and Figure 77d do not include methane as the nature of the SOEC unit applied to co-electrolysis does not lend it to functioning as a Battolyser. 
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[bookmark: _Ref162716025][bookmark: _Toc192495237]Figure 77: Area plotted against capacity for a) the base data from chapter 4, b) where the data from Chapter 4 is altered so the battery is a lithium ion battery instead of a lead acid, c) where the Battolyser unit would be equivalent to the electrolyser, and d) where the Battolyser unit would be equivalent to the battery. 
From Figure 77b it is clear the lithium-ion battery reduces the size of all seven routes. However, the impact is not as large as the Battolyser results in  Figure 77c and  Figure 77d. In fact, when comparing just the Pb-acid and Li-ion results to each other (Figure 77a and  Figure 77b respectively) there is barely a discernible difference between the two. This is initially surprising due to the superior energy density of the Li-ion battery but when considering the data in further detail it becomes clear this is because in the context of the large physical space taken up by the synthesis units the physical space taken up the battery is relatively very small. 

The model where the Battolyser is equivalent in size to the battery unit, Figure 77d, has a significant effect on the size of the plant for the six routes for which this technology is applicable. However, this is a very optimistic scenario and most likely not representative of actual size reduction if a Battolyser were employed. But even when considering the most likely more representative, and also less optimistic, scenario where the Battolyser unit is equivalent in size to the larger electrolyser in Figure 77c, there is a visible reduction in size in the results compared to both Figure 77a and Figure 77b. Thus, the Battolyser unit saves more space even than the lithium-ion, as is logical as for lithium ion although there is a space saving there is still a battery unit taking up space, whereas when a Battolyser used the entire space taken up by the battery is removed. 
[bookmark: _Toc192495070]Carbon capture 
The next technology assessed is carbon capture, a process which affects only two fuels production methods, methane and methanol. Two alternative routes for carbon capture were explored, including seawater capture and alternative, less commercially proven, DAC technologies. 
Seawater carbon capture 
Seawater carbon capture is modelled here based on a detailed process description for capture using a stripping column [111]. There are other routes for seawater electrolysis which could prove less energy intensive and smaller in size, however the data availability for the stripping process is greater and allows for a more detailed analysis. 

The stripping process involves a stripping column and a heat exchanger. The seawater is heated to 100 C and water and CO2 are removed in a similar manner to the operation of a distillation column. For a methanol plant producing 2.73 thousand tonnes of methanol per day this column has dimensions of 42 metres in diameter by 6.7 metres in height and consumes 0.58 kWh per kg of CO2 [286]. This is almost a quarter of the energy consumption of the Climeworks DAC unit, set at 2 kWh per kg in Chapter 4. Therefore, the mass and energy balance were conducted with this altered energy consumption and no further changes made to minimum load or standby load of the unit, assuming these remained the same as the DAC unit. As minimum and standby load were both applied as percentages of total load to the system this was a simple way to read across to the seawater process. This altered mass and energy balance is shown in Figure 78b compared to the original data from Chapter 4 shown in Figure 78a. 

From Figure 78 there is a clear increase in production for both versions of the methanol synthesis process when seawater carbon capture is used, whereas the methane synthesis process seems to have a slight reduction in production levels when using seawater carbon capture. It may be the higher energy capacity of the SOE unit (due to the lowered capacity of the CO2 capture unit meaning that a higher percentage of capacity was given to the SOE unit), means there are more instances where the SOE cannot operate at the associated higher minimum load. As minimum load is applied as a percentage, and the minimum load of the SOE unit sits quite high, the increase in the minimum load has a greater effect than the increased capacity of the SOE unit. 
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[bookmark: _Ref162717394][bookmark: _Toc192495238]Figure 78: Thousand tonnes of product against capacity for a) the base data developed in Chapter 4 and b) where the carbon capture unit in methanol and methane has been replaced with the seawater capture process. 
The results from this mass and energy balance were then sized again to visualise the difference in plant area. When sizing the seawater CO2 capture, it was sized as a heat exchanger heating seawater from ambient temperature to 100 C as well as the stripping column sized as detailed previously but scaled to the production rate of the wind farm plant. The results are visualised in Figure 79b, compared to the original base data supplied again in Figure 79a. 
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[bookmark: _Ref162720859][bookmark: _Toc192495239]Figure 79: Area plotted against capacity for a) the base data employing DAC units for methanol and methane synthesis and b) where the CO2 capture unit is instead capture from seawater. 

The clear reduction in area for both methanol and methane in Figure 79b compared to Figure 79a demonstrates the extreme space-saving qualities of applying the seawater capture process compared to the DAC unit. Both fuels are now at physical sizes comparable to that of both ammonia and hydrogen. This demonstrates how much of the area taken up by the methanol and methane synthesis was the DAC unit.  
Due to the large reduction in size when using seawater carbon capture over air carbon capture a visualisation of the effect on the suitability of offshore synthetic production was done for this change, shown in Figure 80, for only methane and methanol, to show the significant effect on the distribution of wind farms now below the platform area limit. With the original data shown in Figure 80a and the data where seawater carbon capture is used shown in Figure 80b.
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[bookmark: _Ref162721383][bookmark: _Toc192495240]Figure 80: Scaled down look at area taken up by methanol and methane plants for results in Figure 79.
When considering extraction of CO2 from seawater there are two key additional considerations, first how much seawater is needed as a feedstock and second the environmental effects of both using seawater and disposing of the unused seawater portion after CO2 extraction. 

In terms of volume of seawater needed, to extract 1 gigaton of CO2 per year the mixed surface layer would require processing of 5 parts in ten thousand of the global volume of the ocean’s surface layer [147]. Assuming an ocean surface layer depth of 50 metres, and a global ocean surface area of 361 trillion m2 [147]. This amounts to 9.03 m3 of seawater per kg of CO2. For the smallest consuming wind farm, Blyth, this adds up to an average hourly seawater consumption of 13,749.14 m3, around 5 and a half Olympic swimming pools worth. For the highest consuming wind farm, Berwick bank, this adds up to an average hourly seawater consumption of around 23 million m3, about 9.5 thousand Olympic swimming pools. This may be the limiting factor which eliminates seawater sourcing of CO2 as a contender. This calculation is based off data from one paper and may not be representative of actual water consumption levels, further work is needed to verify these values. 

The environmental impacts of disposing of seawater from which CO2 has been extracted is the effect of the extraction on the pH of the processed seawater. When seawater is decarbonised, this equates to the removal of CO2 from the water which, due to reaction with water to form carbonic acid, is acidic. Therefore, its removal leads to the seawater becoming more alkaline, the level of alkalinity depending on how much CO2 is extracted as well as the other components in seawater. This seawater would be able to naturally equilibrate back to original pH levels through the absorption of CO2 from the atmosphere. However, this takes time, and depending on these pH levels design decisions would need to be implemented to avoid temporary localised areas of high pH. There are two key factors to consider here, first it takes around one year for surface mixed layer of seawater to equilibrate with the atmosphere. How long it takes for a tank of alkalinised seawater to do the same is unclear. At best the combination of the small volume processed as well as the relatively small shift in pH would allow direct disposal of the CO2 free seawater into the sea. At a worst-case scenario seawater CO2 capture may require large storage tanks for holding the seawater whilst it equilibrates. However, these would be best suited to be placed in the sea to allow ease of mixing and therefore would most likely not contribute to on-platform area requirements. This is most likely the same method which would be employed for brine dilution of the waste stream from the reverse osmosis water purification process. 
Alternative DAC units
If, however, DAC is continued to be used it is notable that of the available DAC technologies Climeworks, despite being the most advanced in commercial deployment, is also one of the highest units for energy consumption. A comparison of energy consumption levels for multiple DAC technologies is shown in Figure 81 [143]. The Global Thermostat unit reduces the time for CO2 capture from 5 hours to 30 minutes which, despite not altering the modelling done here, makes control of the system easier. What does impact the modelling here is the reduction in energy consumption from on average 2 kWh per kg of CO2 (from summing both electrical and heat demand) to 1.5 kWh per kg of CO2 when using Global Thermostat over Climeworks [143]. 
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[bookmark: _Ref162721658][bookmark: _Toc192495241]Figure 81: Comparison of electricity and heat demand for different DAC units.
Due to unavailability of specific data on the size of the Global Thermostat unit, it was assumed to be equal to that of the Climeworks unit. However, the reduced energy consumption of the unit will mean a smaller area required for the same level of CO2 production. This is modelled here by adjusting energy consumption to the level of Global thermostat levels leading to a reduction in areas shown in Figure 82, with zoomed in results available in Figure 83. 
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[bookmark: _Ref162722062][bookmark: _Toc192495242]Figure 82: Results for plant area against capacity for a) base data from Chapter 4 using the Climeworks DAC unit and b) using the Global Thermostat DAC unit.
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[bookmark: _Ref162722127][bookmark: _Toc192495243]Figure 83: Same results as in Figure 82, scaled down to allow greater visualisation of increase in number of plants below offshore platform area limit. 
The significant reduction in DAC is therefore possible without completely changing the process from air capture to sea capture. Although it is notable that the reduction in space using the seawater capture process is greater than that when using Global Thermostat. Alternative DAC options are continuously being researched, due to the great interest in this process in working towards a Net Zero future, meaning there is potential for even further space and energy consumption reductions in this area. 
[bookmark: _Toc192495071]Storage in naturally occurring gas caverns 
Storage in naturally occurring gas caverns seems well suited to offshore synthetic fuel production coupled with offshore infrastructure, most notably because offshore infrastructures is often built on top of gas caverns to empty the natural gas reserves within. Implementation of storage in these gas caverns eliminates the need for storage on the platforms, thus reducing the area taken up by the plant.

There are a wide range of naturally occurring gas fields suitable for hydrogen production in UK waters which ideally should be assessed for gas storage on a case-to-case basis, with certain storage options being more suited to certain gases, including CO2 and CH4. A key drawback of underground storage is the limitation of access, with some formations allowing gas collection only 1 to 2 times a year and only salt caverns being suitable for multiple collections in a year [287]. Therefore, the suitability of the use of such storage depends on the frequency of demand of the gas being stored, whether it be H2, CO2, or CH4. The demand restriction most likely means natural caverns could not be used as storage for intermediary products due to the restrictions on extraction frequency. 

The two processes which could therefore benefit from natural storage include methane and hydrogen, where both are final products. When removing final storage vessels from consideration there is a negligible difference on the space saved. For hydrogen the space saved (across both versions) is on average 0.75%, with a maximum of 1.82% and a minimum of 0.11%. For methane the space saved is even lower, on average saving 0.09% with a maximum of 0.15% and a minimum of 0.023%. 

Overall, there is uncertainty as to whether underground storage could be applied to all the wind farms without a more detailed analysis of the location of each wind farm in relation to these underground caverns. This, combined with the limited space saving benefits this solution offers, is why this storage method was not taken forward for further discussion. 
[bookmark: _Toc192495072]Summary of technologies applied 
Applying the processes with the greatest potential for space saving, carbon capture from seawater and the Battolyser alters the graphs from Figure 76 to Figure 84 and the summary in Table 29 to Table 30. Notably the Battolyser area option used here is equating it to the area of the electrolyser with the battery area removed.

From Figure 84 through adding in the above changes there is a clear benefit in the number of wind farms which now fit under the space requirement of the standard offshore platform are. Table 30 shows this best, with all fuels and all versions showing an increase in number of wind farms, compared to Table 29, except for hydrogen version 2, which remains unchanged. Notably, this version does still reduce in size with the alteration of the Battolyser, only it does not reduce in area sufficiently to allow the inclusion of further wind farms. 

There are still a lot of wind farms whose units would not fit on the offshore platform thus suggesting that for some this route is not feasible and would be better suited to either custom platform construction or the use of artificial islands for the synthesis plant. It is important to note that even with the reduction in size for the ammonia plants, the height restrictions when using the ASU mean no ammonia plant can fit on the existing offshore platform. The only route possible for ammonia would be altering the nitrogen capture method from ASU to an alternative, shorter (in terms of height of units used) approach. One option could be extraction from seawater but there is lack of information in literature available to model such an approach, which may also end up including a very tall column for separation. 

Overall, the inclusion of future and alternative technologies increases the feasibility of offshore synthetic fuel production on existing offshore infrastructure. However, there is more work to be done here to fully understand the suitability of offshore production. The standard offshore platform area here may not be representative of the actual platform co-located with the wind farm for which it is linked up to. Additionally, the inclusion of these future technologies may not be possible, with the large feedstock of seawater required for seawater carbon capture potentially making it not suitable and the low technological readiness of the Battolyser making it unsuitable for commercial use today. 
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[bookmark: _Ref162724284][bookmark: _Toc192495244]Figure 84: Altered size results including the use of a Battolyser and seawater CO2 capture for a) showing all wind farms and b) on a smaller scale for visualisation of farms now below the offshore platform area limit. 
[bookmark: _Ref162724737][bookmark: _Toc192495140]Table 30: Summary of number of wind farms and maximum capacity possible for each of the four fuels based on the limit placed on offshore platform area. 
	Fuel
	Version
	Number of wind farms
	Maximum wind farm capacity (MW)

	Hydrogen
	1
	50
	950

	
	2
	23
	150

	Ammonia
	1
	38
	448

	
	2
	23
	150

	Methanol
	1
	37
	402

	
	2
	22
	108

	Methane
	-
	38
	448



[bookmark: _Toc192495073]Contextualising in terms of demand
To contextualise the levels of fuel production at these wind farms the production levels were compared to the global and European production figures listed previously in Chapter 3 of this thesis. This was performed on both the base data from Chapter 4 as well as the results employing the alternative technologies. The global and European demand levels from Chapter 3 for each fuel are summarised here for convenience in Table 31.
[bookmark: _Ref192238054][bookmark: _Toc192495141]Table 31: Summary of global and European demand levels from Chapter 3 used here in contextualising by demand calculations
	Demand
	Hydrogen
	Ammonia
	Methanol
	Methane

	Global (million tonnes)
	90
	147
	98
	2529

	Europe (million tonnes)
	9.756
	17
	9.71
	270



These demand levels were compared to total production from the 59 wind farms modelled in this thesis. With a summary of results shown in Table 32 for summed production from all 59 wind farms.
[bookmark: _Ref162787063][bookmark: _Toc192495142]Table 32: Summary of production levels from the 59 wind farms including the 59 summed together and how the total contributes as a percentage to both European and global demand of each of the four fuels.
	Fuel
	Version
	Base data
	Alternative technologies data

	
	
	Total (thousand tonnes) per year
	% of European
	% of global
	Total (thousand tonnes) per year
	% of European
	% of global

	Hydrogen
	1
	2150.88
	22.05%
	2.39%
	2150.88
	22.05%
	2.39%

	
	2
	2236.67
	22.93%
	2.49%
	2236.67
	22.93%
	2.49%

	Ammonia
	1
	12682.54
	74.60%
	8.63%
	12682.54
	74.60%
	8.63%

	
	2
	11351.27
	66.77%
	7.72%
	11351.27
	66.77%
	7.72%

	Methanol
	1
	9128.28
	94.01%
	9.31%
	11448.05
	117.90%
	11.68%

	
	2
	8441.23
	86.93%
	8.61%
	10324.25
	106.33%
	10.53%

	Methane
	1
	2495.02
	0.92%
	0.10%
	2094.69
	0.78%
	0.08%



From Table 32 the production levels of ammonia and methanol make up a significant proportion of current European demand. Hydrogen production levels are still relatively quite high, whilst methane makes up a significantly small percentage. Notably this is mostly due to the extreme differences in current demand for the four fuels, with methane demand far outstripping the demand of any of the other fuels. This comparison is conducted for such large demand, over such large production to attempt to put into context what these percentages could look like on a smaller basis. It is unfeasible for UK offshore wind farms to supply European, let alone global demand, as it is impractical to dedicate the entire UK offshore fleet to synthetic fuel production. However, if both demand and production are displayed at these high levels the percentages become a better visualisation of what could be expected on a smaller basis, say, one wind farm supplying one sector of the UK. This was the best approximation method available from the data available on demand for these fuels. 

To contextualise the use of these fuels further and linking back to one of the key points for use of methanol noted in the literature review, the next step was considering how methanol could apply as a fuel for transport, both as a transition fuel for use in petrol-fuelled cars and as a fuel for shipping. 
[bookmark: _Toc192495074]Methanol as a substitute for petrol
Methanol can be used as a substitute for petrol, as explored in the literature review (Chapter 2). Due to the availability of data on global and country specific petrol demand, the first comparison involved exploring demand levels if petrol was directly substituted for methanol.

In 2021 the cars in the UK consumed 10 million tonnes of petrol [290]. Assuming a like-for-like replacement of petrol with methanol means the entirety of the UK car consumption can be satisfied by the methanol produced from all wind farms modelled here, with production from alternative technologies reaching as high as 11.448 million tonnes per year. This is, however, an inconceivable scenario as constructing methanol synthesis plants next to all 59 UK offshore wind farms modelled here is not going to happen. However, it shows the potential for renewable methanol as an intermediary in the route to electrification. Say that for example, the future farm, Berwick Bank, was dedicated to renewable methanol production this would result in 1.171 to 1.575 million tonnes of methanol per year, enough to fuel one tenth of the current UK petrol car fleet. 

Next, considering shipping, a sector ripe for methanol consumption with ships fuelled by methanol already under construction. In 2021 the UK consumed 7 million tonnes of fossil marine fuels [291]. Thus, the production from Berwick Bank alone could cover between 16.5% to 22.5% of total UK marine fuel demand. 
[bookmark: _Toc192495075]Conclusion
The base data from Chapter 4 was further validated in this chapter by considering the results in more detail, including in the percentage of time key units were at capacity and when they were hot, i.e., generating product. Additionally, comparisons were attempted to real life case studies such as Orkney which showed good consensus. 

The exploration of future technologies highlights the importance of units such as a Battolyser and alternative carbon capture options when considering the space available on existing offshore infrastructure. There is significant room for further work in this area. Although seawater electrolysis and underground storage had been excluded here, when working on an individual wind farm basis their inclusion may make the difference to ensure the plant is small enough to fit on an offshore platform. Additionally, there are alterations that could be made to the method for synthesis of methanol and ammonia - most notably in the form of co-electrolysis of methanol in a PEM unit and direct electrochemical reduction of nitrogen to ammonia. Both these alternative, electrochemical based, routes result in high energy efficiency savings and thus most likely reduced space, especially as both options reduce the number of units required. 

Overall, the suitability of offshore synthetic fuel production would be greater improved through individual wind farm simulations, optimisation of routes, and consideration of the geographical context of the farm. Individual wind farm simulations would allow specific sizing, in terms of both energy capacity and area, of the individual units which make up the farm. This would remove the uncertainty in the approximation of these values based on existing simulation data and could realise opportunities for further space saving, most likely through integration opportunities specific to each wind farm energy capacity and wind availability. 

There is great potential for optimisation of these routes, as displayed by the fact the electrolysis units in both hydrogen production routes operated so often at levels where they generated product, but so rarely at capacity. As well as considering the potential operational envelopes that could be employed, and are unique to, each individual fuel synthesis route, including the defined operational envelopes discussed earlier in this thesis for ammonia. Overall, these units are clearly oversized; optimising them to lower capacities would result in greater utilisation and reduced plant area. However, it should be noted that oversizing units may be the reason for the high levels of product generation. The oversizing of units with flexible ranges of operation is considered key when sizing units for coupling with renewable energy as these units are then able to absorb the intermittent nature of the renewables more easily. Therefore, detailed optimisation of each wind farm should be performed to determine the level of capacity best suited to both the offshore wind farm being modelled and the available offshore infrastructure in its vicinity. 

This optimisation is therefore best conducted with knowledge of the specific surrounding infrastructure to the individual wind farms. This does not only include the size of offshore platforms but also the availability of existing pipelines. Pipelines could alter the best option used in these different synthetic fuel production routes. If there are pipelines in the region suitable for retrofitting for hydrogen transport this may prove the best solution, both in terms of the availability of platforms for placement of units as well as cost. Alternatively, if there are CO2 pipelines in the vicinity, this could result in the requirement for CO2 capture to produce methane and methanol to disappear and allow them to be fuelled directly from these pipelines. Other options for pipelines include those that transport methane or methanol, easily retrofitted for transport of these materials back to shore. This sort of analysis would require in depth data on the surrounding offshore infrastructure as well as consideration of the best process for the wind farm being modelled. 

Additionally, this analysis would be well rounded off with the addition of consideration of the differing cost in both the installation and operation of the considered synthetic fuel plants. This would include consideration of the costs of individual units, the costs of retrofitting available offshore infrastructure and the expected profits from the production of the different fuels. Based on this, further optimisation could be conducted with the aim to lower costs and thus identify the best fuel production route for each individual wind farm. 

Overall, this chapter highlights the importance of future technologies in the work towards offshore synthetic fuel production, and their limitation in their current low level of commercial readiness. The route with the combination of notable space saving, lack of obvious restrictions in feedstock, and limited mostly by need for further commercialisation of the unit is the Battolyser. The identification in the literature review for potential exploration of a Battolyser unit highlights this technology as a clear route forward for further exploration. Thus, this thesis is finalised with a chapter exploring the experimental creation and validation of a lead acid and lead carbon Battolyser unit. 



[bookmark: _Toc162541393][bookmark: _Toc192495076]Experimental construction and testing of lead acid and lead carbon Battolysers
[bookmark: _Toc192495077]Introduction 
The importance of a Battolyser unit when considering offshore storage has been highlighted in the previous chapter of this thesis. Given the novel nature of this technology, further work is required in proof of concept and identifying the optimal configuration for hydrogen evolution before its application to offshore storage. This chapter details the testing of both a lead acid and a lead carbon Battolyser. The Battolyser unit, including its electrodes and infrastructure, was created entirely from scratch and tested as both a battery and an electrolyser. 

This chapter includes a summary of the background leading to the creation of the unit and the electrodes. This is followed by an overview of the methodology employed in electrode creation and unit testing. Finally, the chapter concludes with presentation of results and ensuing discussions. 
[bookmark: _Ref160010589][bookmark: _Toc192495078]Battolyser unit 
The first step in developing the Battolyser was creating the infrastructure of the unit itself. The unit needed to fulfil specific criteria: it had to be possible to disassemble manually to allow for replacement of both electrolyte and electrodes, while also being able to withstand acidic conditions, given that the electrolyte is sulphuric acid with a concentration of 30% volume.

The unit built at the University of Sheffield is depicted as a computer3-D  model in Figure 85, the subsequent experimental set up an the empty unit is shown in Figure 86.
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[bookmark: _Ref159940352][bookmark: _Toc192495245]Figure 85: Computer drawing of the Battolyser unit.
[image: A metal box with a hole and text

AI-generated content may be incorrect.]
[bookmark: _Ref160455317][bookmark: _Toc192495246]Figure 86: One of the experimental Battolyser units, including the aluminium plates added later to the design for strength.
To satisfy the requirement of resistance to acidic conditions the unit was made from PVC. As shown in both Figure 85 and Figure 86, the unit comprised four PVC plates. The size of the unit, was defined by the available size of the membrane used in the unit, which was 10 by 10 cm. Two of these plates were designed for holding electrodes, the other two served as end plates which included glass to allow visibility through the unit. The top of the electrode plates included three outlets, the first for the wire allowing the electrical connection of the electrodes to the outside, the middle for gas collection, and the third for filling with electrolyte. Conversely, the bottom of the electrode plates included a single outlet, a drain, to allow the emptying of the electrolyte, sealed with a removable PVC screw. The entire unit was held together by four stainless steel screws, one in each corner of the unit. This design was based off a previous paper in literature which constructed a lab-based Battolyser unit [161]. 

Later additions, to address leakage issues, included two aluminium plates, shown in Figure 86, placed at both ends to counteract bending in the PVC plates and add significant rigidity. Additionally, to prevent leakage the PVC screws in the bottom outlet were wrapped with PTFE tape to provide a better seal.
[bookmark: _Toc192495079]Battolyser electrode creation 
The subsequent stage in the construction of the two types of Battolyser prototypes, was devising the method for electrode creation. Instead of using ready-made electrodes from dismantled lead acid batteries, the electrodes were produced in the laboratory. The inability to use commercial lead acid battery electrodes is due to the presence of hydrogen inhibitors within these electrodes, used to prevent the negative effects of hydrogen evolution in a sealed battery, most notably build-up of gas resulting in high internal pressures. Therefore, the electrodes were created from scratch in the lab. In this way, the exact composition of the plates is known and documented, and the experiments are not reliant on proprietary knowledge of an existing lead-acid battery. 

The electrodes made included both positive and negative plates, for both the lead acid and the lead carbon units. The positive electrodes of both types of Battolyser are identical, built on lead grids and pasted with lead oxide, the active material [292]. For the lead acid Battolyser the negative electrode was made primarily out of lead, for the lead carbon the negative electrode again was primarily lead but also included carbon. 

The step-by-step creation of electrodes employed here is as close an approximation to industry standard could be replicated with the available equipment in the lab. The general steps employed in industry are listed below with each explored in further detail in the next sections. 
1. Ceation of a paste and application to lead grids
2. Curing the paste at specific temperatures and humidity levels
3. Soaking in sulphuric acid
4. Formation through application of a constant current, and
5. Finally, washing and drying. 

This final washing and drying step is required in industry to ready the electrodes for long-term storage without losing chemical activity. In this step, the electrodes are dried, with the negative electrode dried in inert nitrogen gas, and the positive at 60C until dry. This step is omitted here as the Battolyser underwent immediate testing after the formation step. 
[bookmark: _Toc192495080]Pasting
The first step in the creation of electrodes involves the creation of a paste from the required compounds and applying it to the electrode grid. Two types of electrode grids were used in this experiment. Initially, and for most of the multiple iterations of the different types of electrodes created, the lead grids used were the ones shown in the left of Figure 87. However, for the final lead carbon Battolyser test, the lead grids used were the ones shown in the right of Figure 87. Both types of lead grids were connected to tinned copper wires by soldering. Tinned copper was used instead of pure copper due to the corrosive nature of the sulphuric acid electrolyte; tinned copper is also corroded by the acid but at a slower rate. Initially the degree of acid corrosiveness during Battolyser unit operation was uncertain, and thus the wire was initially soldered directly onto the lead grid. However, this resulted in wire corrosion issues during operation and Battolyser unit failure. Subsequently, in later configurations, the set up as shown in Figure 87 was used, where a pure lead arm was soldered to the grid, and the tinned copper to the lead arm. This arrangement ensured the tinned copper was kept out of the acid solution limiting the effects of the corrosive nature of the electrolyte and extending the life of the Battolyser unit.
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[bookmark: _Ref159942783][bookmark: _Toc192495247]Figure 87: The two types of lead grids used in the Battolyser experiments, both made from pure lead and connected through soldering to tinned copper wire. The one on the left was the original grid used for most Battolyser units, on the right the final electrode form allowing greater connection between grid and electrode.
The pasting step begins with the mixing of the components which make up the electrode. For the positive electrode, the dry component comprised solely lead oxide. In industrial settings, lead oxide is typically produced on site, either in Barton pots or mills where lead is oxidised [292]. Due to the unavailability of such equipment, lead oxide (PbO) was purchased as a powder. This PbO was then mixed with sulphuric acid of specific gravity 1.40, in a ratio of 4.5% sulphuric acid, by weight, to PbO [293][294][295]. The other addition to this paste was water, the amount equivalent to that which results in a paste with density of 4 g cm-3 [293][294]. As the components are mixed, three reactions occur, including the oxidation of lead, the formation of basic lead sulphates, and the formation of hydrates [296]. These reactions, coupled with the exothermic nature of the mixing of sulphuric acid with water, results in a temperature rise within the paste. Throughout this mixing process, and indeed the entire electrode creation process, the temperature must remain below 60 C. Temperatures exceeding this threshold lead to the formation of undesirable lead oxide crystals, which result in sintering of the electrode in later steps [292]. Temperature rise can be controlled through slow addition of components or using an ice bath. The pastes should be mixed for a range of 5 to 15 minutes, with some papers mixing by hand and others using automated mixers. 

Thus, post mixing, the positive pastes are composed of basic lead sulphates, unreacted lead oxides, hydrated lead oxides, free lead particles and basic lead carbonates [296].

The negative electrode pastes differ from the positive in the inclusion of expanders mixed in with the PbO, water and sulphuric acid. The exact composition of these expander components varies between experiments and in industry. However, the three common key components include barium sulphate, lignosulphonate, and carbon black. These components enhance the surface area of the electrodes and stabilise the active material (PbO2) [297]. This occurs as the additives prevent the formation of a continuous, non-porous PbSO4 layer on the electrode surface, which, if present, inhibits the rate of electrochemical reactions by impeding the diffusion of the electrolyte into the electrode [298]. Exactly how each individual additive does this is broken down subsequently. 

Barium sulphate facilitates the formation of small lead sulphate crystals in place of the large crystals which would alternatively form, with larger crystals disrupting the uniform distribution of crystals on the electrode surface [298]. The addition of lignosulphonates promotes a fine, porous crystal structure, increasing the specific surface area and, consequently, resulting, increased utilisation of the active material by reducing effective current density. Carbon black enhances the conductivity of the electrode, assisting in initial charging of the battery and extending battery life at higher levels [297]. 

The most significant addition to the negative paste is carbon. The addition of carbon improves charge efficiency and slows down the negative side effect of sulphation of negative electrodes [294]. Sulphation is the accumulation of lead sulphate on negative electrodes, resulting in failure either through reduced performance or shorting out of the electrodes [299]. The positive effects of carbon inclusion are linked to the electrochemical reaction proceeding at 300-400 mV lower overpotentials, thereby increasing the catalytic effect of the charge reaction, improving the reversibility of the charge/discharge process, and prolonging battery life [294]. Determining the amount of carbon added required testing the mixture in a lab setting; up to 25 wt% is recommended, although these levels pose a serious challenge due to the thixotropic properties of carbon. These properties cause the carbon to sit on top of the paste mixture and not blend in. Nonetheless, carbon levels can range as low as 2 wt% and still have a significant effect on electrode performance [299]. The exact composition of the plates created in this chapter are summarised in the methodology section of this chapter. 

It should be highlighted that carbon is not added to the lead acid Battolyser negative electrode to allow clear comparison with the lead carbon Battolyser. This is the only difference between the two types of negative electrodes.

Once mixed the pastes are then pressed onto the lead grid and allowed to slightly dry at room temperature. 
[bookmark: _Toc192495081]Curing 
Once the paste has been pressed onto the lead grid, the next step is curing, which constitutes the longest step in the creation of the electrode. During this stage, the pasted grid is ‘cooked’ at temperatures above atmospheric, within moisture saturated air [292]. This step facilitates the amalgamation of the paste components into a continuous mass bonded firmly to the grid [300]. Curing consists of three phases, the first two of which occur simultaneously. In the first phase, residual lead oxidises and dissolves in the paste water, precipitating on the surface of the basic lead sulphates. This phase effectively glues and interconnects the crystals, forming a mechanically stable matrix. It is imperative to maintain the electrodes water content during this phase to prevent shrinking and cracking of the active material [292]. 

Simultaneously, the second phase involves the corrosion of the lead grid through oxidation of the surface lead, interlocking it with the active material in the paste. The final phase is the drying of the pasted grids [301]. 

For the initial two phases the moisture content of the air must be maintained at 100%. Then the moisture content must be reduced to achieve a 6-11% moisture content in the pasted grids at the end of the curing process [300]. The split of the timings and the length of curing varies between different industrial manufacturers and between experimental approaches. However, the time split applied here was chosen based on existing literature, which applied a similar approach to the experimental work done here. The pasted grids are therefore cooked in an environment of 100% relative humidity for 48 hours, and then for a further 24 hours at down to 10% relative humidity [294].

The cooking temperature is kept within the range of 30 to 40 C, ensuring it remains below 60 C to prevent the paste forming tetrasulphates, large 4PbO.PbSO4 crystals which can lead to cracks [292].

At the end of curing the paste should now comprise a mixture of alpha and beta PbO, along with basic lead sulphates of composition 3PbO.PbSO4.H2O and 4PbOPbSO4.xH2O. 
[bookmark: _Toc192495082]Soaking
The next step is soaking, sometimes called pickling, and the shortest step in electrode creation. Soaking is the immersion of the electrodes in sulphuric acid of specific gravity 1.05 [293]. This step allows the electrode pores to fill with electrolyte, initiating a slightly acidic reaction between the cured paste and sulphuric acid, resulting in the formation of basic lead sulphates (3PbO.PbSO4.H2O and 4PbOPbSO4.xH2O), marking the initial phase of formation - the conversion to PbSO4, neutral lead sulphate [292][293]. The presence of the two unstable basic lead sulphates aids in the subsequent formation reaction step, while also ensuring the maximum temperature reached when a current is applied remains low [302][303]. The duration of soaking is, again, variable in literature, on one hand needing to be long enough to sufficiently wet the material [303]. On the other hand, soaking for too long leads to the conversion of the paste to PbSO4 resulting in shedding [292]. In other experimental set-ups, soaking was set to 10 minutes, thus this duration was used here [295][304].

These reactions that occur during soaking result in a decrease in sulphuric acid concentration necessitating the replacement of the electrolyte for the formation step [302].
[bookmark: _Toc192495083]Formation
Formation is the application of a constant current to the two electrodes, effectively pushing the electrons from the positive to the negative electrode and establishing the potential difference between the two [292]. This step converts the pasted grids into electrodes. The formation begins on the conductor, the lead grid, resulting in the conversion of the electrode from the inside out [305]. This process involves two phases, the first phase consists of a decrease in PbO and 3PbO.PbSO4.H2O and an increase in PbSO4, for both the negative and positive electrode. This is the phase initially started in soaking. As this reaction has been kick-stated in the soaking step this conversion can occur quicker, reducing formation time. In the second phase the PbSO4 is converted to PbO2 in the positive electrode, and Pb in the negative electrode [304]. 

The final stage of formation is defined for the positive electrode by Equation 80 and the negative electrode by Equation 81.
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In the negative electrode formation described in Equation 81, the lead component in the now cured paste dissolves into divalent lead ions. The current running through the electrode causes these ions to deposit as a porous sponge of lead over the electrode [303].

Formation causes the concentration of the electrolyte to increase due to the release of sulphate ions from the electrodes being formed, if the acid concentration increases too high this can damage the electrodes [303]. Therefore, the sulphuric acid used in formation is of low concentration with a specific gravity of 1.05.

The formation step can be seen to be occurring correctly through the changing electrode potential and the changing colour of the electrodes themselves. Initially, upon connection, the voltage will fall. As the conductivity of the electrode and electrolyte increases, and the electrode is fully converted, the voltage will rise [303]. Pre-formation the electrodes will be a light yellow, almost white. During formation they will transition from yellow (PbO) to white (PbSO4) then finally to grey for the negative electrode (Pb), and dark brown for the positive electrode (PbO2). At the end of the formation period, if 10% or lower of the electrode is white, or only a fine film remains, then formation can be deemed to be complete. This equates to allowing a maximum of 2.5 wt% of PbSO4 post formation [292]. 

During formation the solution’s temperature will rise due to the reactions occurring, electrode polarisation, and gassing. To ensure this temperature rise does not damage the electrodes the overall temperature should be kept below 60C, ideally between 40-50C. The greatest temperature rise is in the first few hours and near the end [303]. If temperature begins to climb too high the current should be reduced, and rest periods introduced [292]. 

The two experimental decisions to be made for the formation step are: calculating the formation charge applied; and the duration of formation.  The duration of formation is related to the weight and thickness of the electrode [303], with standard times in literature being in the region of 18 to 20 hours [294][306]. However, this length of time is also dependent on the formation charge applied. As the current applied is kept low to limit temperature rises, the time can be extended as needed to ensure the current applied is not too high to damage the electrodes, given that excessively high current densities leading to excessive gas evolution that can jeopardise the structural integrity of the electrodes. Since only two small electrodes are formed, the formation current is relatively low, therefore it is deemed that initially, 20 hours will suffice without requiring rest periods. 

Formation charge is all that is left to calculate, based on the positive electrode and dependent on the weight of the pastes applied in the first step of electrode creation. The method of calculation is summarised in Equation 82.Initially, the weight of lead present in the positive electrode is determined based on the amount of PbO used in the positive electrode paste (mPbO). From this, the number of mols of Pb is determined, equivalent to the number of moles of PbO. which is then multiplied by 26.8, the Ah equivalent to 1 electron mol, and multiplied by the number of electrons transported in the formation reaction (), which is 2. This gives the theoretical formation charge in Ah. Dividing this by the hours of formation (t) gives the current to be applied in amps [292]. The same process applies for the negative electrode, although the applied charge is based on positive plate weight, owing to the simpler composition of the plate and thus greater understanding of the conversion occurring during formation. 
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[bookmark: _Toc192495084]Electrode creation methodology 
The methodology applied to create the electrodes without hydrogen inhibitors was developed based on the previously discussed available literature on commercial methods for producing battery electrodes. It is important to note this available literature primarily focuses on processes performed in industrial settings. Therefore, the experimental work undertaken in this study was altered accordingly to the available laboratory equipment. Consequently, the methodology presented here is novel and limited by the availability of equipment and materials in the university laboratory settings. 

The process is summarised in 6 steps. This includes the following:
1. Prep work 
2. Mixing and applying pastes to lead grids 
3. Curing electrodes at elevated temperatures
4. Insertion of electrodes into Battolyser unit
5. Soaking 
6. Formation 
[bookmark: _Toc192495085]Step 1 – Prep work
The two components that require preparation before beginning the electrode creation process was prepping the grids for pasting and making the three different concentration levels of sulphuric acid required. The steps are as follows. 
1. Remove lubricant from expanded grid plates using acetone. 
2. Cut grids to dimensions of length of 8cm and width of 5cm.
3. Solder wire connection to the expanded grids and weigh each grid. 
4. Create sulphuric acid solutions at the required three different concentrations of specific gravity 1.05, 1.2 and 1.4, which are equivalent to molarities of 0.76 M, 3 M, and 5.19 M, respectively.
When performing the fourth step high concentration sulphuric acid (95% as standard) was mixed with water. It was crucial to complete this step carefully by slowly adding the sulphuric acid volume to the total volume of water in an ice bath and in a fume cupboard wearing appropriate PPE. This caution is necessary due to the highly exothermic nature of the reaction between sulphuric acid and water, combined with the toxic nature of sulphuric acid vapour, with a boiling point of 80 C. 
[bookmark: _Toc192495086]Step 2 – Creating pastes and applying to lead grid 
The weights of the different components which constitute the positive and negative pastes for the two types of Battolyser explored in this thesis are summarised in Table 33, based on pastes made up of 100g of PbO. The mass of sulphuric acid was based off the previously mentioned relationship, requiring 4.5 wt% in proportion to the amount of lead oxide. The quantity of water added was calculated based off the requirement for a total paste density of 4 g cm-3. The addition of barium sulphate (BaSO4) was equivalent to 1 wt% of the total mass of the paste, with additions in literature ranging from 0.2 to 0.8 wt% [306][307][308]. Due to the low total paste mass used here this was increased to 1 wt%. This adjustment up also allows for the lack of other additives in the mixture, as lignosulphonates were omitted due to challenges in obtaining laboratory-scale quantities of the product, and carbon black was only added to the lead carbon negative electrode. 

For the negative lead carbon paste, the weight of carbon added was based off the previously defined range of 2 wt% up to 25 wt% of the total weight of the paste. After trialling the ease of mixing of different compositions an addition of 2 wt% carbon was added to the paste. It should be noted that even adding this relatively small quantity of carbon resulted in difficulty in mixing of the paste and resulted in a mixture prone to crumbling and difficult to paste onto the grids. Suitable methods to address this include addition of water content and adjustment to the mixing time [299]. Therefore, to account for the additional carbon black an additional 8 ml of water was added to the paste. 
[bookmark: _Ref160009433][bookmark: _Toc192495143]Table 33: Summary of components used to mix the 4 types of electrodes explored in this chapter, based off each being made from a base 100 g PbO2.
	Electrode
	Positive 
(Lead acid)
	Negative 
(Lead acid)
	Positive
 (Lead carbon)
	Negative 
(Lead carbon)

	PbO (g)
	100
	100
	100
	100

	H2SO4, (specific gravity 1.4) (g)
	4.5
	4.5
	4.5
	4.5

	Water (ml)
	15.5
	16.0
	15.5
	24.0

	BaSO4 (g)
	N/A
	1.2
	N/A
	1.2

	Carbon black (g)
	N/A
	N/A
	N/A
	2



The procedure for mixing the paste together was as follows. 

1. Set up thermometer in mixing beaker.
2. Measure out weights of paste components to use based on electrode being created.
5. In a separate beaker mix the required mass of water and sulphuric acid of specific gravity 1.4. Make sure to add the sulphuric acid slowly ensuring temperatures remain around 30 C and do not exceed 60 C.
6. Apply paste to grid and weigh each newly pasted grid. 

An image of the newly pasted grids is shown in Figure 88.
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[bookmark: _Ref160024904][bookmark: _Toc192495248]Figure 88: Image of the 3 types of electrodes post pasting and pre curing. N2 is the negative carbon electrode, the three yellow electrodes include two positive electrodes (P1 and P2) of the same composition and one negative lead electrode (N1), at this stage these three are visually indistinguishable from one another. 
[bookmark: _Toc192495087]Step 3 – Curing
The curing step of this process presented challenges within the available laboratory space. The presence of lead in the electrodes was a severe hinderance as lead contamination is detrimental to a wide range of experiments. This holds true both for experiments conducted in electrical labs working with lithium ion and in chemical and biological labs working with equipment which must be kept free from contaminants such as lead. 

For this reason, an alternative set up used specifically for this experiment was devised. The curing process requires a closed environment which can hold the pasted grids and within which the relative humidity can be controlled. While an autoclave would have been ideal, its lack of availability led to the retrofitting of an old pressure cooker to function in a similar way. The cooker contains within it a plate positioned around halfway up the unit providing a platform for the pasted grids throughout the curing process. To achieve 100% relative humidity, the bottom of the cooker was filled with water, when a low humidity environment was required this layer of water was removed. The procedure steps are outlined as follows.  

1. Ensure the bottom of the cooker is covered with a layer of water, sufficient to last for 48 hours in the cooker but not touching the plate on which the pasted grids will be placed.
2. Insert a thermometer into the cooker, ensuring the probe touches the plate within.
3. Heat the cooker on a hot plate so the internal temperature reaches 35-40C.
4. Place the grids with the paste on them, here-on called electrodes, onto the plate in the cooker. Seal the cooker ensuring there is a ventilation hole to prevent pressure build-up. 
5. Heat the electrodes in the cooker for 48 hours.
6. Remove the water from the bottom of the cooker. 
7. Continue to heat the electrodes for a further 24 hours 
8. Remove the electrodes from the cooker and visually check their structural integrity, then weigh each one. 

An image of the curing equipment set up is provided in Figure 89, while Figure 90 showcases the newly cured grids for the same Battolyser configuration depicted in Figure 88.
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[bookmark: _Ref160025019][bookmark: _Toc192495249]Figure 89: Cooker, thermometer and hot plate set up for the curing step. 
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[bookmark: _Ref160025154][bookmark: _Toc192495250]Figure 90: Image of the 3 types of electrodes post curing, the same electrodes as seen in Figure 88.
[bookmark: _Toc192495088]Step 4 – Insertion into Battolyser
In this step the electrodes were inserted into the Battolyser unit constructed and described in Section 6.2. This is a preparation step between curing and soaking. When putting the Battolyser unit together there is a requirement to include a membrane between the two electrodes. While lead acid batteries do not use membranes, electrolysers require them. The primary function of the membrane is to separate the hydrogen and oxygen produced during electrolysis. Both as the hydrogen product is required at high purity and the mixture of hydrogen and oxygen is potentially explosive when exposed to an ignition source. Additionally, when measuring the gas levels generated by the Battolyser it is crucial to know whether the gas being collected is oxygen or hydrogen. 

Importantly, the membrane should not impede the function of the battery, where the electrolyte facilitates the transfer of dissociated sulphuric acid, that is sulphate ions (SO4-) and hydrogen ions (H+) between the positive and negative electrodes. The transfer of hydrogen ions mirrors the performance of an electrolyser in an acidic electrolyte. The transfer of sulphate ions does not, however, if the membrane is suitable for use in a redox flow battery it is assumed that it is suitable for use in a lead acid battery. Therefore, a cation exchange membrane with low resistance and high stability in an acidic environment suitable for use both in an electrolyser and a redox flow battery was required. Initially, the Fumasep FS-990-PK membrane was used. However, due to its discontinuation, an alternative membrane, Fumapem FS-930, was used. Upon laboratory testing with both membranes, no discernible difference in battery performance based on membrane used was observed. Therefore, it was assumed direct comparison between Battolyser units can be done irrespective of membrane used. 

The procedure for assembling the Battolyser is summarised as follows:
1. Weigh each individual plate of the Battolyser unit.
2. Carefully, due to the delicate nature of the electrodes, place each electrode into its designated plate. Ensure the wire is fed through the correct opening, and if possible (depending on the distribution of the paste across the electrode), secure the electrodes in place using the available PVC clamps. An image of an electrode in place in an individual plate is shown in Figure 91.
3. Place the seal and cap on the wire coming out of the top of the plate. 
4. Wrap the drain plug for each plate in PTFE tape, place an O-seal onto the screw and insert into the bottom of the plate, an image of the screw prepped for insertion is shown in Figure 92.
5. Weigh the combined plate and electrode.
6. Assemble the Battolyser unit in the following sequence: aluminium plate, end plate, positive plate, membrane, negative plate, end plate, aluminium plate. Seal the unit together using nuts and bolts.
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[bookmark: _Ref160025516][bookmark: _Toc192495251]Figure 91: Image of one of the positive electrodes clamped in place in one of the Battolyser plates.
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[bookmark: _Ref160455504][bookmark: _Toc192495252]Figure 92: Image of the PVC screws used to seal the drain at the bottom of each of the Battolyser plates, the one on the right is the screw as it was made, the one on the left is covered in PTFE and has an O-seal.
[bookmark: _Toc192495089]Step 5 – Soaking
The soaking step is the first time the Battolyser unit is filled with electrolyte. As the electrolyte is emptied out after only 10 minutes this allows a preliminary check of the unit for leaks. There are two possible reasons for leaks, firstly the leak could be due to the stainless-steel screws holding the whole unit together being loose, in this case simply tightening these will fix the leak. The other source of a leak could be from the PVC screws in the drain openings at the bottom of the unit. If leaking from here again the solution could be a tightening of the PVC screws, alternatively the set up as shown in Figure 92 may need altering, with more PTFE tape added or an alternative screw used which better fits the plate. The procedure for soaking is as follows:

1. Fill the Battolyser with sulphuric acid of specific gravity 1.05.
2. Allow to soak for 10 minutes.
3. Drain out the sulphuric acid by loosening the drain plugs at each plate. 
4. Adjust the drain plugs as needed depending on whether the unit leaked or not, then replace into the individual plates of the Battolyser. 
[bookmark: _Toc192495090]Step 6 – Formation 
The next, and final, step in the creation of the electrodes is formation. Before formation can begin, the formation charge was first calculated based on the weight of Pb in the positive plates. The current was then applied using an adjustable bench power supply, a voltage limit was also set, with 3V set for all formation steps ran in this experiment, this allows the plate voltages to rise to the expected limits of 2.7-2.8 V with extra voltage allowance for comfortable current control [303]. 

1. Refill the Battolyser with fresh sulphuric acid of specific gravity 1.05. 
2. Connect electrodes through wires to a power supply. Also connect the electrodes to a data logger which can record the changing current and voltage of the unit for the entire formation time of 20 hours. In this experiment this was done by connecting the data logger to the electrode in series with a resistor of known value. The voltage across the entire circuit was recorded as well as the voltage across the module. Thus, through the application of ohms law the current passing through the electrode could be calculated based on the voltage. 
3. Apply a constant current at the calculated formation current for 20 hours, ensuring voltage is limited to 3 V. 
4. Ensure formation is complete through visual observation of a change in colour of the electrodes to the appropriate colours described previously. An image of each type of electrode progressing through the final stages of formation are shown, including the positive electrode common across both types of Battolyser, the negative electrode for the lead acid Battolyser and the negative electrode for the lead carbon Battolyser in Figure 93, Figure 94, and Figure 95 respectively. 
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[bookmark: _Ref160026795][bookmark: _Toc192495253]Figure 93: Changing colour of a positive electrode through the end of formation and continued cycling during testing. a) Shows the electrode just post formation with yellow spots of unconverted PbO, though lighter than the yellow of the fully unconverted electrode in Figure 91, thus showing some conversion to the white PbSO4. b) Shows the electrode post a few cycles with more of the electrode coloured the expected reddish brown of PbO2 with some unconverted white PbSO4 spots. c) Shows an almost fully dark brown PbO2 electrode.
[image: A close-up of a metal object

Description automatically generated]
[bookmark: _Ref160026797][bookmark: _Toc192495254]Figure 94: Changing colour of a negative lead acid electrode through the end of formation and continued cycling during testing. a) Shows the electrode just post formation mostly converted to the grey Pb with some unconverted white PbSO4. b) Shows the Battolyser after having been cycled through a few cycles of charge and discharge almost fully converted to the grey Pb. 
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[bookmark: _Ref160026798][bookmark: _Toc192495255]Figure 95: The unchanged colour of a negative lead carbon electrode, the initial electrode is mostly black from the carbon black as seen in Figure 90, therefore post formation the electrode looks similar. Both a) just post formation and b) post a few charge and discharge cycles, show the porous nature of the electrode compared with Figure 94, b) also shows the shedding of carbon into the electrolyte.  
[bookmark: _Toc192495091]Battolyser testing 
Next the Battolyser was tested, both as a battery and as an electrolyser. The unit was defined as operating as a battery when the cell voltage was below 2.4 V, the barrier between charge and overcharge for a lead acid battery. The unit was defined as operating as an electrolyser when it was in a state of overcharge, i.e., above 2.4 V, and up to the voltage limit inherent to the electrodes.

Three main tests were aimed to be conducted on each iteration of the Battolyser units. In Test 1, the unit was cycled through charge, discharge, and overcharge cycles. In Test 2, whilst collecting any hydrogen gas produced from the negative electrode, the units were charged at different currents of 100mA, 200mA, 500mA and 1000mA for an hour at each current level, with a 10-minute rest between each hour. Finally, in Test 3, the units were run through an OCV/EIS/DCIR test. For the first two tests the set up was as shown in Figure 96 with connections to power supply connected to the wires at the top of the Battolyser, red for positive and black for negative. This set up was linked to a set up for hydrogen collection involving a measuring cylinder upturned into a tray of water with the hydrogen outlet from the Battolyser connected by tube to the inside of the measuring cylinder, allowing hydrogen bubbles to be collected at the top of the upturned cylinder. This is also pictured in Figure 96. When the gas in the cylinder has pushed the water down to a level where the cylinder is full the cylinder is replaced with a refilled cylinder of water. For the third test this was conducted in a designated container for the performance of such tests including all electrical connections and required safety measures in place. 
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[bookmark: _Ref160029441][bookmark: _Toc192495256]Figure 96: Set up of Battolyser unit during Test 1 and Test 2. Including method for H2 collection
[bookmark: _Toc192495092]Test 1 – Discharge, charge, and overcharge cycling
The tests conducted on the Battolyser units were carefully designed, drawing from standard battery testing protocols and insights gleaned from previous Battolyser proof of concept studies [165][309]. These tests aimed to understand the performance of the cell across all operational states, charging, discharging, and overcharging.

Within Test 1 three distinct sets of tests were conducted on the different Battolyser units. Firstly, a 24-hour cycle test, used to gauge unit performance and consisting of six cycles. Each cycle comprised a one-hour discharge at 200mA, followed by a 30-minute rest period, then a two-hour charge at 200mA, again followed by a 30-minute rest. The charge cycle was double that of the discharge to ensure the cell was thoroughly overcharged. 

Subsequently, a standard cell characterisation test was performed to assess the effect of discharge current on cell capacity. This test involved three discharge cycles to a defined lower limit of 1.7 V. Chosen based on previous tests allowing the unit to fully discharge. Each discharge cycle was conducted at different currents (100 mA, 200 mA and 400 mA). Following each discharge cycle, the unit was given a 30-minute rest and charged to 150% of its discharge capacity at 200 mA, this ensured consistent starting conditions for subsequent discharges and allowed assessment of electrolyser performance. 

Lastly, continuous cycle tests were carried out on the units until failure (in the form of a breakage in the link between the tinned copper wire and the electrode grid) or test termination. Each cycle consisted of a 300mA discharge to 1.7 V, followed by a 30-minute rest period, then a 300mA charge up to the voltage limit of 2.5 V. The cycle ended when current fell below 50mA, followed by another 30-minute rest. This test was only applied post completion of the previous tests that make up Test 1, as well as Test 2 and Test 3 detailed in Sections 6.5.2 and 6.5.3, respectively. Most of the Battolyser units tested did not survive long enough to undergo this final test.  
[bookmark: _Ref179900251][bookmark: _Toc192495093]Test 2 – Hydrogen collection at different currents 
The second major test coupled cycling tests with hydrogen collection, using the measuring cylinder set up shown in Figure 96. With a diagram of this set up shown in Figure 97. Initially, the unit was charged at 200 mA to a state of overcharge while concurrently collecting hydrogen. This allowed testing of the method of hydrogen collection and gave an insight into the levels of hydrogen expected to be produced, thus a standardised test was formulated and applied to the two Battolyser types. 
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[bookmark: _Ref162464683][bookmark: _Toc192495257]Figure 97: Diagram of Battolyser unit set up for testing for hydrogen collection.
The standardised hydrogen test comprised hydrogen collection at four distinct current levels, each applied for one hour followed by a 10-minute rest. Prior to commencing the first charge cycle, the unit was ensured to be fully charged. The four current levels tested were 500mA, 100mA, 1000mA and 200mA. By varying the applied currents, the test aimed to assess the rate of gas generation and its correlation with the applied current. 

These currents were applied in this alternating fashion, between high and low currents, rather than as a steady increase from 100mA through to 1000mA, to mitigate, or at least minimise, the potential effects of previous currents on the subsequent current. The rationale behind this approach was to eliminate the argument that greater gas evolution at 1000mA was related to the previous stages rather than the actual applied current level. The 200mA current was placed at the end, as its gas evolution had already been tested in isolation through the previous testing method. This arrangement enabled comparisons between the two sets of data and aided in the understanding of the potential effect of previous cycles. 
[bookmark: _Ref179900254][bookmark: _Toc192495094]Test 3 – OCV/EIS/DCIR
The final test was only conducted on those units which had survived for sufficient time to allow for the application of this, the longest of the three main tests. This test aimed to fully define the function of the battery, including Open Circuit Voltage (OCV), Electrochemical Impedance Spectroscopy (EIS), and Direct Current Internal Resistance (DCIR).

OCV is the voltage measured across the Battolyser electrodes when no current is flowing, providing insight into State of Charge (SoC) and battery health. This facilitates estimation of remaining capacity and evaluation of performance characteristics. 

EIS enables analysis of the unit’s electrical impedance over a range of frequencies. In an EIS sweep a small amplitude AC signal is applied over a range of frequencies and the associated real, imaginary, absolute, and phase values of the impedance are measured. The phase is the angle between voltage and current in the sine wave as they will be shifted, if this shift is positive the system is inductive, if offset negatively it is capacitive and if they match it is purely resistive. This technique, commonly used to characterise the behaviour of batteries, is used to understand the internal processes and properties such as electrode kinetics and electrolyte conductivity

DCIR is the resistance encountered by direct current as it passes through a battery cell, reflecting the internal resistance of the unit and thereby allowing understanding of battery performance and efficiency. 

These three parameters were evaluated in a single test. The test is performed on a unit which, prior to starting the test, has rested sufficiently to assume it can provide a reasonable estimation of OCV. The test begins with an EIS sweep and a DCIR charge and discharge pulse which occurs instantaneously, followed by a 200mA discharge for 45 minutes, removing 150mAh. The unit then rests for 3 hours, and the test cycle repeats. 

The DCIR charge and discharge involve two steps: a 10mA step for 30 seconds and a 50mA pulse for 1 second. Due to the unit’s discharge state being energetically favoured, the DCIR charge step sits slightly higher than the discharge. The test ends when the voltage reaches 1.7 V, the minimum voltage set consistently for all tests performed here, with 0% SoC when voltage discharged to 1.7 V. Through comparison of capacity out compared to total capacity each step of the test can be shown at a known state of charge.  
[bookmark: _Toc192495095] Results 
Multiple attempts were required to construct both the lead-acid and lead-carbon Battolyser units due to the novelty of the electrode creation method and challenges related to leaking and corrosion of the wire connecting the electrodes to the electrical supply. In total, eighteen experiments were conducted. The initial six were used for testing the method of electrode creation. Of the subsequent twelve, eight made it to testing stage. The first two were used to refine the testing procedure, leaving six units with results comprising two lead-acid and four lead-carbon units. 

To distinguish each tested iteration, a labelling system was employed. Battolyser names begin with the first two letters ‘RK’ to identify tests run conducted on the test computer from other ongoing research tests. The subsequent number indicated whether the unit was lead-acid (RK1) or lead-carbon (RK2), while the final letter denoted the iteration of that unit. The tests successfully completed for each iteration of the Battolyser are summarised in Table 34. 
[bookmark: _Ref160030543][bookmark: _Toc192495144]Table 34: Summary of which of the three tests were conducted successfully on each iteration of Battolyser unit.
	Name
	Type
	Formation
	Test 1
	Test 2
	Test 3
	Reason for failure

	RK1a
	Lead acid
	Y
	Y
	N
	Y
	Leak

	RK2a
	Lead carbon
	Y
	Y
	N
	N
	Corrosion

	RK1b
	Lead acid
	Y
	Y
	Y
	N
	Corrosion

	RK2b
	Lead carbon
	Y
	Y
	N
	N
	Corrosion

	RK2c
	Lead carbon
	Y
	Y
	Y
	Y
	Did not fail

	RK2d
	Lead carbon
	Y
	Y
	N
	Y
	Did not fail


[bookmark: _Toc192495096]Formation
The results from the formation step included both current through, and voltage across, the unit throughout the 20 hours of formation. These graphs for the 6 units detailed in Table 34 are shown in Figure 98. The current appears as a straight line as a constant current was applied throughout formation. The voltage initially dips and then steadily rises until plateauing for the final few hours of the formation cycle. The plateau shows the formation has been completed for the full electrode material, for tests where a steady plateau was not observed there followed clear evidence of formation finalising in subsequent tests. Most notable by the continued colour change of the electrode from a whitish yellow to the black or grey of the final formed electrode, with final colour dependent on whether the electrode was positive or negative. 
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[bookmark: _Ref160792399][bookmark: _Toc192495258]Figure 98: Results from the formation steps of the 6 units which underwent Battolyser testing.
The visual changes of the positive electrodes forming during the formation step and over the course of the subsequent tests are shown in Figure 99 to Figure 104. In the order of RK1a, RK2a, RK1b, RK2b, RK2c, and RK2d. Only the positive electrodes are shown as the change for the negative electrode was consistent for all, best visualised in Figure 94 and Figure 95.
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[bookmark: _Ref160808058][bookmark: _Toc192495259]Figure 99: The changing colour of RK1a from post formation to end of testing.
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[bookmark: _Toc192495260]Figure 100: The changing colour of RK2a from post formation to end of testing.
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[bookmark: _Toc192495261]Figure 101: The changing colour of RK1b including post formation, mid testing and through to end of testing.
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[bookmark: _Ref160984099][bookmark: _Toc192495262]Figure 102: The changing colour of RK2b from post formation to end of testing. 
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[bookmark: _Toc192495263]Figure 103: The changing colour of RK2c including post formation, mid testing and through to end of testing.
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[bookmark: _Ref160808069][bookmark: _Toc192495264]Figure 104: The changing colour of RK2d including post formation, mid testing and through to end of testing.
[bookmark: _Toc192495097]Battolyser tests
During testing, the cell underwent multiple cycles where the gas produced during overcharge, when the cell functioned as an electrolyser, was not collected. Electrolyser performance was determined by visually confirming gas bubbles generated on the electrode surface. Only Test 2 was associated with the actual recording of gas levels. The decision not to collect the gas for the other tests was based on restrictions on lab access. The measuring cylinder collection set up required regular changing, depending on rate of hydrogen evolution, between every 30 minutes to couple of hours. For tests running over the course of multiple days this would have required monitoring out of hours which was not possible in the lab where the experiments were conducted due to safety restrictions.
Test 1 – Discharge, charge, and overcharge cycling
The first two Battolyser units tested in the 24-hour cycle were RK1a and RK2a on 10/11/2023. Both cells exhibited good performance, although RK1a required a couple of cycles to reach overcharge, likely due to incomplete formation at the start of testing. In contrast, RK2a reached 2.4V, indicative of full charge, and transitioned into overcharge during the first cycle. The results for both units are shown in Figure 105. 

The next two units tested in the 24-hour cycle where RK1b and RK2b on 24/11/2023, with the results shown in Figure 105 as well. RK1b’s voltage profile is not as consistent as RK1a, seldom surpassing the 2.4V mark, again likely due to incomplete unit formation. Conversely, RK2b shows a good profile, achieving the highest overcharge voltage observed in the tests performed.   

The final two units tested in the 24-hour cycle where RK2c and RK2d on 09/01/2024, with their results also shown in Figure 105. The voltage profile of these two lead-carbon batteries closely resembled that of RK2a, falling short of the high voltage levels achieved by RK2b. 
[image: A group of diagrams with numbers

AI-generated content may be incorrect.]
[image: A diagram of a voltage and current

AI-generated content may be incorrect.]
[bookmark: _Ref160552670][bookmark: _Toc192495265]Figure 105: Voltage and current curves plotted against time for the 24-hour cycle test ran in Test 1. The dashed black line shows the 2.4V limit above which the unit is in an overcharged state and theoretically functioning as an electrolyser and producing hydrogen. 
The next phase of Test 1 was a standard cell characterisation test, conducted on RK1a and RK2a on 11/11/2023, involving cycling the unit through initially discharging the unit at 100 mA until reaching 1.7V, followed by a 30-minute rest and a 200-mA charge to 150% of discharge capacity. This is then repeated two more times at discharge currents of 200 mA and 400 mA. The results for this test are shown in Figure 106. 

Both, RK1b and RK2b, tested well for the first phase but failed before this second phase of testing could be conducted, hence there are no results for these two units. 
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[bookmark: _Ref160554200][bookmark: _Toc192495266]Figure 106: Voltage and current profiles for the standard cell characterisation tests. 
Both electrical and chemical losses during operation of the battery mean that as discharge current increases, capacity decreases. This affects all cells, therefore, to give cell capacity practical meaning it must be quoted at the discharge current at which it was delivered. For lead-acid batteries the standard capacity quoted is either the 5-hour rate and/or the 20-hour rate. From these rate current can be determined, e.g. for a 20-hour rate of 100 Ah the discharge current would be 5 A, 100 divided by 20. These rates for the four Battolyser units were determined using Peukert calculations. 

First, Peukert’s constant () is defined, using Equation 83, and specific to each cell.   

	[bookmark: _Ref160609808]Equation 83
	



Where  and  are the discharge times and  and  are the discharge currents. Hence, to calculate this constant, at least two different discharge curves are required. As Figure 106 provides 3, the constant was calculated based on an average of the 3 possible combinations.
 
From  the Peukert capacity () was calculated, this is the capacity of the cell when discharged at a 1 A, calculated using Equation 84. This value was determined for the three currents applied, for all four units two of these three calculated  values were consistent, hence this value was chosen as the defined  value for the cell. 

	[bookmark: _Ref160611409]Equation 84
	



Where  is discharge time and  the capacity delivered. 

Then the discharge time for any current could be calculated using Equation 85. From this discharge time capacity could be determined by multiplying by current. 

	[bookmark: _Ref160611669]Equation 85
	



Calculating discharge times at the current levels in the test (100 mA, 200 mA, and 400 mA), allows a comparison between theoretical and experimental, which for all units tested matched very well. Finally, the capacity at the 5-hour and 20-hour rates could be determined. The results for all the above calculations for the four Battolyser units are shown in Table 35. 

[bookmark: _Ref160609851][bookmark: _Toc192495145]Table 35: Results from Peukert calculations for the four Battolyser units with complete discharge testing  
	Unit
	Peukert constant ()
	Peukert capacity ()/Ah
	5-hour rate/Ah
	5-hour current/mA
	20-hour rate/Ah
	20-hour current/mA

	RK1a
	1.0801
	1.2782
	1.4126
	283
	1.5719
	79

	RK2a
	1.0912
	1.5070
	1.6677
	334
	1.8774
	94

	RK2c
	1.3439
	1.0242
	1.5371
	307
	2.1919
	110

	RK2d
	1.2905
	1.1936
	1.6482
	330
	2.2557
	113



The final phase in the testing of cycles was performed only on RK2c and RK2d as these were the only two units to survive for the full range of testing applied here. This involved cycling the units through charge and discharge cycles, with results for a couple of these cycles shown in Figure 107. Due to the length of time for which these units were tested, around 500 hours, this data allowed analysis of how the cell degrades with cycling, depicted by plotting discharge and charge capacity against cycle number, shown in Figure 108. Additionally, round trip efficiency, that is discharge capacity divided by charge capacity for each cycle, was plotted against cycle number, provided in Figure 109. 
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[bookmark: _Ref160615204][bookmark: _Toc192495267]Figure 107: A snippet of two full cycles of charge and discharge for RK2c and RK2d.
[image: A graph of a battery

Description automatically generated with medium confidence]
[bookmark: _Ref160615414][bookmark: _Toc192495268]Figure 108: Discharge and charge capacity plotted against cycle number for RK2c and RK2d. 
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[bookmark: _Ref160615458][bookmark: _Toc192495269]Figure 109: Round trip efficiency plotted against cycle number for RK2c and RK2d.
Discharge capacity sits slightly below charge capacity in Figure 108 as batteries, especially hand-made ones in labs are not 100% efficient, this means that between cycles there will be a loss, most likely in the form of heat. 
Test 2 – Hydrogen collection at different currents 
Test 2 focused on recording the hydrogen production levels of the Battolyser units. This test was completed only on RK1b and RK2c, as other units either failed prior to this test or there were issues with gas collection, which compromised the reliability of the results. RK1b was tested on 27/11/2023 and 29/11/2023 to assess how gas collection would work. The results for the second test, conducted on 29/11/2023, is shown in Figure 110. Gas collection was effectively perfected during the first test, meaning only the second test, provided reliable results, shown in Figure 111. Both tests were conducted at a charge current of 200 mA. 

When collecting gas, it did not flow continuously from the Battolyser into the measuring cylinder. Instead, the unit would ‘burp’. Gas would accumulate within the Battolyser and connecting tube, until reaching a sufficient level to overcome the pressure of the water in the tube, at which point it would push through and enter the measuring cylinder. This process resulted in a slight pressure build-up within the Battolyser unit, causing the electrolyte on one side of the membrane to rise almost to the top of the unit, while the electrode on the other side steadily became more exposed. Once ‘burped’ the electrolyte would return to normal levels, covering the electrodes again, which is why the ‘burps’ can be seen as transients on the voltage trace. 
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[bookmark: _Ref160617384][bookmark: _Toc192495270]Figure 110: Test results for gas collection of RK1b on 29/11/2023. 
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[bookmark: _Ref160716692][bookmark: _Toc192495271]Figure 111: Hydrogen volume collected during the RK1b test on 29/11/2023, conducted at 200 mA. 
Subsequently, a standardised test designed for greater understanding of hydrogen evolution was devised and performed on RK1b and RK2c. The results for the current and voltage against time are shown in Figure 112. The associated hydrogen production levels are shown in Figure 113. 

[image: A comparison of a diagram

Description automatically generated with medium confidence]
[bookmark: _Ref160617531][bookmark: _Toc192495272]Figure 112: Voltage and current against time for the application of 4 currents to RK1b and Rk2c in Test 2.
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[bookmark: _Ref160617610][bookmark: _Toc192495273]Figure 113: Hydrogen produced for the duration of Test 2, on RK1b during the testing on 29/11/2023, as well as for both RK1b and RK2c where the four different currents were applied.
Test 3 – OCV/EIS/DCIR
The three units tested for OCV, EIS and DCIR where RK1a, RK2c and RK2d as these were the three units which survived long enough to test. These three tests were also completed on a standard lead acid battery, titled here as PB1. 

During this test, RK1a failed right at the end, just before reaching 1.7 V. Therefore, the test was not completed. The value for SoC can only be determined if the value at 0% is known, that is the capacity at 1.7 V, therefore, this value was estimated. This was done by removing rest periods to get constant current discharge, picking the end point of discharge, fitting a 7th order polynomial curve, and extrapolating the data to the point of 1.7 V. This was solely done to determine this final value of SoC, it was not used to extend the DCIR or EIS plots as this is far too much of an assumption to make. An image of this extrapolation is shown in Figure 114. 
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[bookmark: _Ref160629734][bookmark: _Toc192495274]Figure 114: Extrapolation of data for RK1a to allow for estimation of unit capacity at 1.7 V. 
The results for OCV changing with SoC are shown in Figure 115. The results showing how DCIR charge, and discharge changed with SoC are shown in Figure 116. In this application 0% SoC is defined as when voltage discharged down to 1.7 V. For the EIS data two plots are shown for each unit, a Nyquist plot, shown in Figure 117, and a Bode plot, shown in Figure 118. The figures themselves are displayed here in the Results section with the results themselves explored in detail in the Discussion. 

For the EIS test a certain number of cycles of testing were performed, corresponding to a different state of charge, for RK1a and PB1 this corresponded to 18 cycles each matched to one of the 18 SoC steps in the same order. Hence cycle 0 is at 100% SoC and cycle 17 is at the bottom SoC. For RK2c the number of cycles equalled 15, for RK2d, 16. The number of cycles being unique to each cell, dependent on total cell capacity. 

[image: A group of diagrams with numbers

Description automatically generated with medium confidence]
[bookmark: _Ref160629816][bookmark: _Toc192495275]Figure 115: OCV plotted against % SoC for the four units tested.
[image: A graph of different types of data

Description automatically generated with medium confidence]
[bookmark: _Ref160629896][bookmark: _Toc192495276]Figure 116: DCIR charge and discharge plots against % SoC. 
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[bookmark: _Ref160630288][bookmark: _Toc192495277]Figure 117: Nyquist plots for the four units tested, note as the data moves from left to right along the x-axis the frequency is decreasing, with frequency decreasing from 100 kHz down to 0.01 Hz. Each individual trace corresponds to a specific SoC. 
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[bookmark: _Ref160630271][bookmark: _Toc192495278]Figure 118: Bode plots for the four units tested, plotting a log scale of frequency against phase. Each individual trace corresponds to a specific SoC.
[bookmark: _Toc192495098]Conclusion
The primary objective of this chapter was to validate the proof of concept of a lead acid Battolyser, particularly focusing on the potential for improvement through the addition of carbon to the negative electrode. The units evaluated here were tested on three critical aspects, their performance as batteries, their performance as electrolysers, and the comparison between the classic lead acid and the models with carbon additives. By examining closely how the units functioned both as batteries and electrolysers, a comprehensive assessment of the functionality of lead acid compared to lead carbon was possible. 
[bookmark: _Toc192495099]Functioning as a battery 
Beginning with an examination of the unit’s performance as a battery, the analysis considers solely the charge and discharge phases of all tests conducted. This assessment of battery functionality proved the most straightforward, given the standard practices available for battery testing and the widespread commercial use of lead acid batteries.

In the initial phase of Test 1, with results depicted in Figure 105, all tested units demonstrated a cycle of charge and discharge consistent with that of commercial lead acid batteries, either from the outset or in the final few cycles. Noteworthy units, RK1a and RK1b, exhibited slightly irregular output curves, for RK1a this was confined to the first cycle, however, for RK1b the irregular shape returned in the last few cycles. However, the significant disparity lies in the overcharge state, related to the function of the electrolyser, and therefore this is explored further in Section 6.7.2. 

The subsequent standard cell characterisation test, shown in Figure 106, further mirrored the characteristics of commercial lead acid batteries, particularly in the shape of the discharge curves. Although here both RK1a and RK2a exhibited irregular output curves in the first charge cycle, again this lies in the overcharge state and is therefore discussed further in Section 6.7.2.

Beyond the voltage and current graphs in Figure 106, the cell characterisation was furthered through performing Peukert calculations, with results shown in Table 35. These calculations revealed the unit with the highest 20-hour rate was RK2d, while for the 5-hour rate was RK2a. This doesn’t only underscore the importance of considering current in unit capacity, it reveals a first potential issue in these tests, pertaining to the method of electrode creation. Comparison of these results with a lead acid battery, the BC cell by CYCLON, revealed that the units surpassed it in the 20-hour rate, but underperformed in the 5-hour rate. This suggests a potential issue with diffusion through the electrodes, linked to the handmade nature of the plates, in that the charge may not diffuse well through the unit, this is one of the points of error further explored in the Discussion. 

Evaluation of the final phase of Test 1, the cycling of the two lead carbon units over 500 hours demonstrated the durability of these cells post-modification to the grid-wire connection. The raw results for which are partially shown in Figure 107, also providing insight into how the cell degraded, visualised in reduced charge and discharge capacity with number of cycles (Figure 108) and increasing round trip efficiency (Figure 109). The degradation of charge and discharge capacity was greatest for RK2c, losing around half of capacity in 50 cycles. In comparison, Rk2d lost around a fifth of capacity in 35 cycles. The difference between these two could be explained by a leak in the RK2c unit, this leak meant the unit was topped up with distilled water to ensure the electrodes remained covered, the addition of sulphuric acid not possible in the laboratory conditions available. This would have diluted the electrolyte over time resulting in degraded capacity. 

Taking these degradation rates for RK2c and RK2d to the level of commercial batteries whose life span is expected to last on average 500 cycles, up to around 1000 cycles, for units with depth of discharge of 80% [39]. Extending these units down to this level of discharge, RK2c would most likely last for around 100 cycles, and RK2d for 200, assuming the capacity decline remains constant. This highlights a side to the units that does not stand up to commercial standards. The importance of this to this chapter is the understanding as to whether this greater rate of degradation is due to the electrodes creation method or the alternative usage of the battery as an electrolyser, requiring the unit to function in overcharge, a process that is known to normally reduce the life of lead acid batteries. 

The final test, Test 3, comprehensively concluded the characterisation of units that reached this step. OCV levels, shown in Figure 115, remained constant across all Battolyser units as SoC increased to 100%, with a notable peak just before 100% followed by a slight drop. This phenomenon, absent in PB1, is attributed to a previously mentioned source of variation, the handmade nature of the plates hindering charge diffusion. 

Regarding DCIR, the impedance of the Battolyser units proved consistent across tests, with RK2d, featuring an alternate lead grid, exhibiting the lowest impedance. However, all three units, when excluding the first point in the graphs, showed an impedance level almost double that of PB1. An issue which could also be attributable to the method of electrode creation, as the level of contact between the plate paste and the grid is unlikely to be the same as can be achieved in commercially made batteries. Additionally, as the units were overcharged prior to the OCV tests there may have been some charge ‘trapped’ in the plates at the start of the test. On the surface it would leak off giving the lower initially measured potential at 100% SoC, then brought to the surface by the initial discharge step and thus resulting in a higher OCV than at 100%. This could have been avoided by a slight discharge of the unit followed by a constant voltage recharge to 100% before beginning the OCV test. 

Finally, the Nyquist and Bode plots, shown in Figure 117 and Figure 118, respectively, further exhibit this higher impedance level for all three Battolyser units compared to PB1, again when not considering the first cycle for PB1. Notably the shape of all three graphs is consistent with commercial standards, suggesting the unit is reacting to impedance in the right way. The agreement between the Bode plots and impedance measured in DCIR adds further credibility to these findings. 
[bookmark: _Ref160886141][bookmark: _Toc192495100]Functioning as an electrolyser
Concluding with the results pertaining to the Battolyser function as an electrolyser, it is essential to acknowledge the comparatively lesser-known domain of electrolyser operation. Although electrolyser units are well understood and tested in literature, the function of an electrolyser when the unit is an overcharged battery is less understood. Given the adverse effects of overcharging, typically avoided in standard lead acid batter tests, the understanding of whether these results match with expectations is based on a combination of previous Battolyser research as well as an understanding of the expected function of commercial electrolysers. 

A classic electrolyser curve is characterised by voltage increasing and eventually plateauing at a cell-specified threshold, consistent with literature on the function of Nickel-Iron Battolyser units [309]. In both Figure 105 and Figure 106, two Battolyser units exhibit irregular curves when in the overcharged state. In Figure 105 this pertains to RK1a and RK1b. For RK1a this is only true for the first charge cycle and is therefore thought to be related to the unit not having completed formation. For RK1b, however, the situation is not as clear, the unit seems to reach the expected curve shape in the second cycle, then by the fifth cycle it seems the unit has begun to dip from the plateau during overcharge. This could be an issue with charge diffusion through the electrode. In Figure 106, this irregular curve is seen only in the first cycle of both RK1a and RK2a and hence is assumed to be an issue with formation. Both cells reach around 2.8 V in the first cycle, notable as this is the expected limit reached during formation. 

Test 2 documented voltage fluctuations with varying applied currents during hydrogen evolution. As expected, voltage increased with applied current until reaching a plateau. This plateau level increased and decreased proportionally depending on the current being applied. Gas generation, evidenced by the spikes in voltage profiles, correlate with the burping effect mentioned in the Results section. Further assessment of this effect and its impact on the test are discussed further in the Discussion.  A notable point from these spikes is both units revealed gas production even during Battolyser battery operation

Beyond the voltage fluctuations, Test 2 highlights the Battolyser electrolyser function, providing insights into hydrogen evolution rates and facilitating a clear comparison between lead carbon and lead acid. Notably, the hydrogen evolution rate for the lead carbon battery surpassed that of lead acid, consistent with expectations from literature explorations in Chapter 2. Carbon, known to extend battery life as an additive to lead acid batteries, also promotes hydrogen evolution due to lower overpotentials compared to lead. This, in comparison to other work done on lead acid Battolyser units seem to show a slightly lower level of hydrogen production at higher current levels [165]. Notably these tests were performed on commercial lead acid battery electrodes, suggesting the issue of hydrogen inhibitors playing a role. Compared to a PEM unit, a 5cm-by-5cm cell with power consumption of 41.8 W produced 10.2 litres per hour, corresponding to a rate of 244 ml hr-1 W-1) [310], RK1b with a power consumption of 2.8 W produced 450 ml per hour (160 ml hr-1 W-1), and RK2c with a power consumption of 2.9W produced 510 ml per hour (175 ml hr-1 W-1). Thus it seems as if these Battolyser units slightly underperform. This is expected based on the experimental nature of the units tested here. 
[bookmark: _Toc192495101]Concluding points 
In summary, lead carbon consistently outperformed lead acid in both battery and electrolyser functions, demonstrating higher hydrogen production and displaying more stable voltage and current charge-discharge profiles. 

However, the challenges encountered in concluding this experiment require further assessment, with several issues mentioned in this Conclusion further analysed in the Discussion. 
[bookmark: _Toc192495102]Discussion
Issues explored here include formation irregularities, diffusion of charge through handmade electrodes, the burping effect, discussion on the composition of the gas produced and the effect of overcharge on unit cycle life. Concluded in a summary of proposed improvements and potential avenues for future research.
[bookmark: _Toc192495103]Formation irregularities 
Where Battolyser units did not meet commercial standards, as occurred in multiple of the conducted tests, it is believed that incomplete formation may be a key factor. This was reinforced by visual observations of more than just a white film remaining on the electrodes during testing. As the unit began testing as expected, the film faded to the expected colour of the individual electrodes. The changing colours of units RK1a, RK1b, RK2a, and RK2b are shown in Figure 14 to Figure 19. Notably, all units, despite displaying variable formation graphs seem to reach equal levels of formation. However, certain electrodes, like RK2b, appeared to have a patch on the electrode form significantly slower than the rest of the electrode remaining even after multiple cycling steps. This patch could be attributed to poor connections within the electrode caused by paste cracking, therefore taking longer to form as the electrical current fails to reach this section. 

However, these images only provide surface-level insight, lacking detail on the interactions between the paste and the grid within the electrode. 

Upon examining the formation cycles in Figure 13, the indication of incomplete formation is thought to be evident from the pronounced curvature of the voltage profile, with a rapid increase up to the limit of 2.7 to 2.8 V. Units RK1a and RK1b notably took longer to reach the expected cycles in phase 1 of Test 1. Their respective graphs in Figure 13 depict not only a dramatic decrease in voltage but also a gradual increase that eventually peaked and reached a plateau. This contrasts with the other graphs, which displayed a more consistent increase up to the maximum voltage, with seemingly greater small variations in the voltage as the overall voltage steadily increased. Notably, RK1a and RK1b are the only lead acid units with presented results, suggesting this difference may be due to variations in the formation of different types of electrodes. Lead carbon electrodes may form more quickly than lead acid ones, and although the difference is only in the negative electrode, the improved formation of the negative electrode could promote the formation of the positive one. Indeed, the lead carbon electrodes appeared to form more quickly than lead acid in the later testing stages, as evidenced by the almost perfect formation of RK2a after only four days of testing, especially compared to the very slow formation of RK1b. 

When comparing the results in Figure 20, it is notable that RK2b significantly exceeded the other five units in terms of the voltage level reached during overcharge. Initially, this difference was attributed to carbon enhancement; however, the other carbon-enhanced units did not reach this level and consistently underperformed in terms of voltage levels compared to RK2b. An alternative explanation could be the mass of the electrode; however, all grids were weighed throughout the process and consistently fell within the range of 50 to 60 grams, with the heaviest electrodes being those applied in RK2c and RK2d, both of which exhibited lower voltages compared to RK2b. It is therefore thought how well this unit formed, as seen in the images in Figure 102, could be the reason behind these high voltages. 

Further work is necessary to refine the formation step, although the issues encountered may be more likely linked to problems with the electrodes themselves, particularly with charge diffusion through the electrodes. Improvements in this area could lead to better formation results. 
[bookmark: _Toc192495104]Diffusion of charge through handmade electrodes 
The exploration of issues with electrode creation is here based on the differences observed in the 5-hour and 20-hour discharge rates of the units compared to commercial standards. Notably, the significantly lower rate at the 5-hour mark compared to the higher rate at the 20-hour mark suggests a potential problem with the diffusion of charge through the electrodes. This hypothesis gains credibility when considering the inconsistencies in formation highlighted earlier. The flow of the charge through the electrode could be impeded by faults in the connection between the grid and the paste, causing the unit take longer for charge to enter each section and subsequently leave. 

Furthermore, the cracking of electrodes observed in all figures depicting the electrodes and the presence of wide gaps in the main lead grid used in this experiment reinforce the notion of hindered charge diffusion. Additionally, the anomalous dip at 100% SoC of the OCV curve in Figure 115 hints again at a problem with how charge was distributed throughout the electrode, if the unit was left to rest and tested again, the capacity of the unit may have been higher than previously thought, with time for the charge to diffuse through the electrode. 

A potential avenue for improvement lies in the adoption of new grids, shown on the right-hand side of Figure 87. These new grids offer lower impedance, greater lifetime, and demonstrated good formation without encountering similar issues observed in other units. However, further tests using these new lead grids are necessary to substantiate these findings and confirm their efficacy in addressing these identified challenges.
[bookmark: _Toc192495105]The effect of overcharge on unit cycle life 
The severe levels of degradation over time are evident in the reduction of charge and discharge capacity observed in the experimental Battolyser units. The detrimental effects of overcharge on lead acid batteries is well documented, although notably the inclusion of carbon is highly successful at limiting these effects, hence its inclusion here. One noteworthy observation is the extended lifespan of RK2d compared to RK2c, with RK2d incorporating the alternate grid, as depicted in Figure 87. This significant improvement in performance following the alteration could suggest that the electrode creation method requires refinement, rather than solely attributing the degradation to the unit being overcharged. 

Additionally, the carbon electrode ‘paste’ in all units tested began shedding during operation, resulting in small amounts of the carbon electrode in the electrolyte, potentially indicating degradation. However, it remains unclear whether this phenomenon can be solely attributed to overcharging or if it is inherent to the more porous nature of the electrode itself. Further investigation is necessary, the addition of carbon seems a clear route forward for a lead acid Battolyser, and the testing of commercial grade electrodes with added carbon and without hydrogen inhibitors would provide great insight into the overcharge-induced damage.
[bookmark: _Toc192495106]The burping effect 
Test 2, the hydrogen collection test conducted in this chapter, has brought attention to the phenomenon titled here as the burping effect, evident in the voltage and current graphs of Test 2 by the presence of spikes in the measured voltage. In the case of RK2c, the spikes observed at all current levels were less pronounced compared to those seen for RK1b. To address this burping effect noted when testing RK1b, an adjustment was made to lower the placement of the electrode within the unit, allowing the electrolyte level to sit both further from the electrode and from the gas outlet at the top of the unit. This alteration reduced the impact on the recorded voltage. However, these spikes were still present in both figures, proving more pronounced for 500 and 1000 mA, suggesting heightened burping at these higher current levels. 

The burping effect within the Battolyser unit was characterised by the electrolyte level on the side of the positive electrode, producing oxygen, slowly beginning to lower, while the level on the side of the negative electrode, producing hydrogen, began to rise. Eventually the unit ‘burped’, bubbles were seen coming out of the measuring cylinder and the levels of the electrolyte returned to normal. Occasionally the level on the negative side reached a height where some of the electrolyte entered the tube connecting the unit to the measuring cylinder. For the lead carbon Battolyser the presence of carbon within the electrolyte, from the shedding of the electrode, meant that when this occurred a residue was left in the connecting tube, therefore the presence of electrolyte in the tube could be easily seen, shown in Figure 119. 
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[bookmark: _Ref160986691][bookmark: _Toc192495279]Figure 119: Image of the electrolyte of RK2c being present in the tube connecting the unit to the measuring cylinder, a consequence of the burping effect.
Lowering the electrolyte level improved burping by preventing overflow of the electrolyte into the measuring cylinder. The reason for the burping effect is clearly a pressure issue related to the method of gas collection, as when the unit was tested with both gas outlets unblocked and venting to atmosphere there was no burping effect, shown by all other voltage and current graphs in this chapter lacking the spikes seen in Test 2. 

To understand why this effect occurs the mechanics within the Battolyser must be explained. Oxygen is produced at the positive electrode where it vents to the atmosphere through an unblocked gas outflow and an open water inflow tube. Hydrogen is produced at the negative electrode where the gas outflow connects to the tube on-route to the measuring cylinder and the water inflow tube is blocked. The pressure difference comes from hydrogen rising quickly upwards then stagnating at various points along the tube until sufficient pressure allows it to pass through, repeating this process until reaching the measuring cylinder. The electrolyte drops when hydrogen passes through the tube, equalising pressure, while it rises with the hydrogen, creating a pressure difference. 

Suggested improvements include firstly collecting oxygen, allowing greater understanding of the gas evolution process, oxygen was not collected here as the inclusion of a second tube to a measuring cylinder created more dramatic pressure differences which hindered the performance of the unit. Solving this issue would most likely need a method for measuring oxygen outflow and purity without capturing the gas in a sealed container, thus allowing the pressure to equilibrate when the unit is being run. This would also allow gas evolution to be monitored when any test is being run and would be easier to automate to allow monitoring outside of hours. Finally, the inclusion of a system of measuring the weight of the Battolyser unit regularly throughout testing would allow an alternate method of measuring the gas production levels. Although for this final point it is notable that this was planned, however, leaks in the Battolyser units made this difficult in this experiment. An issue which would require fixing for further tests moving forward.  
[bookmark: _Toc192495107]Composition of the gas produced 
The composition of the gas produced and collected as hydrogen in this experiment requires verification. This would allow more supported comparison between the levels of production recorded here compared to industrial electrolysers and other Battolyser research. There is a possibility the gas collected was not only hydrogen but also oxygen, which may have diffused across a gap in the membrane. This seems unlikely due to the changing electrolyte levels across the membrane during the burping effect but should be considered as a potential cause, only disproven through the testing of the composition of the gas collected. 

The enhanced production of hydrogen observed here compared to the commercial lead-acid electrodes tested in literature aligns with expectations, due to the previously mentioned hydrogen inhibitors. Thereby suggesting this could be the true level of hydrogen production facilitated by the nature of the Battolyser, with no hydrogen inhibitors and where, with the addition of carbon hydrogen production is promoted. The lower levels compared to industrial electrolysers further suggests this gas was purely hydrogen, although notably a Battolyser is expected to perform better than electrolysers, with no warm-up required, thus resulting in immediate hydrogen generation.  

To validate the levels of collected hydrogen, the composition must be verified. A simple test for hydrogen is using a flame to conduct a hydrogen pop test, other methods include analysis of the composition of the gas itself. This would necessitate the use of more specialised equipment either to collect the hydrogen in a container suitable for a pop test or to perform tests such as gas chromatography, mass spectrometry, or the use of gas sensors. 
[bookmark: _Toc192495108]Summary and future work
In summary the noted improvements in lead acid Battolyser units includes further testing and comparison with commercial grade lead-acid batteries, increasing the carbon presence within the electrodes, improvement of charge diffusion through refined electrode creation steps, implementation of the second type of lead grid, refinement of gas collection and implementation of testing of gas produced from these units.  

One other addition for suggested improvements is the creation of a new Battolyser unit where the unit is created as a singular box within which the electrodes are inserted, to avoid the significant issue of leaks. 

The key conclusion taken from this work is lead acid batteries work as Battolyser units and the addition of carbon has a significant positive impact on the performance of the Battolyser unit, both as a battery and an electrolyser. 


[bookmark: _Toc162541394][bookmark: _Toc192495109]Conclusion
In conclusion this thesis explores the feasibility of the integration of synthetic fuel energy storage with offshore wind. This takes the form of exploring the potential power production levels of UK offshore wind farms, including both currently operational farms and future farms in Chapter 3. This was followed by assessment of the energy capacity of the units, the mass flow through each individual unit and from the overall plant, as well as physical area that these synthetic fuel production plants would take up at each farm, conducted in Chapter 4. The results from Chapter 4 were analysed in Chapter 5 highlighting the further work needed in optimising the results for each farm and the key potential for future work in this area as well as the key importance of alternative technologies to making offshore production feasible at a greater number of wind farms. Finally experimental work into one of the key technologies identified, a Battolyser, was conducted in Chapter 6. 

From Chapter 3 a new dataset was created, consisting of hourly power data from each of the UKs 46 operational offshore wind farms, one decommissioned farm and 12 future farms, totalling 59 wind farms. This data was modelled on hourly NASA and ERA5 wind data spanning from the first of January 2000 through to the 31st of May 2023. Various methods for calculating the power output from the individual wind farms were explored. This resulted in a dataset of in-situ expected potential production from these wind farms. In effect exploring a scenario of potential power production of offshore wind farms where the generated power is used where it is generated, resulting in no curtailment due to transmission bottlenecks and where energy would not be lost in transmission to land. This chapter concluded with an assessment of how much synthetic fuel could be produced based on this power dataset. This was calculated based on generalised energy consumption data for three fuels, hydrogen, ammonia, and methanol. Thus, Chapter 3 led to the creation of a detailed power dataset which was used as a basis for further work in this thesis. Further work in this area would involve validation of this data with real data recorded at wind farms and at hub height for both windspeed and power to allow detailed calculation of the energy lost to curtailment. This could be improved further through the ability to breakdown energy levels further still from hourly to minutes. 

The power dataset developed in Chapter 3 was then used in Chapter 4 in undertaking a far more detailed assessment of the potential for production of four synthetic fuels in an offshore environment, including hydrogen, ammonia, methanol, and methane. This process included assessment of the various routes synthesis of these fuels could be undertaken, and identification of the most suited to offshore implementation. This lead to seven routes for fuel synthesis being explored. These seven routes were modelled in a mass and energy balance, determining capacity of the key units required for production of the different fuels, as well as the mass of fuel synthesised for each of the 59 wind farms. This was followed by physical sizing, in terms of area, that such units would take up, again for all 59 wind farms. Resulting in data on the specific size, both in terms of energy capacity and area for each of the seven routes for each individual wind farm. This gave a detailed picture of the potential for production of these four fuels from the 59 modelled wind farms, as well as attempting to highlight the design needed for such a process. This chapter shows, based on mass flow levels, all wind farms modelled were suited to synthetic fuel production of all four fuels, and broke down the exact units required for such production. 

Further work to undertake in Chapter 4 (and onwards after Chapter 5) includes work into optimising the results for each individual wind farm with the aim to both reduce space and cost. Other key work could be conducted into understanding the geographical context of offshore synthetic fuel production in relation to the individual best case for each farm. This would be fed by data on the available storage solutions specific to location, such as salt caverns, as well as the specific size of offshore infrastructure co-located with the individual wind farm. Additionally, as the work in this chapter was based on the energy dataset from Chapter 3 the greater detail in this base data used would prove beneficial here as well and would validate the results further.

In Chapter 5, the results from the models in Chapter 4 were analysed further. This included an exploration of the mass and energy balance results, allowing an in-depth exploration of the operation of the individual units used in the production of each fuel through each of the seven routes. This gave an insight into how the different fuels were produced at the farms highlighting the extremely low proportion of time the electrolyser was at capacity for the hydrogen synthesis plant, and the flexibility provided when a plant is a multi-unit process such as for ammonia and methanol. This was followed by validation of the results compared to an existing hydrogen production plant linked to an onshore wind turbine in Orkney, allowing validation of both the mass and energy balance results as well as the area of the plants, showing clear agreement between the two. Then the area was compared to a generalised area of an offshore platform. This comparison to offshore infrastructure highlighted the large number of wind farms for whom synthetic fuel production on an offshore platform would be infeasible. Including the conclusion that for ammonia production where an ASU is used to capture nitrogen the production of this fuel cannot be done at any wind farm, with the height restrictions of the platform proving too limiting for this process. Additionally, it became clear when it came to physical area that version 1 of the synthetic fuel routes was always the smaller area, this was the use of the PEM unit instead of the AEL unit.  

This was followed by an assessment of alternative and future technologies to explore whether there were opportunities for reductions in plant area. The two technologies with the greatest potential were concluded as a Battolyser, a combination of a battery and an electrolyser, as well as alternative forms of carbon capture than those applied in this thesis. Through the application of these technologies the number of wind farms, for which synthetic fuel production would be feasible, increased for all four fuels, ranging initially from 6 (methanol version 2) to 44 (hydrogen version 1) wind farms pre the inclusion of alternative technologies to 22 (methanol version 2) to 50 (hydrogen version 1) wind farms. The most promising technology to come out of this analysis was the Battolyser, allowing significant space saving by reducing the physical area of the farm through combining the battery and the electrolyser. Additionally, the technology itself shows no clear negatives unlike the carbon capture option and has clear potential for future work and exploration, thus the reason for it becoming the focus of the work in Chapter 6. This chapter shows the importance of exploring these alternative technologies and underscores both the work in Chapter 6 as well as future work into seawater carbon capture to understand if it is feasible.

Finally, the results for Chapter 5 were contextualised through comparison to European and global demand, with methane proving the lowest contributor at 0.1% of global and 0.92% of European, most likely due to its extremely high demand levels. The highest potential contributor was methanol at 94.01% of European demand and 9.31% of global demand, a result due to a combination of the high production levels of the fuel as well as the lower demand for it, although notably the demand for methanol is higher (in mass) than for hydrogen. These results were for the initial analysis pre the inclusion of alternative technologies for which the percentage increased across all four fuels and seven production routes. Further analysis was conducted of the potential for methanol to function both as an alternative to petrol in the transport sector and as a shipping fuel. For Berwick Bank the use of this farm to synthesis methanol allowed the potential to supply 10% of the UK petrol fleet or on average 19.5% of the UK marine fuel demand. This contextualisation displayed how even when considering productions levels for one future wind farm there is a significant volume of fuel produced which could make a large impact on reducing the carbon emissions of the transport sector.  

Based on the analysis of the significant impact of a Battolyser unit on the area taken up by synthetic fuel plants, as well as the novelty of such a technology, the final chapter of the thesis involved an experimental creation and testing of both a lead acid and lead carbon Battolyser. The work conducted in this chapter not only proved the suitability of lead acid batteries to functioning as a Battolyser but proved the improvement made on this function in the inclusion of carbon in the lead acid electrode make-up. A novel methodology for creation of the electrodes used in the Battolyser set-up was employed, a technique that, post refinement, tested well under battery testing conditions. This creation of the electrodes in house allowed the testing of the lead acid Battolyser without the inclusion of hydrogen inhibitors in the electrodes, as is common in commercially available lead acid batteries. Overall, the lead carbon unit outperformed the lead acid both in the functioning as an electrolyser (greater evolution of hydrogen) as well as the battery function (higher 20-hour rates) as well as showing a longer durability through the fact they lasted throughout testing unlike the lead acid counterparts.

The work conducted into the Battolyser could also be taken further, including greater tests conducted to further validate the work, with more units developed and tested as above. These tests could allow further exploration into the grid corrosion which occurs when this battery set-up spends a long time in an overcharged state. The key question as to how this corrosion affects the electrodes and whether it is inhibited by the inclusion of carbon is still unclear, although the initial results presented in this thesis seem promising. It is important to highlight this is not solely limited to the lead acid or lead carbon chemistry but includes future work into options for alternative Battolyser configurations. The potential for Battolysers are many, including the nickel cadmium chemistry highlighted in Chapter 2. These options require testing and comparison to those explored here and available in literature, to understand which is best suited to Battolyser operation. This could be taken further when considering the functioning of the Battolyser in an offshore context there is also potential for consideration of the unit functioning with an electrolyte which, as it is dehydrated with hydrogen evolution, can be topped up with impurified seawater. 

As a whole this thesis assesses offshore synthetic fuel production coupled to offshore wind farms in the UK, with the concluding result being such a process is feasible for all seven routes explored in this thesis, with great potential for the application of alternative technologies for all routes and room for future work to optimise this offshore production through both modelling techniques and experimental work to validate high potential future technologies. The completion of this thesis has resulted in the creation of a new dataset of in situ power production levels for 59 UK wind farm, the use of this database to simulate offshore synthetic fuel production for four fuels, the exploration of the importance of future technologies, the highlighting of the Battolyser, and testing and validation of a novel Battolyser unit. 
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Windfarms used in analysis

[bookmark: _Toc192495146]Table A36: Breakdown of offshore wind farms explored in this thesis, data sourced primarily from [1] , with additional data from [2] and [3]. Note the wind farms whose names are not in bold are future farms and therefore not considered for curtailment analysis in Chapter 3, they are included because of their use in Chapter 4. 
	Thesis Name
	Development Status
	Latitude
	Longitude
	Operational date
	Decommission date
	Installed Capacity (MW)
	Turbine Capacity (MW)
	No. Of Turbines
	Hub Height (m)
	Turbine Model
	Cut-In Speed (m/s)
	Rated Speed (m/s)
	Cut-Out Speed (m/s)
	Rotor Diameter (m)
	Distance from shore (km)

	Barrow
	Operational
	53.991
	-3.298
	01/04/2006
	-
	90
	3
	30
	75
	V90-3.0 MW Offshore
	3.5
	15.0
	25.0
	90
	7.5

	Beatrice
	Operational
	58.088
	-2.950
	05/08/2019
	-
	588
	7
	84
	101
	SWT-7.0-154
	3.0
	13.0
	25.0
	154
	13.5

	Beatrice Demonstrator
	Operational
	58.253
	-2.888
	17/07/2007
	-
	10
	5
	2
	90
	5M
	3.5
	14.0
	30.0
	126
	25.0

	Berwick Bank
	Application Submitted
	56.471
	1.576
	-
	-
	4100
	13.36
	307
	150
	Haliade-X 13 MW
	3.0
	12.0
	25.0
	220
	38.0

	Blyth *
	Decommissioned
	55.136
	-1.490
	01/12/2000
	01/04/2019
	4
	2
	2
	62
	V66-2MW
	4.0
	17.0
	25.0
	66
	1.6

	Blyth Test Site *
	Operational
	55.167
	-1.364
	22/10/2017
	-
	41.5
	8.3
	5
	109.5
	V164-8.0 MW
	4.0
	13.0
	25.0
	164
	5.7

	Burbo Bank
	Operational
	53.488
	-3.185
	18/10/2007
	-
	90
	3.6
	25
	80
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	6.4

	Burbo Bank Extension
	Operational
	53.480
	-3.270
	27/04/2017
	-
	258
	8
	32
	105
	V164-8.0 MW
	4.0
	13.0
	25.0
	164
	7.0

	Centrica
	Operational
	53.184
	0.498
	24/07/2013
	-
	270
	3.6
	75
	100
	SWT-3.6-120
	3.5
	12.0
	25.0
	120
	8.0

	Dogger Bank A & B
	Under Construction
	55.967
	1.668
	-
	-
	2470
	13
	190
	150
	Haliade-X 13 MW
	3.0
	12.0
	25.0
	220
	131.0

	Dogger Bank C
	Under Construction
	55.210
	2.330
	-
	-
	1200
	14
	87
	135
	Haliade-X 14 MW
	3.0
	12.0
	25.0
	220
	196.0

	Dudgeon East
	Operational
	53.117
	0.613
	15/10/2017
	-
	402
	6
	67
	110
	SWT-6.0-154
	4.0
	13.0
	25.0
	154
	32.0

	East Anglia 1
	Operational
	52.137
	2.171
	28/07/2020
	-
	714
	7
	102
	92
	SWT-7.0-154
	3.0
	13.0
	25.0
	154
	43.0

	East Anglia 4
	Awaiting Construction
	52.137
	2.171
	-
	-
	800
	12
	67
	138
	Haliade-X 12 MW
	3.0
	12.0
	25.0
	220
	36.0

	East Anglia 2
	Awaiting Construction
	52.721
	2.169
	-
	-
	900
	12
	75
	138
	Haliade-X 12 MW
	3.0
	12.0
	25.0
	220
	37.0

	East Anglia 3
	Under Construction
	52.137
	2.171
	-
	-
	1400
	14
	100
	135
	Haliade-X 14 MW
	3.0
	12.0
	25.0
	220
	74.0

	EOWDC
	Operational
	57.146
	-2.073
	07/09/2018
	-
	93.2
	8.4
	11
	120
	V164-8.0 MW
	4.0
	13.0
	25.0
	164
	2.4

	Galloper
	Operational
	51.880
	2.040
	30/03/2018
	-
	353
	6.3
	56
	103.5
	SWT-6.0-154
	4.0
	13.0
	25.0
	154
	27.0

	Greater Gabbard
	Operational
	51.918
	1.928
	07/09/2012
	-
	504
	3.6
	140
	79.5
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	36.0

	Gunfleet Sands Demo Extension
	Operational
	51.703
	1.192
	19/04/2013
	-
	12
	6
	2
	117
	SWT-6.0-120
	3.0
	12.0
	26.0
	120
	8.0

	Gunfleet Sands II
	Operational
	51.727
	1.246
	24/07/2009
	-
	64.8
	3.6
	18
	75.5
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	7.0

	Gunfleet Sands
	Operational
	51.731
	1.218
	24/07/2009
	-
	108
	3.6
	30
	75.5
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	7.0

	Gwynt Y Môr
	Operational
	53.454
	-3.627
	18/06/2015
	-
	576
	3.6
	160
	84.4
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	16.0

	Hornsea 1
	Operational
	53.682
	1.421
	01/12/2019
	-
	1200
	7
	174
	123
	SWT-7.0-154
	3.0
	13.0
	25.0
	154
	120.0

	Hornsea 2
	Operational
	53.960
	1.540
	31/08/2022
	-
	1300
	7.8
	165
	116.5
	SG 8.0-167 DD
	3.0
	12.0
	25.0
	167
	89.0

	Hornsea 3
	Awaiting Construction
	53.682
	1.421
	-
	-
	3003
	13
	231
	150
	Haliade-X 13 MW
	3.0
	12.0
	25.0
	220
	121.0

	Humber Gateway A
	Operational
	53.387
	0.501
	30/05/2015
	-
	219
	3
	73
	80
	V112-3.0 MW Offshore
	3.0
	12.0
	25.0
	112
	10.0

	Hywind Demonstrator
	Operational
	57.507
	-1.443
	27/10/2017
	-
	30
	6
	5
	98
	SWT-6.0-154
	4.0
	13.0
	25.0
	154
	25.0

	Inch Cape
	Awaiting Construction
	56.500
	-2.200
	-
	-
	1080
	15
	72
	145
	V236-15.0MW
	3.0
	12.0
	31.0
	236
	12.0

	Inner Dowsing
	Operational
	53.188
	0.447
	20/04/2008
	-
	97.2
	3.6
	27
	80
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	5.0

	Kentish Flats
	Operational
	51.461
	1.094
	10/09/2005
	-
	90
	3
	30
	70
	V90-3.0 MW Offshore
	3.5
	15.0
	25.0
	90
	8.5

	Kentish Flats 2
	Operational
	51.450
	1.080
	14/09/2015
	-
	49.5
	3.3
	15
	89
	V112-3.3 MW Offshore
	3.0
	12.5
	25.0
	112
	8.3

	Kincardine
	Operational
	56.997
	-1.874
	19/10/2021
	-
	50
	9.5
	6
	176
	V164-9.5 MW
	3.0
	14.0
	25.0
	164
	15.0

	Levenmouth
	Operational
	56.161
	-2.958
	31/03/2014
	-
	7
	7
	1
	110.6
	S7.0-171
	3.0
	11.5
	25.0
	171
	0.0

	London Array
	Operational
	51.622
	1.496
	06/04/2013
	-
	630
	3.6
	175
	87
	SWT-3.6-120
	3.5
	12.0
	25.0
	120
	20.0

	Lynn
	Operational
	53.136
	0.452
	15/03/2008
	-
	97.2
	3.6
	27
	80
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	5.0

	Moray East
	Operational
	57.967
	-2.791
	01/04/2022
	-
	950
	9.5
	100
	105
	V164-9.5 MW
	3.0
	14.0
	25.0
	164
	22.0

	Moray West
	Under Construction
	58.070
	-3.313
	-
	-
	882
	14.7
	60
	135
	SG 14-222 DD
	3.0
	12.0
	25.0
	222
	22.5

	Neart Na Gaoithe
	Under Construction
	56.270
	-2.250
	-
	-
	448
	8
	54
	92
	SG 8.0-167 DD
	3.0
	12.0
	25.0
	167
	15.5

	North Hoyle
	Operational
	53.417
	-3.449
	01/12/2003
	-
	60
	2
	30
	67
	V80-2.0 MW
	4.0
	16.0
	25.0
	80
	7.5

	Ormonde
	Operational
	54.089
	-3.439
	22/02/2012
	-
	150
	5
	30
	90
	5M
	3.5
	14.0
	30.0
	127
	9.5

	Race Bank
	Operational
	53.136
	0.589
	08/06/2017
	-
	286.5
	6
	46
	100
	SWT-6.0-154
	4.0
	13.0
	25.0
	154
	27.0

	Race Bank 2 **
	Operational
	53.136
	0.589
	01/02/2018
	-
	286.5
	6
	45
	100
	SWT-6.0-154
	4.0
	13.0
	25.0
	154
	27.0

	Rampion (Hastings Zone)
	Operational
	50.640
	-0.180
	26/11/2017
	-
	400
	5
	116
	80
	V112-3.45 MW Offshore
	3.0
	13.0
	25.0
	112
	13.0

	Rhyl Flats
	Operational
	53.378
	-3.640
	28/12/2009
	-
	90
	3.6
	25
	80
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	8.0

	Robin Rigg East
	Operational
	54.764
	-3.696
	28/04/2010
	-
	90
	3
	30
	80
	V90-3.0 MW Offshore
	3.5
	15.0
	25.0
	90
	11.0

	Robin Rigg West
	Operational
	54.747
	-3.729
	18/07/2009
	-
	84
	3
	28
	80
	V90-3.0 MW Offshore
	3.5
	15.0
	25.0
	90
	11.0

	Scroby Sands
	Operational
	52.644
	1.789
	01/03/2004
	-
	60
	2
	30
	68
	V80-2.0 MW
	4.0
	16.0
	25.0
	80
	2.3

	Seagreen Phase 1 (Alpha)
	Under Construction
	56.636
	-1.927
	-
	-
	570
	10
	57
	104
	V164-10 MW
	3.0
	12.0
	25.0
	164
	27.0

	Sheringham Shoal
	Operational
	53.135
	1.148
	29/10/2012
	-
	317
	3.6
	88
	80
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	23.0

	Sofia
	Under Construction
	55.210
	2.330
	-
	-
	1400
	14
	100
	135
	SG 14-222 DD
	3.0
	12.0
	25.0
	222
	195.0

	Teeside
	Operational
	54.645
	-1.095
	31/08/2013
	-
	62.1
	2.3
	27
	80
	SWT-2.3-93
	4.0
	13.0
	25.0
	93
	1.5

	Thanet
	Operational
	51.430
	1.633
	16/09/2010
	-
	300
	3
	100
	70
	V90-3.0 MW Offshore
	3.5
	15.0
	25.0
	90
	12.0

	Triton Knoll
	Operational
	53.212
	0.862
	13/01/2022
	-
	857
	9.5
	90
	187
	V164-9.5 MW
	3.0
	14.0
	25.0
	164
	33.0

	Walney 1
	Operational
	54.039
	-3.516
	30/05/2011
	-
	183.6
	3.6
	51
	90
	SWT-3.6-107
	4.0
	13.5
	25.0
	107
	15.0

	Walney 2
	Operational
	54.081
	-3.609
	06/04/2012
	-
	183.6
	3.6
	51
	90
	SWT-3.6-120
	3.5
	12.0
	25.0
	120
	15.0

	Walney 3
	Operational
	54.090
	-3.740
	13/09/2018
	-
	660
	6
	110
	145
	SWT-7.0-154
	3.0
	13.0
	25.0
	154
	19.0

	West Of Duddon Sands
	Operational
	53.985
	-3.462
	30/10/2014
	-
	389
	3.6
	108
	90
	SWT-3.6-120
	3.5
	12.0
	25.0
	120
	15.0

	Westermost Rough A
	Operational
	53.098
	0.561
	26/05/2015
	-
	210
	6
	35
	102
	SWT-6.0-154
	4.0
	13.0
	25.0
	154
	8.0



* There are three Blyth sites listed in REPD, Blyth, operational in 2000 and now decommissioned as of 2019, Blyth Phase 2 Demonstrator awaiting construction and, Blyth Test Site operational in 2017 to present day. In Ofgem data output there are also three Blyth sites listed including ‘Blythe Offshore Wind Turbine WTG 2’ (Ofgem name) outputting energy from December 2008 up until around August 2013, ‘BLYTH OFFSHORE WIND FARM’ outputting since the beginning of Ofgem records (October 2003) up until September 2013, and thirdly ‘Blyth Offshore Demonstrator’ operating from October 2017 to present day. 

The match-up between ‘BLYTH OFFSHORE WIND FARM’ and Blyth as well as ‘Blyth Offshore Demonstrator’ with Blyth Test Site is logical. However, it is unclear what to do about ‘Blythe Offshore Wind Turbine WTG 2’ as it is clearly not the currently under construction Blyth Phase 2 Demonstrator. It was therefore assumed this was the second turbine at Blyth, whether this was because the second turbine was commissioned later or perhaps was used initially entirely for testing is unclear, but in this work this name is matched up with Blyth offshore wind farm. This is the reason why Blyth is eliminated from the wind farms which have available monthly data as although BLYTH OFFSHORE WIND FARM does not include a range, Blythe Offshore Wind Turbine WTG 2 does. When exploring the Ofgem data in detail the Blythe Offshore Wind Turbine WTG 2’ begins contributing to the grid in December 2008, at this point on the yearly Blyth graph is when Ofgem data begins to look like it is agreeing with the results from Methods 1-3. Suggesting that Blyth was sometimes only partially connected to the grid, it is clear Blyth was often disconnected, most notably as it stops contributing entirely 6 years before it was decommissioned. 

** Note that Race Bank and Race Bank 2 are grouped under the same wind farm power output and name, ‘Race Bank’ for calculation of curtailment. This is because, as noted below in Table A2 Ofgem groups these two wind farms under the same name. 

[bookmark: _Toc192495147]Table A37: Match up of names between those used in this thesis, Ofgem, and the Renewable Energy Register. Details of which farms are included in monthly and curtailment data is also included here.
	Thesis Name
	Renewable Register Name
	Ofgem Name 1
	Ofgem Name 2
	Ofgem Name 3
	Monthly data
	Curtailment data

	Barrow
	Barrow
	Barrow Offshore Windfarm - A
	-
	-
	No
	No

	Beatrice
	Beatrice
	Beatrice Offshore Wind Farm
	-
	-
	Yes
	Yes

	Beatrice Demonstrator
	Beatrice Demonstrator
	Beatrice Offshore Windfarm
	-
	-
	Yes
	No

	Blyth
	Blyth Offshore
	BLYTH OFFSHORE WIND FARM
	Blythe Offshore Wind Turbine WTG 2
	-
	No
	No

	Blyth Test Site
	Blyth Offshore Wind Test Site
	Blyth Offshore Demonstrator
	-
	-
	Yes
	Yes

	Burbo Bank
	Burbo Bank
	Burbo Offshore Windfarm - A (31/01/07)
	-
	-
	No
	No

	Burbo Bank Extension
	Burbo Bank Extension (Burbo Bank 2)
	Burbo Bank Extension
	-
	-
	Yes
	Yes

	Centrica
	Centrica (Lincs)
	Lincs Wind Farm
	-
	-
	Yes
	Yes

	Dudgeon East
	Dudgeon East
	DUDGEON OFFSHORE WINDFARM
	-
	-
	Yes
	Yes

	East Anglia 1
	East Anglia 1 (EA 1)
	East Anglia One Offshore Wind
	-
	-
	Yes
	Yes

	EOWDC
	European Offshore Wind Deployment Centre (EOWDC) (Aberdeen Bay - Demonstration site)
	Aberdeen Offshore Windfarm - Demonstration
	-
	-
	Yes
	Yes

	Galloper
	Galloper Wind Farm
	Galloper Wind Farm
	-
	-
	Yes
	Yes

	Greater Gabbard
	Greater Gabbard Wind Farm
	Greater Gabbard
	-
	-
	Yes
	Yes

	Gunfleet Sands Demo Extension
	Gunfleet Sands - (Demo) Extension
	Gunfleet Sands Demo
	-
	-
	Yes
	No

	Gunfleet Sands II
	Gunfleet Sands II
	Gunfleet Sands II
	-
	-
	Yes
	No

	Gunfleet Sands
	Gunfleet Sands Offshore Wind Scheme
	Gunfleet Sands I
	-
	-
	Yes
	No

	Gwynt y Mor
	Gwynt y Mor
	Gwynt y Mor
	-
	-
	Yes
	Yes

	Hornsea 1
	Hornsea 1 - Heron & Njord
	Hornsea 1 - Phase
	Hornsea 1 - Phase 2
	Hornsea 1 - Phase 3
	No
	No

	Hornsea 2
	Hornsea 2 - Optimus and Breesea
	Breesea
	-
	-
	Yes
	Yes

	Humber Gateway A
	Humber Gateway A
	Humber Gateway Offshore Wind Farm
	-
	-
	Yes
	Yes

	Hywind Demonstrator
	Hywind Scotland Pilot Park (Hywind 2) Demonstrator
	Hywind Scotland Pilot Park
	-
	-
	Yes
	Yes

	Inner Dowsing
	Inner Dowsing
	Inner Dowsing Offshore Wind Farm
	-
	-
	Yes
	No

	Kentish Flats
	Kentish Flats
	Kentish Flats Ltd - A,C
	-
	-
	Yes
	No

	Kentish Flats 2
	Kentish Flats 2
	Kentish Flats Extension Wind Farm
	-
	-
	Yes
	Yes

	Kincardine
	Kincardine Offshore Windfarm
	Kincardine Offshore Windfarm
	-
	-
	Yes
	Yes

	Levenmouth
	Levenmouth demonstration turbine (Fife Energy Park)
	FEPODWT
	-
	-
	Yes
	Yes

	London Array
	London Array Phase 1
	London Array Offshore Windfarm
	-
	-
	Yes
	Yes

	Lynn
	Lynn
	Lynn Offshore Wind Farm
	-
	-
	Yes
	No

	Moray East
	Moray East
	Moray Offshore Windfarm (East) Limited
	-
	-
	Yes
	Yes

	North Hoyle
	North Hoyle
	North Hoyle Offshore Wind Farm  - A
	-
	-
	No
	No

	Ormonde
	Ormonde Offshore
	Ormonde Wind Farm
	-
	-
	Yes
	Yes

	Race Bank
	Race Bank (Phase 1)
	Race Bank
	-
	-
	Yes
	Yes

	Race Bank 2
	Race Bank (Phase 2)
	N/A
	-
	-
	-
	-

	Rampion (Hastings Zone)
	Rampion Offshore Wind Farm (Hastings Zone)
	Rampion
	-
	-
	Yes
	Yes

	Rhyl Flats
	Rhyl Flats
	Rhyl Flats Wind farm
	-
	-
	Yes
	No

	Robin Rigg East
	Robin Rigg East
	Robin Rigg Offshore Wind Farm (East)
	-
	-
	Yes
	Yes

	Robin Rigg West
	Robin Rigg West
	Robin Rigg Offshore Wind Farm (West)
	-
	-
	Yes
	Yes

	Scroby Sands
	Scroby Sands
	Scroby Sands Wind Farm
	
	
	No
	No

	Sheringham Shoal
	Sheringham Shoal
	Sheringham Shoal
	-
	-
	No
	No

	Teeside
	Teeside Offshore Wind Farm
	Teesside windfarm
	-
	-
	Yes
	Yes

	Thanet
	Thanet
	Thanet Offshore Wind Farm
	-
	-
	Yes
	No

	Triton Knoll
	Triton Knoll
	Triton Knoll Offshore Windfarm
	-
	-
	No
	No

	Walney 1
	Walney 1
	Walney Offshore Wind Phase I
	-
	-
	Yes
	Yes

	Walney 2
	Walney 2
	Walney Offshore Wind Phase II
	-
	-
	No
	No

	Walney 3
	Walney 3
	Walney Extension
	-
	-
	Yes
	Yes

	West of Duddon Sands
	West of Duddon Sands
	West of Duddon Sands Offshore Wind Farm
	-
	-
	Yes
	Yes

	Westermost Rough A
	Westermost Rough A
	Westermost Rough
	-
	-
	Yes
	Yes





Figures comparing NASA and ERA5 10-metre windspeed data for all wind farms not included in main chapter (54 figures)
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Python Code for Steps 1 to 6 of Chapter 3 Methodology 

Step 1
For step 1 review the GES DISC How-to titled ‘How to Access MERRA-2 Data using OPeNDAP wth Ptyhon3 and Calculate Daily/Weekly/Monthly Statistics from Hourly Data’ for details on how to download netcdf files containing the required 4 data variables for this thesis including V2M, U2M, V10M, U10M, V50M, U50M and DISPH. 

Step 2
The code applied for interpolation of data is a compilation of processes including conversion of a DataFrame with coordinate values to shape files using the package geopandas. Followed by interpolation of the values at each coordinate in the shape files using the package gdal. 

Step 3
The code behind Step 3 is simply the application of the maths explained in detail in Section 3.2.2.3. and therefore, is not included in this thesis. 

Step 4
The code behind Methods 1 to 3 is again simply the application of the maths explained in detail in Section 3.2.2.4.1 to 3.2.2.4.4 through python code. As this code is standard it is not included in this thesis. For Method 4 the code is from an open source github site - https://github.com/YvesMSaintDrenan/WT_PowerCurveModel 

Steps 5 and 6 
As steps 5 and 6 are simple python code applying correction factors and producing graphs the details are not included here. 
Power curves for all operational wind farms for Methods 2a, 2b and 3, excluding Barrow as included in main chapter (58 sets of 3 figures)
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Figures for monthly power output for each year from 2000 through to 2021 excluding ones in main chapter (11 figures)
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Figures for yearly Ofgem data compared on a wind farm level for all operational wind farms not included in main chapter (42 figures)
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Figures for monthly Ofgem data compared on a wind farm level for all operational wind farms with monthly data not included in main chapter (37 figures)
[image: A graph of different types of data

Description automatically generated with medium confidence]
[image: A graph of different types of data

Description automatically generated with medium confidence]

[image: A graph of different types of data

Description automatically generated with medium confidence]
[image: A graph of different types of water

Description automatically generated with medium confidence]
[image: A graph of different types of graphs

Description automatically generated with medium confidence]
[image: A graph of different types of data

Description automatically generated with medium confidence]
[image: A graph of different colored lines

Description automatically generated with medium confidence]
[image: A graph of different types of data

Description automatically generated with medium confidence]
[image: A graph of different types of data

Description automatically generated with medium confidence]
[image: A graph with different colored lines

Description automatically generated]
Methods 2a and 3 curtailment levels plotted on a map of the UK (2 figures)
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Figures of curtailment data plotted against time for individual wind farms (31 figures)
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Mass Balance code breakdown
Hydrogen 


For capacity the electrolyser consumes more than the reverse osmosis unit for both versions. Minimum load and standby load are not sorted by consumption level as the RO unit only operates if at capacity. 
Q1: Is wind farm operational (timestamp > date wind farm switched on)?
	If yes  , go to Q2 
	If no  Scenario 1 
Q2: Is ?
If yes,  at capacity (a) or between min load and capacity (b)?
a. , , go to Q3
b. , go to Q3
If no,  , answer ifs then go to Q3
	If 
If 
Q3: Is ?
	If yes , go to Q4
If no  answer ifs, then go to Q4
If 
If 
Q4: Is ?
	If yes go to Q5
If no  answer ifs, go to Q5
	If  
		If  
		If  
		If  
If  
Q5: Is ?
	If yes,  , go to Q6
	If no, , go to Q6
Before Q6 define 
Q6: Does ? 
If yes,  Scenario 2
If no,  Go to Q7
Q7: Is ? 
If yes,  Scenario 3
If no,  Go to Q8
Q8: Is ?
If yes,  Scenario 4
If no,  Scenario 5
	Scenario 1







	Scenario 2






	Scenario 3






	Scenario 4






	Scenario 5



 if negative 









 Ammonia & Methanol


The key unit to keep operational is the synthesis loop for both ammonia and methanol, labelled here as the T unit. 

Units at capacity are in the order, for ammonia, of electrolyser (h unit) greater than the synthesis loop (t unit), greater than the ASU (d unit), and the smallest unit being the RO unit. For methanol the order, at capacity, is the same except the d unit and the t unit are swapped. For both fuels this is valid for both versions. 

Units at minimum load, for ammonia, are in the order of t unit greater than h unit, greater than d unit for both versions. For methanol, version 1, the order is d unit followed by h unit followed by t unit, for version 2 the order is h unit, followed by d unit, followed by t unit. 

For ammonia at standby, and for both versions, the order is t unit greater than d unit greater than h unit. For methanol, again for both versions, the order is d unit greater than h unit greater than T unit. 

This is summarised in the table below, which also summarises key nomenclature used

	Methanol
	Ammonia

	
	

	

	


	If version 1 - 
If version 2 - 

	
	


Q1: Is wind farm operational?
If yes,    , go to Q2 
If no,  Scenario 1
Q2: Is ?
If yes,  , answer ‘ifs’ below
If , , go to Q4
If   , go to Q5
If no,  answer ‘ifs’ below 
	If : , go to Q5
	Else, , if methanol go to Q6 if ammonia:
answer ‘ifs’ below 
If , assess below then go to Q8


Check if storage limits allow and change to standby if not 
		If  
Assess highest operating load of d and h depending on which is higher (dependent on ammonia version), whichever unit is generating product (RM) go to Q3
Q3.1/3.2: Is  Define RM as raw material of interest (d or h), and x as the other already defined raw material (h or d)
If yes, , go to Q8
If no,  answer ‘ifs’ below
	If  
		If go to Q8 
If go to Q6
If  go to Q6
Q4: Is ? 
	If yes,  , , go to Q8
	If no,  answer ‘ifs’ below
If 
If , , go to Q8
		Else, go to Q5
Q5: Is  and is  ?
	
	
	
	

	
	
	
	If :

If :


	
	Go to Option 1
	

Go to Option 2
	If 


Go to Q8
If 
Go to Option 1

	
	

Go to Option 2
	Go to Option 3
	

Go to Option 4

	
	If 


Go to Q8
If 
Go to Option 1
	

Go to Option 4
	Go to Option 1

	If :

If :

	
	
	


Option 1 – After defining  and  go to Q8 unless otherwise stated 




If 
	


If 







If 
		If , 
, , go to Q7
If , 
, , go to Q7
If , 
, , go to Q7
If 
, go to Q7
If  answer ifs, then go to Q7
If 
, 
If 
, 
If , go to Q6

Option 2  - After defining  and  go to Q8 unless otherwise stated, define  as minimum load of t in relation to minimum load of a, if below minimum load of t set this variable to  and  to . 
If 

If :

If :

If , go to Q9
If 

If , go to Q9
If 
	If 

		If  define , ensure does not exceed capacity

If 
If 
If 


If 

Go to Q9
If 
Go to Q6

Option 3 - After defining  and  go to Q8 unless otherwise stated
If :

				If  Go to Q7
If :

				If  Go to Q7
If : define below, then go to Q7

If : define below, then go to Q7

If : define below, then go to Q7

If :

If :

If 
If :

If :

If  :

Option 4 - After defining  and  go to Q8 unless otherwise stated, define  as minimum load of t in relation to minimum load of a, if below minimum load of t set this variable to  and  to . Except when checking  not below . 
If :

If :

If 
If :

If :

If :

If  



If  answer ‘ifs’, then go to Q8 unless otherwise specified

If 

	If 
		If :

		If go to Q6
Q6: Is ?
If yes,  , , go to Q8
If no, , answers ifs then go to Q8
For methanol (all versions)  
For ammonia (all versions) 
	If 
	If , 
If , 
If , 
		If ,  
If , 
If , 
Q7:  and 
	
	
	

	
	If 
     If 

Else 

If 
     If 

Else 
Go to Q8
	If 
     If 

Else 


     If 

Go to Q8

	
	If 
     If 

Else 


     If 
Go to Q8
	Go to Q8


Q8: Is 
	If yes,  go to Q9
	If no,  , go to Q10
Before Q9 define 
	If 
	If 
Q9: Is ?
	If yes,  , go to Q10
	If no,  , go to Q10
Before Q10 define 
Q10: Does ? 
If yes,  Scenario 2
If no,  Go to Q11
Q11: Is ? 
If yes,  Scenario 3
If no,  Go to Q12
Q12: Is ?
If yes,  Scenario 4
If no,  Scenario 5
	Scenario 1











	Scenario 2








	Scenario 3








	Scenario 4








	Scenario 5




 
if negative 




















If 

If 


 Methane




The key unit to keep operational is the SOEC. 
Units at capacity are in the order of SOEC, followed by DAC and finally RO, for both versions.
Units at minimum load are in the order of DAC greater than SOEC for the first version, and SOEC greater than DAC for the second. Notably the SOEC unit is the central unit so for both version 1 and 2, the maintenance of the SOEC unit at minimum is prioritised over the DAC unit. 
Units at standby load are in the order of SOEC greater than DAC for both versions.
Q1: Is wind farm operational?
	If yes,  , go to Q2 
	If no,  Scenario 1 
Q2: Is ?
If yes,  , determine  below then go to Q3
If 
If   
	If no, , , go to Q7
Q3: Is 
If yes,  , go to Q8
If no,  
	If , , go to Q8
	Else  go to Q4
Q4: Is ?
If yes,  answer ifs then go to Q8, unless otherwise specified
If 
If  
If go to Q7
	If no,  
If    go to Q5
If     , If 
	If  go to Q8
	If :


		If  and  go to Q8
		If 

					If , go to Q8
If , go to Q5
				If  and :
					If 
, go to Q6
If 
, go to Q9
Q5: Is ?
If yes,  define  and  below, then go to Q8


If no,  answer ‘ifs’ below,
		If , go to Q6
If , go to Q8
If  go to Q7
Q6: Is ?
If yes, , go to Q8
If no, , answer ‘ifs’ below, then go to Q8
	If 
	If 
Q7: Is ?
If yes, , go to Q8
If no,  answer ‘ifs’ below, then go to Q8
	If 
	If 
If 
Q8: Is ?
If yes,  go to Q9
If no,  , go to Q10
Before Q9 define 
	If 
	If 
Q9: Is ?
If yes,  , go to Q10
If no,  , go to Q10
Before Q10 define 
Q10: Does ? 
If yes,  Scenario 2
If no,  Go to Q11
Q11: Is ? 
If yes,  Scenario 3
If no,  Go to Q12
Q12: Is ?
If yes,  Scenario 4
If no,  Scenario  5
	Scenario 1











	Scenario 2







	Scenario 3







	Scenario 4







	Scenario 5





  if negative 









Equations for understanding the source of the Ud equation under Q4,  :







In this scenario (where Ld is between 0 and electrolyser demand) all power available is consumed by the plant as electrolyser in conjunction with the DAC unit are operated at the highest possible combined level -> known at this point they can’t both be operated at full capacity meaning  as even if electrolyser can be operated at capacity with DAC unit at level below the remaining power input you would still operate the DAC unit above this level and just top up the storage = no waste 







Mass Balance results
[bookmark: _Toc192495148]Table B38: Mass balance results for all 59 wind farms explored in this thesis
	Wind Farm
	Hydrogen
	Ammonia
	Methanol
	Methane

	
	V1
	V2
	V1
	V2
	V1
	V2
	-

	Barrow
	5.07
	5.25
	29.80
	26.38
	20.79
	19.34
	5.25

	Beatrice
	40.68
	41.72
	240.47
	212.62
	174.73
	159.01
	50.47

	Beatrice Demonstrator
	0.69
	0.71
	4.04
	3.64
	2.90
	2.69
	0.81

	Berwick Bank
	295.35
	309.06
	1750.15
	1537.55
	1260.35
	1171.59
	340.38

	Blyth
	0.13
	0.13
	0.74
	0.66
	0.49
	0.46
	0.10

	Blyth Test Site
	2.44
	2.51
	14.50
	12.87
	10.25
	9.41
	2.79

	Burbo Bank
	4.61
	4.77
	27.11
	23.99
	18.68
	17.40
	4.52

	Burbo Bank Extension
	16.00
	16.44
	94.77
	83.22
	66.89
	61.38
	18.07

	Centrica
	19.20
	20.06
	113.25
	100.34
	81.88
	75.92
	24.17

	Dogger Bank A & B
	182.61
	191.13
	1055.47
	982.21
	778.51
	723.52
	209.59

	Dogger Bank C
	87.02
	91.00
	505.99
	464.56
	368.31
	342.74
	97.31

	Dudgeon East
	28.90
	29.92
	172.39
	153.35
	124.51
	114.02
	36.71

	East Anglia 1
	45.73
	46.74
	271.43
	238.94
	195.07
	176.53
	54.59

	East Anglia 4
	57.23
	59.82
	338.74
	305.17
	242.23
	225.24
	63.92

	East Anglia 2
	65.19
	68.21
	381.33
	347.87
	276.43
	257.24
	73.35

	East Anglia 3
	93.71
	97.77
	553.99
	491.18
	392.30
	365.31
	100.80

	EOWDC
	5.59
	5.76
	33.06
	29.51
	23.70
	21.67
	6.60

	Galloper
	25.81
	26.59
	152.35
	136.35
	110.66
	101.10
	32.29

	Greater Gabbard
	31.24
	32.64
	181.23
	163.15
	130.97
	122.01
	37.05

	Gunfleet Sands Demo Extension
	0.63
	0.65
	3.69
	3.31
	2.55
	2.38
	0.64

	Gunfleet Sands II
	3.68
	3.82
	21.69
	19.46
	15.08
	14.03
	3.79

	Gunfleet Sands
	6.15
	6.38
	36.19
	31.94
	25.37
	23.42
	6.32

	Gwynt y Môr
	33.93
	35.05
	200.50
	179.08
	140.94
	130.85
	38.28

	Hornsea 1
	78.00
	80.11
	463.96
	411.80
	335.20
	305.32
	96.40

	Hornsea 2
	43.87
	44.98
	263.32
	231.95
	192.04
	173.97
	59.28

	Hornsea 3
	215.94
	225.86
	1275.21
	1159.76
	916.03
	851.95
	243.98

	Humber Gateway A
	15.78
	16.37
	92.85
	83.79
	67.14
	61.89
	19.56

	Hywind Demonstrator
	2.19
	2.27
	13.07
	11.45
	9.50
	8.69
	2.86

	Inch Cape
	75.15
	78.50
	444.25
	390.37
	317.80
	295.74
	83.76

	Inner Dowsing
	5.79
	6.01
	34.15
	30.62
	23.77
	22.14
	5.97

	Kentish Flats
	4.12
	4.23
	23.99
	21.38
	16.12
	15.09
	3.52

	Kentish Flats 2
	3.00
	3.10
	17.59
	15.70
	12.52
	11.56
	3.44

	Kincardine
	3.00
	3.06
	17.92
	15.77
	12.97
	11.72
	3.81

	Levenmouth
	0.46
	0.47
	2.70
	2.38
	1.91
	1.77
	0.54

	London Array
	44.57
	46.49
	261.44
	237.65
	189.11
	175.28
	55.24

	Lynn
	5.93
	6.16
	34.98
	31.35
	24.42
	22.72
	6.19

	Moray East
	55.86
	56.91
	332.88
	292.68
	237.33
	215.17
	66.33

	Moray West
	54.96
	57.28
	317.19
	288.91
	229.81
	214.07
	58.84

	Neart na Gaoithe
	27.87
	29.05
	164.40
	148.19
	117.13
	108.39
	29.43

	North Hoyle
	2.82
	2.91
	16.44
	14.64
	11.26
	10.53
	2.60

	Ormonde
	9.69
	10.10
	57.26
	51.59
	40.70
	37.83
	11.70

	Race Bank
	20.70
	21.41
	123.36
	109.70
	88.94
	81.39
	25.92

	Race Bank (Phase 2)
	21.50
	22.16
	127.35
	111.97
	92.30
	84.25
	26.68

	Rampion (Hastings Zone)
	25.62
	26.42
	152.35
	133.70
	109.21
	100.10
	31.63

	Rhyl Flats
	4.15
	4.27
	24.28
	21.51
	16.58
	15.45
	4.01

	Robin Rigg East
	4.57
	4.71
	26.79
	23.75
	18.42
	17.16
	4.61

	Robin Rigg West
	4.22
	4.35
	24.62
	22.16
	17.00
	15.85
	4.22

	Scroby Sands
	3.42
	3.55
	20.03
	17.83
	13.92
	13.00
	3.35

	Seagreen Phase 1 (Alpha)
	34.95
	36.37
	205.95
	183.02
	144.66
	134.86
	35.78

	Sheringham Shoal
	20.20
	21.15
	119.68
	105.74
	85.26
	79.43
	24.46

	Sofia
	100.68
	105.31
	596.18
	527.15
	426.29
	396.74
	113.03

	Teeside
	3.68
	3.84
	21.79
	19.59
	15.31
	14.24
	4.14

	Thanet
	15.95
	16.50
	93.67
	82.71
	64.80
	60.37
	16.37

	Triton Knoll
	68.29
	69.70
	407.87
	358.64
	292.48
	264.68
	82.95

	Walney 1
	12.11
	12.64
	71.08
	64.51
	51.23
	47.56
	14.87

	Walney 2
	13.29
	13.91
	78.06
	71.04
	56.83
	52.77
	17.25

	Walney 3
	53.67
	55.23
	319.94
	280.21
	230.73
	210.51
	68.19

	West of Duddon Sands
	27.69
	28.87
	162.13
	147.65
	119.25
	110.12
	36.57

	Westermost Rough A
	15.62
	16.24
	90.95
	83.06
	66.94
	61.64
	19.75



Sizing details
[bookmark: _Toc192495149]Table B39: Sizing parameters applied to the reverse osmosis and battery units, common to all 7 routes 
	Reverse osmosis

	Identifier
	Input flow composition
	Required fresh water in m3 per day

	W1
	Seawater
	WFD

	Battery

	Identifier
	
(kW)
	
(m2 kWh-1)
	
(m2 kWh-1)

	B1
	WFD
	0.5208
	0.02974


[bookmark: _Toc192495150]Table B40: Sizing parameters applied to the two hydrogen synthesis routes explored in Chapter 4
	Storage

	Identifier
	Component stored
	
(kg hr-1)
	
(hr)
	
(bar)
	
(kg m-3)

	H-S1
	H2O
	WFD
	
	1
	998.21

	H-S2
	H2
	WFD
	
	200
	14.506

	Electrolyser

	Identifier
	
(kW)
	
(kWh Nm-3 H2)
	
(kWh Nm-3 H2)
	
(%)
	
(%)

	H-E1
	WFD
	4.8
	4.19
	69.5
	70.5

	Compressor

	Identifier
	 
(kg kmol-1)
	 (bar)
	 (bar)
	
(K)
	
(kg s-1)
	
	
	
(kJ K-1 kmol-1)

	H-C1
	2.016
	1
	200
	293
	WFD
	1.405
	TBD
	8.361

	Heat exchanger – (single – no phase change)

	Identifier
	
(kJ kg-1 K-1)
	
(kg s-1)
	
(kW m-2 C-1)
	 (K)
	 (K)
	 (K)
	
(K)

	Intercoolers
	UD
	WFD
	56
	Compressor outlet
	278
	293
	288



[bookmark: _Toc192495151]Table B41: Sizing parameters applied to the two ammonia synthesis routes explored in Chapter 4
	Storage

	Identifier
	Component stored
	
(kg hr-1)
	
(hr)
	
(bar)
	
(kg m-3)

	A-S1
	H2O
	WFD
	
	1
	998.21

	A-S2
	H2
	WFD
	
	20
	1.62

	A-S3
	N2
	WFD
	
	20
	23.11

	A-S4
	NH3
	WFD
	
	10
	609

	Electrolyser

	Identifier
	
(kW)
	
(kWh Nm-3 H2)
	
(kWh Nm-3 H2)
	(%)
	(%)

	A-E1
	WFD
	4.8
	4.19
	69.5
	70.5

	Compressor/ Expander

	Identifier
	 (kg/kmol)
	 (bar)
	 (bar)
	
(K)
	
(kg s-1)
	
	
(kJ K-1 kmol-1)

	A-C1
	28.96
	1
	8
	293
	WFD
	1.4
	8.361

	A-C2
	29.09
	6
	1.8
	97.2
	WFD
	1.4
	8.361

	A-C3
	28.01
	1
	20
	288.37
	WFD
	1.4
	8.361

	A-C4
	31
	20
	46
	293
	WFD
	1.4
	8.361

	A-C5
	10.139
	148.5
	150
	313.4
	WFD
	1.4
	8.361

	Heat exchanger – (single – no phase change)

	Identifier
	
(kJ kg-1 K-1)
	
(kg s-1)
	
(kW m-2 C-1)
	 (K)
	 (K)
	 (K)
	
(K)

	Intercoolers
	UD
	WFD
	56
	Compressor outlet
	278
	293
	288

	A-H5
	32.35
	WFD
	150
	627.4
	300.1
	529.9
	504.7

	A-H6
	32.35
	WFD
	150
	744
	504.7
	627.4
	579.3

	A-H7
	33.37
	WFD
	250
	529.9
	278
	313.5
	288

	Heat exchanger (multi)

	Identifier
	
(kg s-1)
	
(kJ kg-1 K-1)
	
	
(kW m-3 K-1)
	
(m2 m-3)

	A-H1
	WFD
	1.3
	5
	50
	1000

	Heat exchanger – (single – with phase change)

	Identifier
	
(kJ kg-1)
	
(kg s-1)
	
(kW m-2 C-1)
	 (K)
	
(K)
	
(K)

	A-H2
	198.6
	WFD
	1000
	98.8
	278
	288

	A-H3
	212.7
	WFD
	1000
	92.7
	667.4
	569.9

	A-H4
	161.6
	WFD
	1000
	92.6
	278
	288

	Pump

	Identifier
	
(kg s-1)
	
(kPa)
	 (%)

	A-P1
	WFD
	1.1
	85

	A-H7 CW
	WFD
	60
	85

	Intercooler CW
	WFD
	60
	85

	Distillation

	Identifier
	
(mm H2O mph-1)
	 (bar)
	
(kg s-1)
	 (K)
	
(kg s-1)
	
(kg m-3)
	
(kg m-3)
	
(m-1)
	
(10-5 Pa s)
	

	A-D1
	80
	5.39
	WFD
	98.8
	WFD
	844.25
	19.73
	52
	
	45

	A-D2
	80
	1.33
	WFD
	79.6
	WFD
	798.6
	5.61
	52
	161.4
	70

	A-D3
	80
	1.38
	WFD
	92.6
	WFD
	1190
	5.82
	52
	172
	120

	Flash drum

	Identifier
	
(m3 s-1)
	
(m3 s-1)
	
(s)
	
(kg m-3)
	
(kg m-3)

	A-F1
	WFD
	WFD
	10
	675.04
	66.9

	Ammonia reactor

	Identifier
	 
(kg hr-1)
	 (bar)
	 (bar)
	
(K)
	
(K)
	
	
(kg m-3)
	
	
(kg kmol-1 )
	

	A-R1
	WFD
	271
	148.5
	723
	755
	4.75
	2650
	7
	11.61
	147


[bookmark: _Toc192495152]Table B42: Composition of streams feeding into units in ammonia synthesis
	Unit
	N2
	H2
	Ar
	CH4
	NH3
	O2

	A-C1 
	0.7808
	-
	0.0093
	-
	-
	0.2095

	A-C2
	0.7548
	0.2324
	0.001
	-
	-
	-

	A-C3
	1
	0
	0
	-
	-
	-

	A-C4
	0.25
	0.75
	0
	-
	-
	-

	A-C5
	0.183
	0.624
	0.023
	0.033
	0.136
	-

	A-H2
	1
	0
	0
	
	
	

	A-H3
	0.999
	-
	0.001
	-
	-
	0

	A-H4
	0
	-
	1
	-
	-
	-

	A-H5
	0.183
	0.624
	0.023
	0.033
	0.136
	-

	A-H6
	0.183
	0.624
	0.023
	0.033
	0.136
	-

	A-H7
	0.148
	0.527
	0.026
	0.037
	0.262
	-

	A-R1
	0.183
	0.624
	0.023
	0.033
	0.136
	



[bookmark: _Toc192495153]Table B43: Summary of gas and liquid flow compositions for units with both flows in ammonia synthesis
	Unit
	Liquid flow composition
	Gas flow composition

	
	N2
	O2
	Ar
	H2
	CH4
	NH3
	N2
	O2
	Ar
	H2
	CH4
	NH3

	A-D1
	0.6128
	0.373
	0.0142
	-
	-
	-
	0.7812
	0.2095
	0.2095
	-
	-
	-

	A-D2
	0.999
	0
	0.001
	-
	-
	-
	0.9915
	0.0044
	0.0041
	-
	-
	-

	A-D3
	0
	0.9466
	0.0534
	-
	-
	-
	0
	0.9238
	0.0762
	-
	-
	-

	A-F1
	0
	-
	0
	0
	0
	1
	0.148
	-
	0.026
	0.527
	0.037
	0.262



[bookmark: _Toc192495154]Table B44: Sizing parameters applied to the two methanol synthesis routes explored in Chapter 4
	Storage

	Identifier
	Component stored
	
(kg hr-1)
	
(hr)
	
(bar)
	
(kg m-3)

	M-S1
	H2O
	WFD
	
	1
	998.21

	M-S2
	H2
	WFD
	
	20
	1.62

	M-S3
	CO2
	WFD
	
	20
	40.77

	M-S4
	CH3OH
	WFD
	
	1
	791

	Electrolyser

	Identifier
	
(kW)
	
(kWh Nm-3 H2)
	
(kWh Nm-3 H2)
	(%)
	(%)

	M-E1
	WFD
	4.8
	4.19
	69.5
	70.5

	Compressor/ Expander

	Identifier
	 (kg/kmol)
	 
(bar)
	 (bar)
	
(K)
	
(kg s-1)
	
	
	
(kJ K-1 kmol-1)

	M-C2
	12.51
	20
	70
	298
	WFD
	1.38
	1
	8.361

	M-C3
	11.92
	67.75
	70
	303
	WFD
	1.39
	1
	8.361

	Heat exchanger – (single – no phase change)

	Identifier
	
(kJ kg-1 K-1)
	
(kg s-1)
	
(kW m-2 C-1)
	 
(K)
	 
(K)
	 
(K)
	
(K)

	Intercoolers
	UD
	WFD
	56
	Compressor outlet
	278
	293
	288

	M-H3
	30.59
	WFD
	200
	532.4
	M-C2 
	411.1
	423

	M-H4
	31.53
	WFD
	250
	667.4
	423
	569.9
	553

	M-H5
	32.16
	WFD
	200
	411.1
	303
	313
	355

	Heat exchanger – (single – with phase change)

	Identifier
	
(kJ kg-1)
	
(kg s-1)
	
(kW m-2 C-1)
	 
(K)
	
(K)
	
(K)

	M-H5
	2257
	WFD
	1000
	372.6
	667.4
	569.9

	M-H6
	777.2
	WFD
	1000
	326
	278
	288

	Pump

	Identifier
	
(kg s-1)
	
(kPa)
	 (%)

	M-H6 CW
	WFD
	60
	85

	Intercooler CW
	WFD
	60
	85

	Distillation

	Identifier
	
(mm H2O mph-1)
	 (bar)
	
(kg s-1)
	 (K)
	
(kg s-1)
	
(kg m-3)
	
(kg m-3)
	
(m-1)
	
(10-5 Pa s)
	

	M-D1
	80
	1
	WFD
	355
	WFD
	986.66
	1.17
	52
	50.36
	30

	Flash drum

	Identifier
	
(m3 s-1)
	
(m3 s-1)
	
(s)
	
(kg m-3)
	
(kg m-3)

	M-F2
	WFD
	WFD
	10
	31.87
	784.33

	DAC

	Identifier
	 (kg day-1)
	
(m2)
	
(m2)
	
(m)
	 
(kg hr-1)

	M-G1
	135
	20
	212.5
	3.2
	WFD

	Methanol reactor

	Identifier
	 
(kg hr-1)
	 
(kmol hr-1)
	 
(K)
	
(kg m-3)
	 (bar)
	
(bar)
	
	 (mm)
	
(cm)

	M-R1
	WFD
	WFD
	553
	1650
	70
	1.5
	0.39
	2
	3.75




[bookmark: _Toc192495155]Table B45: Composition of streams feeding into units in methanol synthesis
	Unit
	H2
	CO2
	CO
	CH3OH
	H2O
	N2

	M-C2
	0.75
	0.25
	-
	-
	-
	-

	M-C3
	0.6933
	0.1204
	0.0247
	0.0016
	0
	0.1597

	M-H3
	0.6915
	0.206
	0.013
	0.0038
	0.0003
	0.0855

	M-H4
	0.6915
	0.206
	0.013
	0.0038
	0.0003
	0.0855

	M-H5
	0.6159
	0.1153
	0.0221
	0.0575
	0.0484
	0.1443

	M-H6
	0
	0
	0
	0
	1
	0

	M-H7
	0.006
	0.36679
	0.051
	0.6297
	0.004
	0.285

	M-R1
	0.6915
	0.206
	0.013
	0.0038
	0.0003
	0.0855



[bookmark: _Toc192495156]Table B46: Summary of gas and liquid flow compositions for units with both flows in methanol synthesis
	Unit
	Liquid flow composition
	Gas flow composition

	
	H2
	CO2
	CO
	CH3OH
	H2O
	N2
	H2
	CO2
	CO
	CH3OH
	H2O
	N2

	M-D1
	0
	0
	0
	0
	1
	0
	0.006
	0.3668
	0.051
	0.6297
	0.004
	0.285

	M-F2
	0.004
	0.125
	0.0019
	0.4338
	0.424
	0.0016
	0.693
	0.1204
	0.0247
	0.0016
	0
	0.1597




[bookmark: _Toc192495157]Table B47: Sizing parameters applied to the methane synthesis route explored in Chapter 4
	Storage

	Identifier
	Component stored
	
(kg hr-1)
	
(hr)
	
(bar)
	
(kg m-3)

	C-S1
	H2O
	WFD
	
	1
	998.21

	C-S2
	CO2
	WFD
	
	20
	1.62

	C-S3
	CH4
	WFD
	
	100
	130.5

	Electrolyser

	Identifier
	
(kW)
	
(kWh Nm-3 H2)
	(%)

	C-E1
	WFD
	2.43
	81

	Compressor/ Expander

	Identifier
	 (kg/kmol)
	 
(bar)
	 (bar)
	
(K)
	
(kg s-1)
	
	
	
(kJ K-1 kmol-1)

	C-C2
	16.04
	10
	100
	298
	WFD
	1.3
	TBD
	8.361

	Heat exchanger – (single – no phase change)

	Identifier
	
(kJ kg-1 K-1)
	
(kg s-1)
	
(kW m-2 C-1)
	 
(K)
	 
(K)
	 
(K)
	
(K)

	C-H3
	16.04
	WFD
	300
	953
	278
	298
	288

	Pump

	Identifier
	
(kg s-1)
	
(kPa)
	 (%)

	C-H3 CW
	WFD
	60
	85

	Intercooler CW
	WFD
	60
	85

	DAC

	Identifier
	 (kg day-1)
	
(m2)
	
(m2)
	
(m)
	 
(kg hr-1)

	C-G1
	135
	20
	212.5
	3.2
	WFD




[bookmark: _Toc192495158]Table B48: Composition of streams feeding into units in methane synthesis
	Unit
	H2
	CO2
	CH4

	C-C2
	0
	0
	1

	C-H3
	0
	0
	1

	C-E1
	0.8
	0.2
	0






[bookmark: _Toc192495159]Table C49: Operating % of the four fuels at all 59 modelled wind farms. E unit is the electrolyser unit, the T unit is the methanol synthesis loop for methanol and the ammonia synthesis loop for ammonia, and the D unit is the DAC for methanol and ASU for ammonia.
	Name
	Fuel
	Version 1 %
	Version 2 %

	
	
	Total
	E unit
	RO
	T unit
	D unit
	Total
	E unit
	RO
	T unit
	D unit

	Beatrice
	Hydrogen
	0.00
	0.39
	56.55
	N/A
	N/A
	0.00
	1.15
	56.05
	N/A
	N/A

	
	Ammonia
	1.82
	10.13
	55.85
	34.03
	30.62
	0.00
	11.30
	55.72
	31.98
	34.47

	
	Methanol
	0.00
	11.55
	36.59
	39.72
	32.69
	1.71
	12.34
	35.23
	40.71
	33.21

	
	Methane
	47.04
	46.38
	8.47
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Beatrice Demonstrator
	Hydrogen
	0.00
	0.04
	51.61
	N/A
	N/A
	0.00
	0.20
	51.06
	N/A
	N/A

	
	Ammonia
	0.35
	2.34
	50.81
	22.35
	25.34
	0.00
	2.47
	50.66
	20.78
	31.41

	
	Methanol
	0.65
	5.37
	32.23
	30.75
	29.21
	0.67
	4.90
	31.03
	31.45
	29.34

	
	Methane
	40.57
	35.32
	7.40
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Blyth
	Hydrogen
	0.00
	0.02
	24.22
	N/A
	N/A
	0.00
	0.09
	23.43
	N/A
	N/A

	
	Ammonia
	0.07
	0.50
	23.23
	5.51
	7.98
	0.00
	0.46
	23.03
	5.24
	12.04

	
	Methanol
	0.12
	1.19
	11.60
	8.85
	12.52
	0.13
	1.06
	10.99
	9.07
	12.16

	
	Methane
	13.01
	12.61
	7.47
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Blyth Test Site
	Hydrogen
	0.00
	0.06
	49.84
	N/A
	N/A
	0.00
	0.50
	49.34
	N/A
	N/A

	
	Ammonia
	0.71
	4.87
	49.00
	25.95
	24.33
	0.00
	5.13
	48.85
	23.61
	30.44

	
	Methanol
	1.38
	6.53
	30.52
	30.35
	27.87
	1.28
	6.27
	29.27
	30.79
	27.50

	
	Methane
	38.22
	36.88
	9.23
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Burbo Bank
	Hydrogen
	0.00
	0.01
	39.22
	N/A
	N/A
	0.00
	0.16
	38.54
	N/A
	N/A

	
	Ammonia
	0.24
	1.51
	38.23
	13.03
	15.11
	0.00
	1.61
	38.06
	11.33
	21.76

	
	Methanol
	0.49
	3.28
	21.84
	18.67
	21.53
	0.33
	2.94
	20.94
	19.06
	21.29

	
	Methane
	26.04
	24.13
	3.31
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Burbo Bank Extension
	Hydrogen
	0.00
	0.01
	46.61
	N/A
	N/A
	0.00
	0.42
	46.05
	N/A
	N/A

	
	Ammonia
	0.69
	4.18
	45.77
	21.81
	19.23
	0.00
	4.71
	45.62
	20.62
	26.93

	
	Methanol
	1.30
	6.14
	28.23
	28.33
	25.78
	1.22
	5.78
	27.04
	28.51
	25.52

	
	Methane
	35.25
	33.72
	7.37
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Centrica
	Hydrogen
	0.00
	0.06
	54.94
	N/A
	N/A
	0.00
	0.26
	54.47
	N/A
	N/A

	
	Ammonia
	0.73
	3.50
	54.23
	24.82
	23.24
	0.00
	4.04
	54.17
	22.93
	32.88

	
	Methanol
	1.13
	6.39
	34.90
	35.54
	30.32
	1.09
	6.23
	33.65
	35.81
	30.84

	
	Methane
	44.82
	37.94
	8.60
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Dogger Bank A & B
	Hydrogen
	0.00
	0.04
	54.17
	N/A
	N/A
	0.00
	0.17
	53.70
	N/A
	N/A

	
	Ammonia
	0.36
	1.89
	53.53
	20.50
	25.28
	0.00
	2.08
	53.26
	24.72
	39.48

	
	Methanol
	0.41
	4.15
	34.47
	32.07
	28.22
	0.46
	3.92
	33.22
	32.75
	28.80

	
	Methane
	42.31
	36.75
	21.75
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Dogger Bank C
	Hydrogen
	0.00
	0.06
	52.34
	N/A
	N/A
	0.00
	0.18
	51.84
	N/A
	N/A

	
	Ammonia
	0.00
	1.86
	51.61
	19.32
	24.58
	0.00
	1.89
	51.41
	19.86
	34.22

	
	Methanol
	0.59
	4.27
	32.70
	30.00
	28.32
	0.50
	3.60
	31.53
	30.52
	27.85

	
	Methane
	39.88
	34.98
	20.83
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Dudgeon East
	Hydrogen
	0.00
	0.00
	58.76
	N/A
	N/A
	0.00
	0.32
	58.38
	N/A
	N/A

	
	Ammonia
	0.91
	6.60
	58.11
	33.77
	27.47
	0.00
	7.00
	57.98
	32.34
	34.28

	
	Methanol
	1.88
	8.64
	38.24
	40.99
	31.93
	1.66
	8.39
	36.84
	41.82
	31.78

	
	Methane
	49.45
	44.87
	17.98
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	East Anglia 1
	Hydrogen
	0.00
	0.26
	55.54
	N/A
	N/A
	0.00
	1.12
	54.97
	N/A
	N/A

	
	Ammonia
	2.49
	12.04
	54.79
	34.27
	29.92
	0.00
	12.46
	54.67
	32.18
	33.56

	
	Methanol
	2.54
	13.44
	35.71
	41.37
	33.31
	2.61
	12.18
	33.96
	38.83
	32.72

	
	Methane
	44.86
	44.23
	10.50
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	East Anglia 4
	Hydrogen
	0.00
	0.04
	52.17
	N/A
	N/A
	0.00
	0.13
	51.66
	N/A
	N/A

	
	Ammonia
	0.37
	1.79
	51.35
	21.62
	25.77
	0.00
	1.96
	51.23
	19.98
	33.70

	
	Methanol
	0.49
	3.99
	32.56
	29.64
	27.29
	0.53
	3.71
	31.37
	30.21
	27.51

	
	Methane
	39.67
	35.15
	5.47
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	East Anglia 2
	Hydrogen
	0.00
	0.03
	53.09
	N/A
	N/A
	0.00
	0.14
	52.60
	N/A
	N/A

	
	Ammonia
	0.40
	2.01
	52.34
	20.13
	25.09
	0.00
	1.95
	52.17
	20.47
	34.49

	
	Methanol
	0.46
	4.00
	33.30
	30.48
	28.05
	0.45
	3.81
	32.12
	31.16
	28.22

	
	Methane
	40.66
	35.58
	21.44
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	East Anglia 3
	Hydrogen
	0.00
	0.05
	49.07
	N/A
	N/A
	0.00
	0.14
	48.49
	N/A
	N/A

	
	Ammonia
	0.21
	1.56
	48.17
	18.96
	23.57
	0.00
	1.85
	48.09
	16.41
	30.77

	
	Methanol
	0.45
	3.51
	29.81
	26.41
	25.73
	0.00
	3.27
	28.76
	27.22
	25.98

	
	Methane
	36.05
	32.47
	19.38
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	EOWDC
	Hydrogen
	0.00
	0.01
	51.57
	N/A
	N/A
	0.00
	0.47
	51.14
	N/A
	N/A

	
	Ammonia
	0.89
	6.31
	50.84
	26.40
	21.10
	0.00
	6.29
	50.65
	26.30
	30.81

	
	Methanol
	1.55
	7.83
	32.11
	32.69
	29.42
	1.62
	7.65
	30.84
	33.21
	29.87

	
	Methane
	40.55
	39.88
	9.42
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Galloper
	Hydrogen
	0.00
	0.01
	57.11
	N/A
	N/A
	0.00
	0.48
	56.69
	N/A
	N/A

	
	Ammonia
	0.87
	6.51
	56.49
	30.65
	28.68
	0.00
	6.89
	56.29
	31.08
	33.33

	
	Methanol
	1.66
	8.38
	36.89
	39.86
	31.68
	1.57
	8.11
	35.58
	40.48
	31.25

	
	Methane
	47.76
	44.31
	11.51
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Greater Gabbard
	Hydrogen
	0.00
	0.04
	48.68
	N/A
	N/A
	0.00
	0.28
	48.12
	N/A
	N/A

	
	Ammonia
	0.42
	2.73
	47.93
	18.70
	20.15
	0.00
	2.92
	47.75
	17.87
	27.92

	
	Methanol
	0.61
	4.91
	29.67
	28.53
	26.86
	0.50
	4.83
	28.51
	29.04
	27.29

	
	Methane
	37.59
	32.04
	16.32
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Gunfleet Sands Demo Extension
	Hydrogen
	0.00
	0.10
	39.82
	N/A
	N/A
	0.00
	0.26
	39.01
	N/A
	N/A

	
	Ammonia
	0.50
	2.11
	38.75
	13.31
	15.51
	0.00
	2.14
	38.56
	12.80
	21.43

	
	Methanol
	0.72
	3.70
	21.97
	19.83
	21.68
	0.00
	3.50
	21.02
	19.96
	21.58

	
	Methane
	26.69
	24.73
	12.91
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Gunfleet Sands II
	Hydrogen
	0.00
	0.01
	43.09
	N/A
	N/A
	0.00
	0.20
	42.48
	N/A
	N/A

	
	Ammonia
	0.15
	1.33
	42.15
	15.10
	17.28
	0.00
	1.39
	41.96
	14.37
	25.02

	
	Methanol
	0.36
	3.51
	24.71
	21.71
	24.33
	0.32
	3.23
	23.75
	22.07
	24.06

	
	Methane
	29.81
	27.61
	15.90
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Gunfleet Sands
	Hydrogen
	0.00
	0.01
	43.16
	N/A
	N/A
	0.00
	0.19
	42.55
	N/A
	N/A

	
	Ammonia
	0.15
	1.34
	42.22
	14.81
	15.30
	0.00
	1.46
	42.08
	12.66
	24.20

	
	Methanol
	0.00
	4.00
	25.32
	23.53
	24.25
	0.28
	3.25
	23.74
	22.11
	24.34

	
	Methane
	29.79
	27.57
	15.87
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Gwynt y Mor
	Hydrogen
	0.00
	0.04
	44.83
	N/A
	N/A
	0.00
	0.29
	44.23
	N/A
	N/A

	
	Ammonia
	0.49
	3.13
	43.95
	19.58
	18.41
	0.00
	3.29
	43.74
	18.62
	24.83

	
	Methanol
	0.91
	4.96
	26.71
	26.02
	23.68
	0.76
	4.99
	26.06
	27.23
	23.12

	
	Methane
	33.58
	30.58
	13.92
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Hornsea 1
	Hydrogen
	0.00
	0.24
	58.11
	N/A
	N/A
	0.00
	0.99
	57.61
	N/A
	N/A

	
	Ammonia
	0.00
	11.03
	57.45
	36.23
	33.10
	0.00
	11.77
	57.30
	34.01
	32.93

	
	Methanol
	3.47
	13.76
	37.76
	42.08
	36.71
	3.34
	12.19
	36.37
	42.05
	33.89

	
	Methane
	48.43
	47.25
	22.71
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Hornsea 3
	Hydrogen
	0.00
	0.04
	52.69
	N/A
	N/A
	0.00
	0.17
	52.19
	N/A
	N/A

	
	Ammonia
	0.38
	1.67
	51.89
	21.20
	26.20
	0.00
	2.04
	51.74
	23.24
	37.57

	
	Methanol
	0.59
	4.12
	33.10
	30.85
	28.05
	0.50
	3.76
	31.92
	31.44
	28.41

	
	Methane
	40.45
	35.17
	4.12
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Humber Gateway A
	Hydrogen
	0.00
	0.11
	54.60
	N/A
	N/A
	0.01
	0.45
	54.09
	N/A
	N/A

	
	Ammonia
	0.51
	4.08
	53.86
	25.42
	25.20
	0.00
	4.48
	53.69
	25.04
	31.98

	
	Methanol
	1.52
	6.91
	34.52
	35.13
	29.72
	1.29
	6.67
	33.24
	35.88
	29.56

	
	Methane
	44.37
	38.85
	17.27
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Hywind Demonstrator
	Hydrogen
	0.00
	0.10
	59.99
	N/A
	N/A
	0.00
	0.64
	59.67
	N/A
	N/A

	
	Ammonia
	1.08
	6.40
	59.41
	35.00
	28.91
	0.00
	8.19
	59.36
	32.96
	37.39

	
	Methanol
	1.74
	9.20
	39.64
	43.40
	33.21
	1.98
	9.10
	38.18
	44.07
	33.18

	
	Methane
	51.47
	47.05
	18.68
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Inch Cape
	Hydrogen
	0.00
	0.05
	50.98
	N/A
	N/A
	0.00
	0.15
	50.43
	N/A
	N/A

	
	Ammonia
	0.18
	1.48
	50.13
	20.19
	23.37
	0.00
	1.66
	50.11
	16.93
	31.30

	
	Methanol
	0.49
	3.78
	31.79
	29.10
	26.93
	0.38
	3.36
	30.69
	29.74
	27.10

	
	Methane
	38.68
	34.51
	6.30
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Inner Dowsing
	Hydrogen
	0.00
	0.02
	44.22
	N/A
	N/A
	0.00
	0.13
	43.63
	N/A
	N/A

	
	Ammonia
	0.15
	1.37
	43.29
	15.35
	16.62
	0.00
	1.40
	43.11
	14.19
	25.89

	
	Methanol
	0.33
	3.46
	25.50
	22.14
	24.64
	0.33
	3.23
	24.56
	22.73
	24.39

	
	Methane
	30.77
	28.54
	16.21
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Kentish Flats
	Hydrogen
	0.00
	0.02
	34.75
	N/A
	N/A
	0.00
	0.12
	33.87
	N/A
	N/A

	
	Ammonia
	0.08
	0.77
	33.58
	9.35
	12.69
	0.00
	0.85
	33.38
	8.51
	18.56

	
	Methanol
	0.24
	1.91
	17.83
	14.10
	18.65
	0.00
	1.76
	17.02
	14.46
	18.35

	
	Methane
	20.48
	19.78
	2.64
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Kentish Flats 2
	Hydrogen
	0.00
	0.06
	48.03
	N/A
	N/A
	0.00
	0.34
	47.37
	N/A
	N/A

	
	Ammonia
	0.63
	3.40
	47.15
	19.65
	21.30
	0.00
	3.81
	47.00
	18.89
	27.19

	
	Methanol
	0.92
	5.49
	28.94
	28.51
	26.10
	0.86
	5.16
	27.84
	28.82
	25.65

	
	Methane
	36.47
	32.56
	14.68
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Kincardine
	Hydrogen
	0.04
	0.76
	58.93
	N/A
	N/A
	0.01
	1.97
	58.46
	N/A
	N/A

	
	Ammonia
	2.78
	20.33
	58.18
	38.95
	30.95
	0.00
	22.10
	58.06
	38.05
	35.62

	
	Methanol
	5.73
	21.48
	38.32
	41.96
	39.78
	5.81
	21.64
	36.95
	42.94
	38.95

	
	Methane
	48.63
	48.15
	6.97
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Levenmouth
	Hydrogen
	0.00
	0.08
	48.33
	N/A
	N/A
	0.00
	0.25
	47.70
	N/A
	N/A

	
	Ammonia
	0.50
	2.33
	47.41
	20.78
	19.34
	0.00
	2.72
	47.32
	19.00
	28.53

	
	Methanol
	0.81
	4.83
	29.46
	28.86
	25.48
	0.00
	4.80
	28.32
	29.38
	25.73

	
	Methane
	37.19
	33.00
	15.00
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	London Array
	Hydrogen
	0.00
	0.04
	53.04
	N/A
	N/A
	0.00
	0.29
	52.52
	N/A
	N/A

	
	Ammonia
	0.75
	3.73
	52.30
	22.60
	21.76
	0.00
	3.81
	52.11
	23.64
	31.63

	
	Methanol
	1.00
	6.07
	33.34
	33.19
	29.30
	1.02
	5.99
	32.08
	33.66
	30.00

	
	Methane
	42.88
	35.34
	16.86
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Lynn
	Hydrogen
	0.00
	0.02
	44.96
	N/A
	N/A
	0.00
	0.14
	44.38
	N/A
	N/A

	
	Ammonia
	0.18
	1.55
	44.04
	15.94
	17.05
	0.00
	1.61
	43.87
	14.89
	26.62

	
	Methanol
	0.46
	3.81
	26.15
	22.92
	25.35
	0.42
	3.33
	25.14
	23.43
	25.05

	
	Methane
	31.71
	29.43
	16.80
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Moray East
	Hydrogen
	0.00
	0.92
	53.78
	N/A
	N/A
	0.00
	2.62
	53.26
	N/A
	N/A

	
	Ammonia
	3.09
	21.99
	52.98
	33.46
	27.87
	0.00
	25.44
	52.86
	33.12
	31.86

	
	Methanol
	5.09
	23.75
	33.82
	35.97
	37.20
	5.54
	24.48
	32.66
	36.77
	37.74

	
	Methane
	42.50
	42.50
	32.76
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Moray West
	Hydrogen
	0.00
	0.05
	47.92
	N/A
	N/A
	0.00
	0.15
	47.30
	N/A
	N/A

	
	Ammonia
	0.28
	1.47
	47.10
	16.06
	20.69
	0.00
	1.56
	46.89
	15.96
	30.63

	
	Methanol
	0.30
	3.31
	29.05
	25.63
	25.12
	0.32
	3.02
	28.03
	26.33
	25.15

	
	Methane
	35.08
	31.98
	3.63
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Neart na Gaoithe
	Hydrogen
	0.00
	0.05
	47.27
	N/A
	N/A
	0.00
	0.15
	46.64
	N/A
	N/A

	
	Ammonia
	0.17
	1.17
	46.33
	17.15
	20.62
	0.00
	1.31
	46.19
	16.39
	30.31

	
	Methanol
	0.36
	3.52
	29.12
	27.08
	24.70
	0.32
	2.87
	27.46
	25.62
	24.77

	
	Methane
	34.17
	31.13
	18.56
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	North Hoyle
	Hydrogen
	0.00
	0.00
	36.04
	N/A
	N/A
	0.00
	0.10
	35.26
	N/A
	N/A

	
	Ammonia
	0.13
	1.02
	34.99
	10.47
	13.63
	0.00
	1.06
	34.79
	9.47
	20.03

	
	Methanol
	0.29
	2.28
	19.47
	15.98
	19.21
	0.27
	2.07
	18.63
	16.51
	19.06

	
	Methane
	22.75
	21.78
	12.72
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Ormonde
	Hydrogen
	0.00
	0.14
	47.85
	N/A
	N/A
	0.02
	0.41
	47.23
	N/A
	N/A

	
	Ammonia
	0.00
	2.53
	46.97
	21.09
	20.94
	0.00
	2.59
	46.80
	19.86
	28.10

	
	Methanol
	0.74
	5.03
	29.36
	28.71
	26.45
	0.00
	4.65
	28.17
	28.94
	27.01

	
	Methane
	37.48
	31.66
	15.94
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Race Bank
	Hydrogen
	0.04
	0.05
	57.35
	N/A
	N/A
	0.00
	0.36
	56.96
	N/A
	N/A

	
	Ammonia
	0.74
	5.94
	56.68
	31.60
	26.39
	0.00
	6.59
	56.55
	30.10
	33.63

	
	Methanol
	0.00
	8.21
	37.05
	39.68
	31.16
	1.48
	8.16
	35.64
	39.96
	31.46

	
	Methane
	47.70
	43.67
	17.93
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Race Bank (Phase 2)
	Hydrogen
	0.08
	0.09
	57.04
	N/A
	N/A
	0.00
	0.54
	56.64
	N/A
	N/A

	
	Ammonia
	1.08
	6.28
	56.40
	30.74
	25.67
	0.00
	6.76
	56.30
	29.61
	35.45

	
	Methanol
	1.65
	8.37
	36.84
	39.54
	30.94
	1.85
	8.19
	35.49
	40.14
	31.34

	
	Methane
	47.28
	43.45
	8.12
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Rampion (Hastings Zone)
	Hydrogen
	0.02
	0.18
	53.77
	N/A
	N/A
	0.00
	0.56
	53.21
	N/A
	N/A

	
	Ammonia
	0.57
	5.48
	53.00
	29.37
	25.35
	0.00
	6.23
	52.92
	27.45
	32.68

	
	Methanol
	1.44
	7.54
	34.26
	36.62
	28.87
	1.55
	7.35
	32.96
	37.12
	29.37

	
	Methane
	44.07
	39.87
	15.58
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Rhyl Flats
	Hydrogen
	0.00
	0.01
	36.09
	N/A
	N/A
	0.00
	0.20
	35.30
	N/A
	N/A

	
	Ammonia
	0.06
	0.75
	35.04
	11.11
	13.07
	0.00
	0.86
	34.84
	9.90
	19.37

	
	Methanol
	0.22
	2.46
	19.55
	16.42
	19.68
	0.19
	2.21
	18.62
	16.74
	19.73

	
	Methane
	23.42
	22.00
	3.74
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Robin Rigg East
	Hydrogen
	0.00
	0.09
	37.92
	N/A
	N/A
	0.00
	0.25
	37.08
	N/A
	N/A

	
	Ammonia
	0.16
	0.99
	36.82
	12.59
	14.84
	0.00
	1.10
	36.65
	11.11
	20.68

	
	Methanol
	0.22
	2.81
	20.96
	18.35
	20.60
	0.00
	2.72
	20.03
	18.63
	20.59

	
	Methane
	25.49
	23.79
	3.61
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Robin Rigg West
	Hydrogen
	0.00
	0.06
	38.02
	N/A
	N/A
	0.00
	0.18
	37.18
	N/A
	N/A

	
	Ammonia
	0.20
	1.16
	36.93
	11.72
	14.86
	0.00
	1.14
	36.72
	11.89
	21.09

	
	Methanol
	0.38
	3.04
	21.03
	18.39
	21.41
	0.33
	2.81
	20.17
	18.93
	21.14

	
	Methane
	25.48
	23.44
	13.43
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Scroby Sands
	Hydrogen
	0.00
	0.00
	42.04
	N/A
	N/A
	0.00
	0.12
	41.41
	N/A
	N/A

	
	Ammonia
	0.14
	1.28
	41.08
	12.92
	16.34
	0.00
	1.38
	40.92
	11.79
	24.27

	
	Methanol
	0.34
	2.89
	23.77
	20.05
	23.14
	0.27
	2.60
	22.88
	20.74
	22.74

	
	Methane
	28.15
	26.72
	15.53
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Seagreen Phase 1 (Alpha)
	Hydrogen
	0.00
	0.06
	44.91
	N/A
	N/A
	0.00
	0.18
	44.25
	N/A
	N/A

	
	Ammonia
	0.18
	1.14
	43.94
	15.53
	20.10
	0.00
	1.36
	43.84
	13.58
	28.01

	
	Methanol
	0.00
	2.93
	26.53
	22.80
	23.78
	0.00
	2.58
	25.55
	23.36
	23.77

	
	Methane
	31.59
	29.53
	17.61
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Sheringham Shoal
	Hydrogen
	0.01
	0.03
	50.73
	N/A
	N/A
	0.01
	0.28
	50.22
	N/A
	N/A

	
	Ammonia
	0.46
	2.87
	49.94
	22.47
	21.09
	0.00
	3.16
	49.86
	19.31
	29.87

	
	Methanol
	0.77
	5.23
	31.36
	30.21
	27.73
	0.59
	5.02
	30.22
	30.91
	28.34

	
	Methane
	39.88
	34.31
	17.32
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Sofia
	Hydrogen
	0.00
	0.06
	52.68
	N/A
	N/A
	0.00
	0.18
	52.19
	N/A
	N/A

	
	Ammonia
	0.33
	1.66
	51.87
	21.51
	26.13
	0.00
	1.99
	51.84
	18.45
	33.61

	
	Methanol
	0.46
	4.00
	32.94
	29.97
	27.72
	0.00
	3.80
	31.78
	30.90
	28.07

	
	Methane
	40.30
	35.33
	21.12
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Teeside
	Hydrogen
	0.00
	0.00
	46.28
	N/A
	N/A
	0.00
	0.23
	45.77
	N/A
	N/A

	
	Ammonia
	0.38
	2.46
	45.42
	18.84
	19.44
	0.00
	2.82
	45.24
	18.00
	27.14

	
	Methanol
	0.70
	4.76
	27.47
	25.80
	25.21
	0.71
	4.62
	26.43
	26.17
	25.55

	
	Methane
	34.12
	31.29
	15.51
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Thanet
	Hydrogen
	0.00
	0.05
	41.11
	N/A
	N/A
	0.00
	0.21
	40.36
	N/A
	N/A

	
	Ammonia
	0.00
	1.40
	40.08
	14.20
	16.38
	0.00
	1.58
	39.95
	12.26
	22.68

	
	Methanol
	0.33
	3.57
	23.22
	20.49
	23.64
	0.00
	3.21
	22.29
	20.68
	23.33

	
	Methane
	28.19
	26.01
	14.66
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Triton Knoll
	Hydrogen
	0.00
	0.66
	57.53
	N/A
	N/A
	0.00
	1.71
	57.02
	N/A
	N/A

	
	Ammonia
	3.63
	20.55
	56.93
	38.90
	29.86
	0.00
	22.55
	56.81
	38.00
	33.35

	
	Methanol
	6.24
	24.14
	37.15
	41.44
	38.87
	0.00
	24.26
	35.76
	41.62
	38.72

	
	Methane
	46.81
	46.84
	32.38
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Walney 1
	Hydrogen
	0.00
	0.04
	49.79
	N/A
	N/A
	0.00
	0.24
	49.28
	N/A
	N/A

	
	Ammonia
	0.38
	2.76
	49.05
	21.02
	21.90
	0.00
	2.98
	48.85
	21.15
	29.41

	
	Methanol
	0.00
	5.62
	31.01
	30.74
	28.14
	0.60
	5.25
	29.84
	30.95
	28.17

	
	Methane
	39.78
	33.17
	12.06
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Walney 2
	Hydrogen
	0.00
	0.12
	54.27
	N/A
	N/A
	0.00
	0.36
	53.79
	N/A
	N/A

	
	Ammonia
	0.39
	3.23
	53.58
	24.97
	25.34
	0.00
	3.50
	53.40
	25.55
	32.38

	
	Methanol
	0.00
	6.40
	34.75
	35.98
	30.19
	0.80
	6.07
	33.50
	36.20
	30.86

	
	Methane
	45.51
	36.11
	15.30
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Walney 3
	Hydrogen
	0.08
	0.23
	56.89
	N/A
	N/A
	0.00
	0.78
	56.40
	N/A
	N/A

	
	Ammonia
	1.41
	7.58
	56.15
	34.20
	28.89
	0.00
	9.04
	56.08
	31.58
	35.08

	
	Methanol
	1.78
	9.78
	36.96
	40.82
	31.36
	2.09
	9.73
	35.53
	41.22
	31.86

	
	Methane
	47.77
	43.94
	8.11
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	West of Duddon Sands
	Hydrogen
	0.01
	0.11
	56.71
	N/A
	N/A
	0.00
	0.35
	56.27
	N/A
	N/A

	
	Ammonia
	0.74
	4.44
	56.10
	27.38
	24.61
	0.00
	4.69
	55.89
	28.52
	32.56

	
	Methanol
	1.30
	7.29
	36.91
	39.76
	30.12
	1.44
	7.14
	35.48
	39.87
	30.57

	
	Methane
	48.63
	38.69
	16.29
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Westermost Rough A
	Hydrogen
	0.00
	0.00
	56.28
	N/A
	N/A
	0.00
	0.40
	55.87
	N/A
	N/A

	
	Ammonia
	0.65
	4.37
	55.70
	26.71
	26.06
	0.00
	4.61
	55.45
	27.41
	33.74

	
	Methanol
	1.15
	7.15
	36.18
	37.59
	29.71
	1.18
	6.87
	34.78
	38.02
	30.18

	
	Methane
	46.74
	40.57
	17.93
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A




[bookmark: _Toc192495160]Table C50: % of time units were generating products for all four fuels at the 59 wind farms. 

	Name
	Fuel
	Version 1 %
	Version 2 %

	
	
	Total
	E unit
	RO
	T unit
	D unit
	Total
	E unit
	RO
	T unit
	D unit

	Beatrice
	Hydrogen
	50.84
	91.72
	56.55
	N/A
	N/A
	44.01
	82.00
	56.05
	N/A
	N/A

	
	Ammonia
	40.06
	87.24
	55.85
	62.98
	69.68
	39.46
	80.33
	55.72
	62.88
	68.40

	
	Methanol
	31.92
	85.32
	36.59
	66.21
	75.52
	30.74
	78.44
	35.23
	65.51
	74.84

	
	Methane
	43.76
	47.14
	45.19
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Beatrice Demonstrator
	Hydrogen
	46.68
	91.33
	51.61
	N/A
	N/A
	38.87
	81.40
	51.06
	N/A
	N/A

	
	Ammonia
	34.10
	87.07
	50.81
	59.85
	66.99
	33.62
	79.58
	50.66
	59.76
	65.09

	
	Methanol
	27.65
	84.86
	32.23
	62.78
	73.45
	26.97
	77.49
	31.03
	61.88
	72.78

	
	Methane
	37.30
	41.18
	37.69
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Blyth
	Hydrogen
	18.23
	67.80
	24.22
	N/A
	N/A
	12.25
	53.54
	23.43
	N/A
	N/A

	
	Ammonia
	10.80
	61.65
	23.23
	30.71
	33.51
	10.87
	51.48
	23.03
	30.38
	32.03

	
	Methanol
	9.60
	58.05
	11.60
	35.46
	45.49
	9.50
	47.81
	10.99
	34.49
	44.13

	
	Methane
	11.58
	13.10
	11.66
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Blyth Test Site
	Hydrogen
	47.47
	89.86
	49.84
	N/A
	N/A
	37.87
	80.54
	49.34
	N/A
	N/A

	
	Ammonia
	31.83
	86.57
	49.00
	57.35
	63.91
	31.86
	78.46
	48.85
	57.22
	62.24

	
	Methanol
	26.61
	84.01
	30.52
	61.98
	72.95
	26.01
	76.21
	29.27
	61.05
	72.30

	
	Methane
	35.64
	38.55
	36.30
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Burbo Bank
	Hydrogen
	34.26
	85.90
	39.22
	N/A
	N/A
	25.36
	73.48
	38.54
	N/A
	N/A

	
	Ammonia
	21.60
	81.16
	38.23
	47.67
	52.94
	21.43
	71.15
	38.06
	47.58
	50.79

	
	Methanol
	18.46
	77.94
	21.84
	52.51
	64.25
	18.07
	68.17
	20.94
	51.52
	63.21

	
	Methane
	23.59
	26.34
	23.78
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Burbo Bank Extension
	Hydrogen
	43.87
	87.81
	46.61
	N/A
	N/A
	33.77
	77.06
	46.05
	N/A
	N/A

	
	Ammonia
	29.77
	83.97
	45.77
	53.98
	60.27
	29.51
	74.96
	45.62
	53.88
	58.37

	
	Methanol
	24.22
	81.09
	28.23
	58.48
	69.26
	23.95
	72.52
	27.04
	57.58
	68.43

	
	Methane
	32.63
	35.55
	33.44
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Centrica
	Hydrogen
	51.43
	92.65
	54.94
	N/A
	N/A
	43.00
	84.16
	54.47
	N/A
	N/A

	
	Ammonia
	37.76
	89.52
	54.23
	62.76
	70.19
	37.23
	82.32
	54.17
	63.14
	68.16

	
	Methanol
	30.46
	87.29
	34.90
	65.95
	76.99
	29.52
	80.55
	33.65
	65.05
	75.88

	
	Methane
	42.23
	45.95
	42.78
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Dogger Bank A & B
	Hydrogen
	49.34
	92.49
	54.17
	N/A
	N/A
	42.88
	84.19
	53.70
	N/A
	N/A

	
	Ammonia
	36.94
	88.86
	53.53
	63.84
	70.32
	34.56
	82.50
	53.26
	62.98
	68.28

	
	Methanol
	30.34
	86.95
	34.47
	65.04
	77.30
	29.54
	80.90
	33.22
	64.26
	76.71

	
	Methane
	38.06
	42.81
	38.28
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Dogger Bank C
	Hydrogen
	47.40
	92.67
	52.34
	N/A
	N/A
	40.77
	83.75
	51.84
	N/A
	N/A

	
	Ammonia
	34.30
	88.71
	51.61
	62.07
	68.54
	33.26
	81.95
	51.41
	61.71
	66.63

	
	Methanol
	28.77
	86.62
	32.70
	63.83
	76.53
	28.06
	80.12
	31.53
	62.99
	75.79

	
	Methane
	35.78
	40.38
	36.04
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Dudgeon East
	Hydrogen
	58.76
	92.25
	58.76
	N/A
	N/A
	48.13
	85.37
	58.38
	N/A
	N/A

	
	Ammonia
	42.56
	90.04
	58.11
	65.44
	73.13
	42.02
	83.45
	57.98
	65.21
	71.40

	
	Methanol
	33.68
	88.21
	38.24
	69.17
	78.73
	32.76
	82.16
	36.84
	68.23
	78.25

	
	Methane
	46.53
	49.92
	47.50
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	East Anglia 1
	Hydrogen
	50.87
	93.51
	55.54
	N/A
	N/A
	42.55
	83.30
	54.97
	N/A
	N/A

	
	Ammonia
	38.28
	89.06
	54.79
	62.18
	68.44
	38.25
	81.56
	54.67
	62.03
	66.96

	
	Methanol
	30.04
	86.94
	35.71
	65.53
	75.41
	29.66
	79.22
	33.96
	65.53
	75.53

	
	Methane
	42.08
	44.93
	43.07
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	East Anglia 4
	Hydrogen
	47.23
	92.82
	52.17
	N/A
	N/A
	39.99
	83.72
	51.66
	N/A
	N/A

	
	Ammonia
	33.62
	88.90
	51.35
	61.44
	68.54
	33.10
	81.82
	51.23
	61.47
	66.44

	
	Methanol
	28.62
	86.80
	32.56
	63.74
	76.39
	27.87
	79.92
	31.37
	62.76
	75.51

	
	Methane
	35.66
	40.25
	35.89
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	East Anglia 2
	Hydrogen
	48.35
	93.13
	53.09
	N/A
	N/A
	41.23
	84.53
	52.60
	N/A
	N/A

	
	Ammonia
	34.89
	89.45
	52.34
	62.70
	69.51
	34.01
	82.69
	52.17
	62.52
	67.55

	
	Methanol
	29.25
	87.50
	33.30
	64.61
	77.28
	28.48
	80.90
	32.12
	63.55
	76.51

	
	Methane
	36.51
	41.26
	36.77
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	East Anglia 3
	Hydrogen
	43.28
	91.97
	49.07
	N/A
	N/A
	36.03
	81.69
	48.49
	N/A
	N/A

	
	Ammonia
	30.20
	87.45
	48.17
	58.43
	64.62
	29.79
	79.67
	48.09
	58.59
	62.66

	
	Methanol
	26.10
	85.07
	29.81
	61.28
	74.03
	25.47
	77.53
	28.76
	60.27
	73.04

	
	Methane
	32.26
	36.57
	32.51
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	EOWDC
	Hydrogen
	49.65
	89.84
	51.57
	N/A
	N/A
	39.55
	80.96
	51.14
	N/A
	N/A

	
	Ammonia
	34.36
	86.64
	50.84
	58.89
	65.70
	33.99
	78.95
	50.65
	58.63
	63.95

	
	Methanol
	27.65
	84.25
	32.11
	63.22
	73.64
	27.18
	76.88
	30.84
	62.36
	72.94

	
	Methane
	37.35
	40.69
	38.54
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Galloper
	Hydrogen
	57.11
	91.53
	57.11
	N/A
	N/A
	46.10
	83.84
	56.69
	N/A
	N/A

	
	Ammonia
	41.19
	88.84
	56.49
	63.82
	70.69
	40.40
	81.86
	56.29
	63.39
	69.12

	
	Methanol
	32.42
	86.88
	36.89
	67.60
	77.18
	31.56
	80.21
	35.58
	66.54
	76.25

	
	Methane
	44.96
	48.05
	45.97
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Greater Gabbard
	Hydrogen
	44.81
	89.91
	48.68
	N/A
	N/A
	35.38
	79.92
	48.12
	N/A
	N/A

	
	Ammonia
	31.52
	86.31
	47.93
	57.09
	63.29
	31.15
	77.73
	47.75
	56.94
	61.19

	
	Methanol
	25.62
	83.57
	29.67
	60.66
	71.82
	24.85
	75.50
	28.51
	59.66
	70.62

	
	Methane
	35.11
	38.39
	35.53
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Gunfleet Sands Demo Extension
	Hydrogen
	31.85
	89.15
	39.82
	N/A
	N/A
	24.78
	74.79
	39.01
	N/A
	N/A

	
	Ammonia
	22.06
	82.53
	38.75
	48.27
	53.11
	22.14
	72.56
	38.56
	47.99
	51.34

	
	Methanol
	18.84
	79.12
	21.97
	53.30
	65.84
	18.42
	69.00
	21.02
	52.16
	64.43

	
	Methane
	24.70
	27.06
	24.84
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Gunfleet Sands II
	Hydrogen
	38.63
	88.78
	43.09
	N/A
	N/A
	29.21
	77.74
	42.48
	N/A
	N/A

	
	Ammonia
	25.02
	84.74
	42.15
	51.94
	57.83
	24.48
	75.44
	41.96
	51.62
	55.61

	
	Methanol
	20.95
	81.79
	24.71
	56.53
	68.54
	20.63
	72.76
	23.75
	55.47
	67.51

	
	Methane
	27.24
	30.28
	27.48
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Gunfleet Sands
	Hydrogen
	38.73
	88.85
	43.16
	N/A
	N/A
	29.33
	77.84
	42.55
	N/A
	N/A

	
	Ammonia
	24.90
	84.82
	42.22
	52.03
	57.89
	24.84
	75.46
	42.08
	52.08
	55.75

	
	Methanol
	20.70
	81.85
	25.32
	55.59
	67.57
	20.56
	72.77
	23.74
	55.51
	67.64

	
	Methane
	27.29
	30.36
	27.53
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Gwynt y Mor
	Hydrogen
	40.90
	87.77
	44.83
	N/A
	N/A
	31.67
	76.33
	44.23
	N/A
	N/A

	
	Ammonia
	27.92
	83.63
	43.95
	52.32
	58.37
	27.75
	74.04
	43.74
	51.99
	56.55

	
	Methanol
	23.26
	80.44
	26.71
	56.97
	68.42
	22.79
	71.52
	26.06
	55.34
	66.62

	
	Methane
	31.30
	33.95
	31.75
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Hornsea 1
	Hydrogen
	53.24
	92.63
	58.11
	N/A
	N/A
	46.11
	83.70
	57.61
	N/A
	N/A

	
	Ammonia
	41.71
	88.74
	57.45
	64.57
	71.05
	41.22
	81.92
	57.30
	64.26
	69.98

	
	Methanol
	33.20
	86.75
	37.76
	67.97
	77.44
	32.20
	80.24
	36.37
	67.23
	76.61

	
	Methane
	45.02
	48.47
	46.56
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Hornsea 3
	Hydrogen
	47.47
	92.44
	52.69
	N/A
	N/A
	40.58
	83.59
	52.19
	N/A
	N/A

	
	Ammonia
	34.46
	88.55
	51.89
	61.91
	69.01
	33.06
	81.81
	51.74
	61.63
	66.84

	
	Methanol
	29.00
	86.61
	33.10
	63.97
	76.39
	28.29
	80.07
	31.92
	63.11
	75.67

	
	Methane
	36.40
	41.06
	36.64
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Humber Gateway A
	Hydrogen
	50.01
	93.15
	54.60
	N/A
	N/A
	42.12
	83.89
	54.09
	N/A
	N/A

	
	Ammonia
	36.98
	89.23
	53.86
	62.21
	69.35
	36.48
	82.03
	53.69
	61.95
	67.55

	
	Methanol
	30.32
	87.18
	34.52
	65.79
	76.86
	29.69
	79.98
	33.24
	64.85
	76.15

	
	Methane
	41.76
	45.36
	42.55
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Hywind Demonstrator
	Hydrogen
	59.99
	91.16
	59.99
	N/A
	N/A
	49.61
	84.61
	59.67
	N/A
	N/A

	
	Ammonia
	44.97
	89.07
	59.41
	66.28
	73.99
	44.33
	82.89
	59.36
	66.62
	72.44

	
	Methanol
	34.85
	87.27
	39.64
	69.50
	78.71
	34.13
	81.66
	38.18
	68.74
	78.02

	
	Methane
	48.88
	51.97
	49.66
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Inch Cape
	Hydrogen
	45.26
	91.85
	50.98
	N/A
	N/A
	38.49
	81.96
	50.43
	N/A
	N/A

	
	Ammonia
	32.89
	87.40
	50.13
	60.17
	67.26
	32.40
	80.13
	50.11
	60.67
	64.72

	
	Methanol
	27.75
	85.26
	31.79
	62.17
	74.60
	27.04
	78.27
	30.69
	61.27
	73.79

	
	Methane
	34.80
	39.25
	34.96
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Inner Dowsing
	Hydrogen
	39.85
	89.56
	44.22
	N/A
	N/A
	30.57
	79.02
	43.63
	N/A
	N/A

	
	Ammonia
	25.46
	85.76
	43.29
	53.29
	59.53
	25.11
	76.74
	43.11
	53.11
	57.37

	
	Methanol
	21.79
	82.75
	25.50
	57.80
	70.00
	21.38
	74.09
	24.56
	56.55
	68.93

	
	Methane
	27.93
	31.27
	28.25
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Kentish Flats
	Hydrogen
	27.38
	86.87
	34.75
	N/A
	N/A
	19.86
	71.11
	33.87
	N/A
	N/A

	
	Ammonia
	16.96
	79.81
	33.58
	43.39
	47.61
	17.01
	68.77
	33.38
	43.11
	45.70

	
	Methanol
	15.20
	75.91
	17.83
	48.85
	61.53
	14.89
	64.76
	17.02
	47.66
	60.21

	
	Methane
	18.27
	20.67
	18.42
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Kentish Flats 2
	Hydrogen
	42.37
	91.25
	48.03
	N/A
	N/A
	34.05
	79.48
	47.37
	N/A
	N/A

	
	Ammonia
	30.16
	85.97
	47.15
	55.95
	61.44
	30.07
	77.57
	47.00
	55.82
	60.18

	
	Methanol
	25.32
	83.34
	28.94
	60.11
	71.77
	24.86
	75.00
	27.84
	59.34
	70.97

	
	Methane
	34.16
	37.12
	34.66
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Kincardine
	Hydrogen
	53.52
	92.16
	58.93
	N/A
	N/A
	47.71
	84.04
	58.46
	N/A
	N/A

	
	Ammonia
	39.01
	88.58
	58.18
	65.22
	71.26
	38.47
	82.40
	58.06
	65.02
	69.72

	
	Methanol
	31.35
	86.96
	38.32
	68.81
	77.98
	30.67
	81.13
	36.95
	68.02
	77.27

	
	Methane
	43.06
	48.65
	46.65
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Levenmouth
	Hydrogen
	42.61
	90.25
	48.33
	N/A
	N/A
	35.65
	79.08
	47.70
	N/A
	N/A

	
	Ammonia
	30.78
	85.29
	47.41
	56.17
	62.63
	30.53
	77.22
	47.32
	56.25
	60.77

	
	Methanol
	25.85
	82.79
	29.46
	59.98
	71.53
	25.16
	74.80
	28.32
	59.14
	70.50

	
	Methane
	34.97
	38.02
	35.36
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	London Array
	Hydrogen
	49.04
	91.70
	53.04
	N/A
	N/A
	40.35
	82.46
	52.52
	N/A
	N/A

	
	Ammonia
	35.84
	88.16
	52.30
	60.87
	67.85
	34.98
	80.56
	52.11
	60.50
	65.83

	
	Methanol
	29.12
	85.84
	33.34
	64.27
	75.05
	28.17
	78.66
	32.08
	63.42
	74.03

	
	Methane
	40.29
	43.86
	40.79
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Lynn
	Hydrogen
	40.77
	89.73
	44.96
	N/A
	N/A
	31.29
	79.37
	44.38
	N/A
	N/A

	
	Ammonia
	26.15
	85.94
	44.04
	53.98
	60.31
	25.90
	77.08
	43.87
	53.79
	58.07

	
	Methanol
	22.36
	83.14
	26.15
	58.37
	70.47
	21.89
	74.53
	25.14
	57.19
	69.46

	
	Methane
	28.77
	32.16
	29.10
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Moray East
	Hydrogen
	47.76
	92.28
	53.78
	N/A
	N/A
	40.94
	81.88
	53.26
	N/A
	N/A

	
	Ammonia
	32.88
	87.71
	52.98
	60.76
	65.73
	31.09
	80.41
	52.86
	60.55
	64.14

	
	Methanol
	25.88
	85.16
	33.82
	64.74
	74.45
	24.99
	77.85
	32.66
	63.64
	73.64

	
	Methane
	35.76
	42.52
	40.52
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Moray West
	Hydrogen
	41.96
	91.23
	47.92
	N/A
	N/A
	34.84
	80.17
	47.30
	N/A
	N/A

	
	Ammonia
	29.70
	86.17
	47.10
	57.66
	63.58
	28.57
	78.28
	46.89
	57.26
	61.27

	
	Methanol
	25.29
	83.78
	29.05
	59.85
	72.42
	24.74
	76.03
	28.03
	58.90
	71.58

	
	Methane
	31.40
	35.50
	31.57
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Neart na Gaoithe
	Hydrogen
	41.11
	91.08
	47.27
	N/A
	N/A
	34.36
	79.85
	46.64
	N/A
	N/A

	
	Ammonia
	28.67
	85.97
	46.33
	56.67
	63.02
	27.95
	77.95
	46.19
	56.52
	60.66

	
	Methanol
	24.59
	83.55
	29.12
	58.27
	71.15
	24.31
	75.63
	27.46
	58.30
	71.21

	
	Methane
	30.57
	34.65
	30.70
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	North Hoyle
	Hydrogen
	30.87
	84.67
	36.04
	N/A
	N/A
	22.09
	70.57
	35.26
	N/A
	N/A

	
	Ammonia
	18.68
	79.13
	34.99
	44.51
	49.11
	18.72
	68.13
	34.79
	44.31
	46.99

	
	Methanol
	16.48
	75.55
	19.47
	49.20
	61.29
	16.20
	64.80
	18.63
	48.27
	60.07

	
	Methane
	20.35
	22.94
	20.52
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Ormonde
	Hydrogen
	42.06
	88.71
	47.85
	N/A
	N/A
	34.77
	77.53
	47.23
	N/A
	N/A

	
	Ammonia
	30.88
	83.99
	46.97
	55.35
	61.97
	30.48
	75.55
	46.80
	55.11
	59.86

	
	Methanol
	25.32
	81.36
	29.36
	58.99
	69.55
	24.72
	73.16
	28.17
	58.22
	68.56

	
	Methane
	35.04
	38.22
	35.49
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Race Bank
	Hydrogen
	57.35
	92.05
	57.35
	N/A
	N/A
	46.45
	84.77
	56.96
	N/A
	N/A

	
	Ammonia
	40.75
	89.68
	56.68
	64.26
	71.70
	40.07
	82.90
	56.55
	64.09
	69.81

	
	Methanol
	32.52
	87.65
	37.05
	67.98
	78.07
	31.69
	81.39
	35.64
	67.06
	77.50

	
	Methane
	44.74
	48.12
	45.72
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Race Bank (Phase 2)
	Hydrogen
	57.04
	91.74
	57.04
	N/A
	N/A
	45.95
	84.37
	56.64
	N/A
	N/A

	
	Ammonia
	40.24
	89.35
	56.40
	63.89
	71.08
	40.20
	82.43
	56.30
	64.09
	69.39

	
	Methanol
	32.16
	87.15
	36.84
	67.66
	77.48
	31.45
	80.99
	35.49
	66.66
	76.82

	
	Methane
	44.35
	47.70
	45.35
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Rampion (Hastings Zone)
	Hydrogen
	47.88
	90.85
	53.77
	N/A
	N/A
	40.56
	80.76
	53.21
	N/A
	N/A

	
	Ammonia
	36.98
	86.26
	53.00
	60.36
	67.09
	37.14
	79.04
	52.92
	60.47
	65.53

	
	Methanol
	30.22
	84.15
	34.26
	64.08
	73.98
	29.43
	76.93
	32.96
	63.26
	73.18

	
	Methane
	41.35
	44.47
	42.31
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Rhyl Flats
	Hydrogen
	30.96
	84.37
	36.09
	N/A
	N/A
	21.88
	70.05
	35.30
	N/A
	N/A

	
	Ammonia
	19.26
	78.86
	35.04
	44.10
	49.08
	19.34
	67.58
	34.84
	43.90
	47.01

	
	Methanol
	16.43
	75.11
	19.55
	49.13
	60.56
	16.15
	64.11
	18.62
	48.30
	59.30

	
	Methane
	21.44
	23.71
	21.57
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Robin Rigg East
	Hydrogen
	31.12
	85.92
	37.92
	N/A
	N/A
	23.25
	71.00
	37.08
	N/A
	N/A

	
	Ammonia
	21.06
	79.26
	36.82
	45.77
	51.01
	21.15
	68.77
	36.65
	45.57
	49.01

	
	Methanol
	17.78
	75.68
	20.96
	50.58
	62.03
	17.33
	65.20
	20.03
	49.58
	60.59

	
	Methane
	23.47
	25.83
	23.63
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Robin Rigg West
	Hydrogen
	31.32
	86.07
	38.02
	N/A
	N/A
	23.42
	71.21
	37.18
	N/A
	N/A

	
	Ammonia
	20.85
	79.33
	36.93
	45.98
	51.14
	20.99
	68.97
	36.72
	45.61
	49.30

	
	Methanol
	17.83
	76.02
	21.03
	50.70
	62.03
	17.40
	65.53
	20.17
	49.72
	60.77

	
	Methane
	23.23
	25.80
	23.48
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Scroby Sands
	Hydrogen
	37.66
	88.94
	42.04
	N/A
	N/A
	28.39
	77.68
	41.41
	N/A
	N/A

	
	Ammonia
	23.39
	84.78
	41.08
	51.38
	56.96
	23.00
	75.33
	40.92
	51.31
	54.59

	
	Methanol
	20.36
	81.69
	23.77
	55.84
	68.65
	19.97
	72.51
	22.88
	54.67
	67.54

	
	Methane
	25.24
	28.41
	25.50
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Seagreen Phase 1 (Alpha)
	Hydrogen
	37.82
	89.67
	44.91
	N/A
	N/A
	31.22
	77.96
	44.25
	N/A
	N/A

	
	Ammonia
	26.12
	84.20
	43.94
	54.27
	60.35
	25.54
	76.06
	43.84
	54.32
	57.88

	
	Methanol
	23.03
	81.71
	26.53
	57.29
	70.06
	22.51
	73.61
	25.55
	56.32
	69.08

	
	Methane
	28.13
	31.91
	28.28
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Sheringham Shoal
	Hydrogen
	47.38
	90.51
	50.73
	N/A
	N/A
	38.00
	81.38
	50.22
	N/A
	N/A

	
	Ammonia
	33.23
	87.28
	49.94
	58.78
	65.78
	33.00
	79.30
	49.86
	59.11
	63.50

	
	Methanol
	27.35
	84.69
	31.36
	62.55
	73.68
	26.48
	77.37
	30.22
	61.55
	72.60

	
	Methane
	37.28
	40.71
	37.70
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Sofia
	Hydrogen
	47.86
	92.76
	52.68
	N/A
	N/A
	41.23
	83.97
	52.19
	N/A
	N/A

	
	Ammonia
	34.60
	88.86
	51.87
	62.05
	68.87
	33.74
	82.16
	51.84
	62.38
	66.70

	
	Methanol
	28.98
	86.84
	32.94
	64.27
	76.77
	28.29
	80.35
	31.78
	63.32
	76.04

	
	Methane
	36.17
	40.80
	36.41
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Teeside
	Hydrogen
	45.46
	89.18
	46.28
	N/A
	N/A
	33.80
	79.27
	45.77
	N/A
	N/A

	
	Ammonia
	28.30
	85.57
	45.42
	54.62
	60.72
	27.86
	77.04
	45.24
	54.36
	58.68

	
	Methanol
	23.96
	82.83
	27.47
	59.24
	71.30
	23.33
	74.73
	26.43
	58.24
	70.09

	
	Methane
	31.72
	34.71
	32.13
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Thanet
	Hydrogen
	34.35
	88.33
	41.11
	N/A
	N/A
	26.43
	74.94
	40.36
	N/A
	N/A

	
	Ammonia
	23.16
	82.38
	40.08
	49.50
	54.95
	23.08
	72.79
	39.95
	49.52
	52.73

	
	Methanol
	19.72
	79.22
	23.22
	54.12
	65.88
	19.31
	69.70
	22.29
	53.18
	64.59

	
	Methane
	25.91
	28.70
	26.18
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Triton Knoll
	Hydrogen
	52.50
	93.01
	57.53
	N/A
	N/A
	45.26
	83.97
	57.02
	N/A
	N/A

	
	Ammonia
	38.91
	89.11
	56.93
	63.91
	69.31
	38.11
	82.50
	56.81
	63.76
	67.88

	
	Methanol
	30.51
	87.28
	37.15
	67.85
	77.20
	29.78
	80.32
	35.76
	67.01
	76.68

	
	Methane
	41.18
	46.81
	45.03
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Walney 1
	Hydrogen
	45.83
	88.24
	49.79
	N/A
	N/A
	37.53
	78.82
	49.28
	N/A
	N/A

	
	Ammonia
	33.65
	84.79
	49.05
	57.39
	64.21
	32.70
	76.81
	48.85
	57.13
	62.17

	
	Methanol
	26.84
	82.28
	31.01
	60.85
	70.93
	26.07
	74.80
	29.84
	60.02
	69.91

	
	Methane
	37.26
	40.54
	37.61
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Walney 2
	Hydrogen
	49.87
	90.22
	54.27
	N/A
	N/A
	42.54
	81.55
	53.79
	N/A
	N/A

	
	Ammonia
	38.32
	86.92
	53.58
	61.50
	68.60
	37.55
	79.72
	53.40
	61.23
	66.84

	
	Methanol
	30.30
	84.73
	34.75
	64.49
	74.35
	29.32
	77.95
	33.50
	63.72
	73.27

	
	Methane
	42.69
	46.37
	43.32
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Walney 3
	Hydrogen
	51.51
	91.36
	56.89
	N/A
	N/A
	45.05
	82.06
	56.40
	N/A
	N/A

	
	Ammonia
	40.87
	87.09
	56.15
	62.95
	69.74
	40.88
	80.35
	56.08
	63.07
	68.50

	
	Methanol
	32.23
	85.23
	36.96
	66.49
	75.56
	31.34
	78.58
	35.53
	65.91
	75.04

	
	Methane
	44.98
	48.08
	46.07
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	West of Duddon Sands
	Hydrogen
	52.70
	90.85
	56.71
	N/A
	N/A
	45.33
	82.62
	56.27
	N/A
	N/A

	
	Ammonia
	41.41
	87.79
	56.10
	63.55
	70.43
	40.87
	80.85
	55.89
	63.21
	69.11

	
	Methanol
	32.70
	85.66
	36.91
	66.41
	76.27
	31.73
	79.18
	35.48
	65.73
	75.56

	
	Methane
	46.15
	49.52
	46.67
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A

	Westermost Rough A
	Hydrogen
	56.22
	91.98
	56.28
	N/A
	N/A
	44.93
	84.41
	55.87
	N/A
	N/A

	
	Ammonia
	39.78
	89.40
	55.70
	64.19
	71.10
	38.57
	82.48
	55.45
	63.47
	69.20

	
	Methanol
	31.82
	87.46
	36.18
	67.07
	77.64
	30.87
	81.03
	34.78
	66.22
	77.09

	
	Methane
	44.07
	47.63
	44.76
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
	N/A
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