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A B S T R A C T   

As the offshore energy landscape transitions to renewable energy useful decommissioned or abandoned oil and 
gas infrastructure can be repurposed in the context of the circular economy. Oil and gas platforms, for example, 
offer opportunity for hydrogen (H2) production by desalination and electrolysis of sea water using offshore wind 
power. However, as H2 storage and transport may prove challenging this study proposes to react this H2 with the 
carbon dioxide (CO2) stored in depleted reservoirs. Thus, producing a more transportable energy carriers like 
methane or methanol in the reservoir. This paper presents a novel thermodynamic analysis of the Goldeneye 
reservoir in the North Sea in Aspen Plus. For Goldeneye, which can store 30 Mt of CO2 at full capacity, if 
connected to a 4.45 GW wind farm, it has the potential to produce 2.10 Mt of methane annually and abate 4.51 
Mt of CO2 from wind energy in the grid.   

1. Introduction 

Renewable energy sources are rapidly displacing greenhouse gas 
emitting fossil fuels (International Energy Agency, 2020a). Between 
2010 and 2019 alone, 4.19 billion tonnes of carbon dioxide (CO2) were 
abated in the power sector by transitioning to renewables (International 
Energy Agency, 2020b). In tandem and as a result of global greenhouse 
gas emissions reduction targets linked to the Paris Agreement (United 
Nations, 2015) the oil and gas industry is expected to decline, in both 
demand (Deloitte, 2020) and capital expenditure (The Institute for En-
ergy Economics and Financial Analysis, 2020). This has already been 
seen by the devaluation and divestment of assets of many oil and gas 
companies to renewables. Shell announced in February 2021 that oil 
production is in decline (Shell Global, 2021) and Equinor, formerly 
Statoil, has invested up to $10bn in renewables (Rystad Energy, 2020), 
leaving the Independent Petroleum Association of America (IPAA) in 
April 2020 (Reuters, 2020). Some oil and gas companies are taking a 
different approach and are considering the repurposing of some of their 
assets in an attempt to remain agile during a time of uncertainty and 
volatilities of Brent prices (Petronas, 2020). 

While these changes happen in the oil and gas industry, renewables 
continue to grow. Offshore wind is one such renewable energy source 
with up to 25.1 GW of installed capacity predicted by 2022 (Interna-
tional Energy Agency, 2020c). At the same time the oil and gas 
decommissioning industry is growing, costing the UK sector approxi-
mately £1.1 billion in 2020 (Oil & Gas UK, 2020). A more suitable option 
would be to retrofit offshore platforms and reservoirs to facilitate the oil 
and gas industry in transitioning to the green economy by realising a 
new value to their assets. This will eliminate engineering, energy and 
environmental decommissioning costs, prolonging the life of the plat-
forms. Additionally, this route will provide an avenue to avoid addi-
tional carbon emissions as well as potentially provide fiscal savings 
through carbon taxation, emission trading schemes and incentives in 
place. 

It is feasible to produce green hydrogen (H2) via electrolysis of 
seawater using renewable sources like offshore wind (Dresp et al., 
2019), with offshore resources being critical in sustainable development 
due to their abundant, and mostly unused potential (IRENA, 2020). 
Additionally, this feeds into the power-to-gas narrative which can assist 
in the balancing of fluctuating renewable power sources, with Götz et al. 
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providing a review on the technologies, applications and economics of 
this type of process chain (Götz et al., 2016). 

There are projects currently underway which are investigating the 
production of green H2 on retrofitted offshore platforms. These include 
the use of wind amongst other renewable energy resources to produce 
green H2 from an electrolysis stage, however offshore wind is the focus 
of this study. 

Neptune energy have built the world’s first pilot offshore green H2 
plant, PosHYdon, with the integration of wind, gas and H2, using 
seawater in the Dutch North Sea (Neptune Energy, 2019). Through this 
project experience will be gained in the integration of different systems 
at sea and for future improvements and advancements. The Hydrogen 
Offshore Production (HOP) project has also highlighted the use of 
platforms for green H2 production, and the potential of the oil and gas 
industry in the energy transition to produce H2 (Offshore Wind Industry 
Council and Catapult, 2020). This links in with the need for decom-
missioning of approximately 600 installations which could be reused, 
however highlighting that oil and gas platforms are not always electri-
cally interconnected or may be far from wind farms. Thus this type of 
project needs to be developed case by case (Pearson et al., 2019). Trials 
for HOP will be completed at the Flotta Terminal in Orkney, with an 
industrial H2 hub planned, with construction costs at approximately 
£6.3 million (The Oil & Gas Technology Centre, 2019). 

Sedlar et al. have further highlighted the benefits of avoiding 
decommissioning of offshore infrastructure and prolonging the life of 
the platforms, with a study in the North Adriatic. As well as investigating 
green H2 production with offshore wind, the study also discusses 
methane and ammonia synthesis, artificial reef development and biofuel 
production from algae (Sedlar et al., 2019). 

The H2 made could then be transported via existing pipelines and 
infrastructure to be used as part of a H2 economy (Panfilov, 2016). 
However, this H2 could also be further utilised through combination 
with CO2 in the natural environment of carbon capture, utilisation and 
storage (CCUS) sites, which were formerly oil and gas reservoirs to 
generate methane and methanol through methanation and hydrogena-
tion, respectively. This would produce more transportable energy car-
riers in the natural conditions of the reservoir. Through the process of 
enhanced oil recovery (EOR) CO2 is injected into a reservoir to improve 
production, thus there are sites which may have the required equipment 
in place (Fink, 1980). However, Gbadamosi et al. have highlighted that 
while CO2 injection improves efficiency in recovery, in areas such as the 
North Sea there are still comprehensive studies required before this 
method can be used (Gbadamosi et al., 2018). Furthermore, it has been 
highlighted that the storage of H2 underground has challenges sur-
rounding leakages due to the lightness of the gas, while methane storage 
could overcome this challenge, having proven storage capacity, seals 
and existing characterisation available (Osman et al., 2021). 

The reaction of CO2 with H2 (methanation) has traditionally been 
performed in industry with catalysts that operate at high temperatures 
(>200 ◦C) and low pressure (1–2 bar) (Jangam et al., 2020). Catalysts 
are used to achieve favourable rates and selectivity, producing 
high-quality methane in economically feasible times under safer oper-
ating conditions, with this particular reaction being defined by the high 
stability of CO2 molecule in comparison to the intended products (Ashok 
et al., 2020). Catalysts commonly used are metallic active phases (e.g., 
nickel, ruthenium, rhodium, cobalt) with an oxide support (e.g., 
alumina, ceria, silica) (Jalama, 2017), with nickel dispersed on alumina 
tending to be favoured due to high performance/cost ratios achieved 
(Champon et al., 2019). 

Thermodynamically, methanation is favoured at low temperature 
and high pressure (Gao et al., 2012), with relatively little research 
considering lower temperatures, due to kinetic hinderances occurring at 
these conditions. Lee et al. reviewed low temperature methanation 
which is less understood, defined as reactions occurring below 300 ◦C 
(Lee et al., 2020). With downhole conditions tending to be less than 
200 ◦C, this is a lower temperature than is usually used to drive catalytic 

methanation reactions (Cho and Gabbar, 2019). There are even fewer 
reports that explore high pressure conditions due to safety impacts 
associated with elevated pressure (Franken and Heel, 2020). Conse-
quently, higher pressure conditions have been studied through simula-
tion and modelling (Er-rbib and Bouallou, 2013). 

With kinetic data not widely available for conditions commonly 
found in depleted reservoirs, a thermodynamic model has been utilised 
in this work. Thermodynamic models have been widely used to show the 
extent of methanation and hydrogenation reactions, generally utilising 
varying conditions and feed compositions. 

Leonzio et al. used ChemCad and Aspen Plus to model methanol 
production from CO2 and H2. With comparison of three different reactor 
configurations, this study found that recycling unconverted gas provides 
the highest conversion of CO2, with higher temperature providing the 
same effect (Leonzio et al., 2019). 

Sharifian et al. investigated the thermodynamics and kinetics of 
methane production from carbon monoxide (CO) and CO2 using the plug 
reactor model in Aspen Plus V8.6, identifying the importance of tem-
perature and pressure. It was found that CO methanation at high pres-
sures is favoured at the same operating temperatures, and with CO2 it 
was found that incremental pressures also increased conversion rates 
(Sharifian et al., 2016). 

Porubova et al. also utilised Aspen Plus software to examine adia-
batic and isothermal methanation of a synthesis gas mixture over a CO2 
concentration range of 1.5–30% and a nitrogen (N2) range of 2.2–50%, 
with the two methanation modes having different operating conditions. 
The synthesis gas mixture had a bigger effect on the adiabatic metha-
nation, with the maximum methane outcome delivered with a larger 
dilution with N2 and decreased CO2 levels (Porubova et al., 2011). 

Miguel et al. investigated methanation using Aspen Plus software 
and the Soave-Redlich-Kwong equation of state (Miguel et al., 2015). 
This work highlighted the influence of the feed ratio of CO2 to H2 on the 
conversion of CO2 to product, wherein conversion and selectivity to 
methane increases with increasing amounts of H2. Gao et al. used 
ChemCad software to investigate the conversion of CO and CO2 to 
methane with varying temperature, pressure and feed ratio with H2, 
showing conversion of CO2 to increase with increasing pressure and 
decreasing temperature (Gao et al., 2012). Maximum methane produc-
tion in carbon oxide mixtures occurs at lower temperatures with more 
H2 in the feed. 

Hence, in this study conditions more commonly found in depleted oil 
and gas reservoirs were thermodynamically considered without the 
limitations of kinetics, transport phenomena or hydrodynamics through 
a novel case study of the Goldeneye reservoir in the North Sea, UK. This 
assessed various CO2 to H2 feed ratios, with the offshore wind re-
quirements calculated to examine the production of carbon-based en-
ergy carriers. To the best of the authors’ knowledge, there has been no 
study completed wherein the thermodynamic production of methane or 
methanol from green H2 and CO2 was considered at the conditions of a 
depleted reservoir and linked to the usage of offshore wind. Addition-
ally, this piece of work can add to the wider discussion on the reuse of 
millions of tonnes of assets which may otherwise require costly re-
movals. This is the first study to consider the methanation reaction 
occurring in a reservoir with intention to reuse oil and gas infrastructure 
to extract the products made. 

There are four sections in this paper, where the first section has 
introduced the hypotheses, relevance and novelty of the work, high-
lighting the potential of the overlapping offshore wind and decom-
missioning industries. The second section presents the methodology for 
the thermodynamic model using Aspen Plus V9, to determine CO2 
conversion over varying temperatures, pressure profiles and feed com-
positions, and the case study, wherein H2 production requirements are 
calculated based on desired CO2 to H2 feed ratios. The carbon savings 
and financial savings are also presented. The third section discusses the 
significance of the results, presenting the wind farm size requirements 
related to conversions calculated from the thermodynamic model. 
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Finally, the fourth section discusses these results in a wider context 
while considering future works needed for a more robust study. 

2. Methodology 

This novel primary energy production system combines carbon 
stored at prospective CCUS sites and H2 produced by electrolysis of 
desalinated seawater using electricity from offshore wind farms to 
generate methane and methanol in underground decommissioned oil 
and gas reservoirs (i.e., downhole). The methane and methanol are 
produced in methanation and hydrogenation reactions from sequestered 
CO2 and injected H2 in naturally occurring conditions downhole. A 
schematic of the entire system is illustrated in Fig. 1. 

A case study has also been conducted, with the associated parameters 
discussed in this section, wherein the H2 requirements are determined 
alongside the energy needs from adjacent wind farms. The method for 
calculation of the carbon savings and financial savings potential is also 
presented. 

2.1. Thermodynamic analysis 

The thermodynamic model of the system was developed using Aspen 
Plus V9 software from AspenTech to identify the reactions which are 
optimised in reservoir conditions to produce methane or methanol. A 
simulation was constructed for this system using the Gibbs reactor 
model (RGibbs) which minimises the Gibbs free energy, the red line in 
Fig. 1 showing the limits of this model. Miguel et al. utilised a similar 
model wherein varying feed stream ratios of CO2:H2, over varied pres-
sure and temperature profiles, were used to simulate post-combustion 
exhaust streams (Miguel et al., 2015). This also illustrated the limita-
tions associated with utilising these streams without the removal of 
contaminant species. 

The Gibbs minimisation method is used as an alternative to equi-
librium constants for the calculation of the equilibrium composition, 
which can be difficult to obtain. Using the minimisation methods means 
a selection of possible reactions is not required and there is no need for 
an accurate estimation of initial equilibrium composition or inputs for 
stoichiometry (Adhikari et al., 2007). Minimisation of the Gibbs energy 
occurs at chemical equilibrium, with the system being more thermo-
dynamically favourable when the Gibbs free energy differential is at zero 
for given pressure and temperature conditions. The total Gibbs free 
energy, Gtotal, is given by Equation (1) (Gao et al., 2012): 

Gtotal =
∑N

i=1
niμi (1) 

The number of species in reaction system is N, i is the given species, ni 
is the number of mole of species i and μi is the chemical potential of 
species i. The chemical potential is given by Equation (2) 
(Özkara-Aydnolu, 2010): 

μi =ΔG0
fi + RTln

(
fi
f 0
i

)

(2)  

where ΔG0
fi 

is the standard Gibbs free energy of formation of species i, R 
is the molar gas constant, T is the temperature of the system, fi is the 
fugacity of pure species i and f0

i is the fugacity of pure species i at 
standard state. Combination of Equations (1) and (2) provides an 
expression for the total Gibbs free energy of the system, which is then 
minimised for specific temperature, pressure and feed compositions, 
shown by Equation (3) (Lwin, 2000): 

Gtotal =
∑N

i=1
niμ0

i + RT
∑

niln
(
fi
f 0
i

)

(3)  

where μ0
i is the chemical potential of species i at standard state. For a gas 

phase reaction at equilibrium (Equations (4) and (5)) (Miguel et al., 
2015): 

fi = yiφiP (4)  

f 0
i =P0 (5)  

where yi is the mole fraction of species i, φi is the fugacity coefficient of 
species i, P is the system pressure and P0 is the standard pressure. Aspen 
utilises the Lagrange multiplier method, which minimises the Gibbs 
energy while satisfying conservation laws. This is shown in Equation (6) 
(Liu et al., 2020): 

μi +
∑k

j=0
λjaji = 0 (6)  

where λ is the Lagrange multiplier and aji is the number of atoms of 
element j in species i. Combination of Equations (3)–(6) gives the 
following (Equation (7)): 

μ0
i +RT

∑
niln

(
yiφiP
P0

)

+ RT
∑k

j=0
λjaji = 0 (7) 

The composition of the outlet stream under conditions which mini-
mise the Gibbs free energy, while using the Peng-Robinson equation of 
state, was calculated. The Peng-Robinson has a large working range for 

Fig. 1. Offshore wind and CCUS green methane and methanol production system.  
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temperature and pressure, and so is suitable for this application 
(Özkara-Aydnolu, 2010). It is also recommended for hydrocarbon pro-
cessing applications such as gas processing, refinery and petrochemical 
processes and has results similar to the Redlich-Kwong-Soave equation 
of state as used in other similar studies (Gao et al., 2012; Miguel et al., 
2015). The amount of conversion of CO2 to products, XCO2 , was calcu-
lated using Equation (8): 

XCO2 =
Fin
CO2

− Fout
CO2

Fin
CO2

(8) 

Fin
CO2 

is the molar flow rate of CO2 at the inlet of the reactor in kmol/ 
hr and Fout

CO2 
is the molar flow rate of CO2 at the outlet of the reactor in 

kmol/hr. Finally, the selectivity of CO2, Si, to specific species was 
calculated using Equation (9), with Fout

i defined as the molar flow rate at 
the outlet of species i in kmol/hr. 

Si =
Fout

i

Fin
CO2

− Fout
CO2

(9)  

2.2. Hydrogen production 

The amount of H2 required was calculated based on the CO2 injection 
rate per annum into the reservoir of choice (Energy Technology Insti-
tute, 2016). This given volume of CO2 storage was used to calculate the 
amount of H2 required to meet specific CO2:H2 molar ratios. 

Currently 0.1% of H2 in made from electrolysis (IEA, 2019), however 
it is a developing industry with costs decreasing as research and devel-
opment efforts are supported, and as renewable electricity costs decline. 
IRENA estimate current electrolyser capital expenditures (CAPEX) to fall 
from 500 to 1000 USD/kW to <200 USD/kW for alkaline electrolysers, 
with proton exchange membrane (PEM) technology CAPEX to fall from 
700 to 1400 USD/kW to <200 USD/kW by 2050 (IRENA, 2021). Solid 
oxide electrolysers (SOEC) are not currently commercially available, but 
their associated CAPEX is expected to be < 300 USD/kW by 2050 
(IRENA, 2021). System operational expenditures (OPEX) can be 
expressed as a percentage of CAPEX, with these ranging from 2 to 6%, 
for alkaline electrolyser and PEM technologies (IRENA, 2018; Parra 
et al., 2019). The SOEC has a slightly higher OPEX at approximately 7% 
of CAPEX (Peterson and Miller, 2016). 

In alkaline electrolysis the anode and cathode are generally made 
from lower cost nickel-plated steel and steel, respectively, with an ion- 
conducting electrolyte. The alkaline system can produce high purity 
H2 that may be used in fuel cells in stationary, portable and vehicular 
applications (Artuso et al., 2011). Furthermore, this technology is 
widely available and utilised, and has a low specific cost when compared 
to other commercial technologies (Sánchez et al., 2020). Despite having 
the edge when compared to other technologies in many aspects, the 
alkaline electrolyser still has limitations such as low current density and 
limited operation at low loads (Chisholm and Cronin, 2016). 

PEM electrolysers tend to be coated in noble metal catalysts, with 
platinum at the cathode and iridium at the anode, making the process 
more expensive (Chisholm and Cronin, 2016). Current efforts are aimed 
at reducing the amount of expensive materials required. With expected 
technological improvements to the PEM, it is assumed it will eventually 
become the dominant technology, due to cost reductions anticipated, as 
well as transient operation abilities and improvements to efficiency 
(McDonagh et al., 2020). 

The SOEC is the least developed of the technologies and also operates 
at a higher temperature, thus for this study it has not been considered 
(Parra and Patel, 2016). 

For this process, alkaline electrolysis was chosen because it is the 
most mature electrolysis technology and is widely applied due to its 
durability and low cost (Parra and Patel, 2016; Sánchez et al., 2020). 

Table 1 shows the specific energy and efficiency of this technology to 
be 57.50 kWh/kg (Shi et al., 2020) and 70%, respectively. The water 

usage is 1 kg H2O/kg H2 and is the mass of water used per mass of H2 
produced in electrolysis. The efficiency and water usage values are 
assumed. 

The energy utilised in electrolysis was calculated using Equation 
(10). 

Eelec = eelecmhy + (1 − ηelec)eelecmhy (10) 

The energy used in the electrolysis process in kWh is Eelec, eelec is the 
specific energy of H2 production in kWh/kg, mhy is the mass of H2 
produced in kg and ηelec is the electrolysis efficiency. 

The precursory step to H2 production via electrolysis is desalination. 
There are two major types of desalination processes: thermal and 
membrane. Membrane processes require only electrical input, and thus 
are only considered in this case. Membrane desalination can be split into 
reverse osmosis (RO), electro-dialysis (ED) and membrane distillation 
(MD). Membrane technology uses permeable membranes to move water 
or salt into two separate zones of differing concentrations, producing 
fresh water, with the membrane allowing only molecules of a certain 
size to pass through (Shatat et al., 2013). In RO, an external pressure is 
applied that is more than the osmotic pressure of the feed water, 
meaning fresh water will pass through the membrane. ED is based on the 
movement of ionic salts towards electrodes, with concentrate and 
product streams produced based on cation- or anion-specific mem-
branes. MD is a hybrid system that uses thermal evaporation and 
membrane separation, thus requiring thermal and electrical input, 
making it undesirable for this process (Gude, 2015). 

Membrane technologies have been paired with renewable energy 
sources, but to varying degrees. RO has been utilised alongside renew-
able energy sources to an application level, with wind and photovoltaics. 
RO water costs range from 6.5 to 9.1 USD/kW and 11.7–15.6 USD/kW, 
with wind and photovoltaics, respectively. ED is at the research and 
development stage, with industrial use limited to lower salinity feeds 
like brackish water (Ahmed et al., 2021). While ED provides cheaper 
water at 2–3.5 USD/kW and 10.4–11.7 USD/kW when paired with wind 
and photovoltaics, respectively, the lower stage of development stage 
means it is not applicable (IRENA, 2012). As with the electrolysis 
technology, the OPEX of the system can be expressed as a percentage of 
the CAPEX, for RO this tends to be in the range 2–27% (Hafez and 
El-manharawyb, 2002; IRENA, 2013), a relatively wide range dependent 
on the specifics of the application outside the scope of this work. 

The chosen desalination technology is RO, which is also the most 
widely used desalination technology, with 60% of world desalination 
capacity being RO based (International Renewable Energy Agency, 
2015). RO is also the fastest growing desalination technology (Ahmed 
et al., 2021). 

Table 2 shows the specific energy (Mito et al., 2019) and efficiency of 
this technology. The water requirements for the process were based on 
the specific water requirements for the electrolysis stage, as shown in 
Table 1. This water requirement was used to calculate how much energy 
the electrolysis process utilises. The efficiency is an assumed value. The 
energy utilised for the desalination process was calculation using 

Table 1 
Assumptions for calculating electrolysis requirements.  

Technology Alkaline 

Specific energy (kWh/kg) 57.50 
Efficiency (%) 70% 
Water use (kg H2O/kg H2) 1  

Table 2 
Assumptions for calculating desalination requirements.  

Technology Reverse Osmosis 

Specific energy (kWh/kg) 5.52E-03 
Efficiency (%) 70%  
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Equation (11). 

Edesal = edesalmwater + (1 − ηdesal)edesalmwater (11) 

Here Edesal is the energy used in the desalination process in kWh, 
edesal is the specific energy of water production via desalination in kWh/ 
kg, mwater is the mass of water produced in kg and ηdesal is the desali-
nation efficiency. The total energy used in the production of green H2, 
Etotal, is shown in Equation (12) and is the sum of the energy used in the 
electrolysis and desalination stages. 

Etotal =Eelec + Edesal (12)  

2.3. Wind energy 

The required wind energy was calculated based on the energy used in 
the electrolysis and desalination processes. The operation time was 
assumed to be 8760 h and the capacity factor of the wind was calculated 
based on historical wind data for the location of the site (Table 3), 
provided in hourly steps over the course of a year (Staffell and Pfen-
ninger, 2018 (Staffell and Pfenninger, 2016),). The wind profile is 
shown in Fig. 2. The hourly production of H2 was calculated based on 
this data. 

The wind farm capacity required for the production of these specified 
amounts was calculated by Equation (13). 

Ewind =
Etotal

t
+

(
Etotal

t

)

(1 − ηwind) (13) 

The required wind farm capacity in GW is Ewind, t is the time in hours 
and ηwind is the efficiency of the wind turbine used. For the estimation of 
wind energy available, data from 4C Offshore was used (4C Offshore, 
2020). This data was plotted using geographical data from OSPAR and 
the Scottish Sectoral Marine Plans (OSPAR, 2017; Scottish Government, 
2020). 

2.4. Estimating the reservoir conditions 

Temperature and pressure conditions of offshore oil and gas wells 
were calculated using Equations (14) and (15). An approximate pressure 
and temperature gradient is associated with each well and was calcu-
lated based on the depth of the well (Energy Technology Institute, 

2016). The gradients utilised can differ per location, and thus for the 
North Sea specific values are used. The temperature of the well is 
calculated using Equation (14) (Tiab and Donaldson, 2012). 

Tf = Ts + GtD (14) 

Tf is the subsurface formation temperature in ◦C, Ts is the surface 
temperature in ◦C, Gt is the local geothermal gradient in ◦C/km and D is 
the well depth in km. The local geothermal gradient for the North Sea 
was assumed to be 35 ◦C/km based on (Evans and Coleman, 1974). 
Similarly, the pressure of the well in bar, PW, was calculated using the 
depth, D, of the well and a pressure gradient, Gp (Equation (15)). The 
pressure gradient for the North Sea is assumed to be 0.102 bar/km 
(Equinox International Petroleum Consultants Ltd, 2011). 

Pw =GPD (15)  

2.5. Carbon savings 

Emissions abatement from methane production was assumed based 
on the IEA figures for the full lifecycle emissions intensity of gas for 
power generation, which is 976 kgCO2e/MWh (International Energy 
Agency, 2020d). This was compared with the CO2 abatement associated 
with using wind energy on the gird, which was based figures from the 
National Grid carbon tracker, taking a minimum, maximum and average 
value over the time period March 13, 2020 to March 15, 2021 (National 
Grid ESO, 2021). These figures are shown in Table 4. 

The financial savings associated with CO2 abatement were also 
calculated. These were based on figures from the European Union 
Emissions Trading System (EU ETS), taking a minimum, maximum and 
average value over the time period March 13, 2020 to March 15, 2021 
(Ember, 2021). These figures are shown in Table 5. 

2.6. Assumptions and limitations 

The assumptions and limitations of this analysis are discussed in this 
section. There have been no time constraints input for the methanation 
and hydrogenation reactions in the thermodynamic model. With lack of 
kinetic parameters available this cannot be assumed without unrea-
sonable error. Thus, the extent of the reactions may be determined, but 
not the rate. The operating period has been assumed to be one year for 
the purposes of H2 production from offshore wind and it has been 
assumed that this will be utilised, based on the annual injection rate of 
CO2 into the reservoir. The efficiency of the electrolysis and desalination 
processes are assumed to be 70%. The electrolysis water usage is 
assumed to be 1 kg H2O/kg H2. The local geothermal gradient for the 
North Sea of 35 ◦C/km was assumed to be applicable to the case study 
location. The pressure gradient of 0.102 bar/km was assumed to be 
applicable to the case study location. 

Table 3 
Assumptions for calculating wind energy requirements.  

Operation time (hrs) 8760 

Average capacity factor (%) 63.6%  

Fig. 2. Annual wind profile for the site.  

Table 4 
Carbon intensity data from National Grid carbon tracker (National Grid ESO, 
2021).  

Carbon Intensity (gCO2/kWh) 

Minimum 46.00 
Maximum 345.00 
Average 182.07  

Table 5 
European Union Allowance (EUA) data from the EU ETS (Ember, 2021).  

EUA (Euro/tonne CO2e) 

Minimum 15.24 
Maximum 42.77 
Average 27.21  
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The impacts that intermittency may have on the electrolyser are not 
considered in the study. For this further analysis a power curve for the 
electrolyser of choice would be required, thus providing the results for a 
varied electricity input for the device with regards to the efficiency and 
capacity it may be able to reach. Consideration of this could also high-
light the potential need for more than one electrolyser or the modular-
isation of units for the scheme. 

Additionally, the damage this intermittency may have on the elec-
trolyser has not been considered. Damage linked specifically to the 
intermittency of an energy source include the higher number of start-up 
and shutdown times, which can accelerate degradation of the electrode 
(Brauns and Turek, 2020). To overcome the general degradation of the 
alkaline electrolyser the material of construction is an important factor, 
with iron, stainless steel and nickel highlighted as the materials that 
have the best performance to cost ratio (Symes et al., 2015). The ma-
terial must be resistant to corrosions from the alkaline environment. It 
was also highlighted that maintenance is an important factor, especially 
for the surface of the electrodes which may have the formation of an 
oxide layer which may degrade current flow over time. There was 
increased electrochemical activity when this oxide layer is removed 
(Symes et al., 2015). These factors, while important to the overall 
operation of the scheme, have not been taken into consideration in this 
study and are out of the scope of this work. 

Additional requirements are linked to the use of an electrolyser with 
renewable energy sources. There may be mismatch between supply and 
demand, and there may be the requirement for a baseload to be used. 
With energy fluctuations alkaline electrolysers need to be adapted for a 
more dynamic operation, which can be considered in the design phase 
and using wind measurements for a given location. It must be noted that 
the use of an AC/DC power converter is essential when using wind 
power. Furthermore there may be the need for safety limits with regards 
to the gas mixtures present, if there is fluctuating power inputs to the 
system, there may be fluctuating gas mixes of H2 and O2, and thus limits 
for emergency shutdowns should be utilised to avoid flammable gas 
mixtures (Brauns and Turek, 2020). 

The separation and purification of products is another factor not 
considered in this study. However, it is assumed that infrastructure and 
equipment already in place may be reused for extraction of the products. 
The separation of the streams produced is dependent on the composition 
of the stream, as well as the pressure of the well it originated from which 
will determine the liquid or gas phase volume present (Sivalls, 2009). 
The presence of water is also considered. Thus separators must be 
designed based on the location and conditions, with key features 
including centrifugal inlet, settling section, extractor and adequate 
controls (Neamah, 2014). 

The purification step is important for the final composition of the 
product. Generally in the industry today there is an emphasis on the 
removal of water, CO2 and hydrogen sulfide. There are many other 
impurities that may be present, which is dependent on the specific well 
being investigated. The optimum purification method for the removal of 
one or more impurities is generally accomplished in multiple steps 
including absorption, adsorption, membrane permeation amongst 
others (Zabolotny and Kuhr, 1976). With regards to the economics of the 
process, the purer the outlet stream the higher energy requirements and 
thus associated costs. Zabolotny and Kuhr state that the separation 
equipment and associated machinery can require more than 50% of total 
investment cost (Zabolotny and Kuhr, 1976). The selection of suitable 
separation and purification step will require a detailed cost and per-
formance analysis, which is an additional piece of work outside the 
scope of this study. 

The use of desalination and how it may be affected by intermittent 
electricity is another factor which has not been considered in this study. 
Desalination plants today rely heavily on fossil fuels, meaning emissions 
linked to the process may be high. RO has lower emissions when 
compared to thermal desalination due to lesser energy requirements, 
thus this technology should be prioritised. IRENA has stated that coastal 

regions specifically are suitable for the coupling of wind technology and 
RO, with the suggestion of using the intermittent wind to capitalise on 
desalination for energy storage (IRENA, 2020). The pairing of RO and 
wind has been commissioned in plants such as the Kwinana desalination 
plant in Pert, Australia. Here, 48 turbines produce 80 MW to operate a 
26 MW RO system (Shahzad et al., 2017). 

As has been discussed, with the intermittency of renewable sources 
there may be times when there is not enough energy. Thus, in times of 
excess it may be necessary to store this in the form of batteries, fly 
wheels or additional H2 to be then processed in a fuel cell. This provides 
a backup power supply if needed. An alternative is the coupling of 
complementary renewable sources or combining the renewable energy 
with grid power (Qasim et al., 2019). The correct combination of 
renewable energy source with desalination technology is adamant to 
match power and water demand in an economic, efficient and envi-
ronmentally friendly way, requiring detailed analysis based on location, 
water quality and plant size amongst others (IRENA, 2012). This is not 
within the scope of this study. 

The prevention of fouling in the desalination membrane is another 
important factor, as it can decrease the active membrane area and in-
crease the resistance across the membrane (Qasim et al., 2019). RO 
plants are sensitive to the quality of feed water salinity, turbidity and 
temperature, especially when compared to other technologies. This is 
because the osmosis pressure can be affected. The salinity of seawater is 
different per region, with some having higher dissolved solids contents, 
thus if RO is being used, a feed treatment may be necessary (IRENA, 
2012). Fouling must be monitored to allow for timely cleaning to avoid 
disruption to the process. This is through monitoring of permeate flux, 
pressure drop and the quality of final product. If the foulants that are 
most common can be identified for the region of choice, this may help in 
maintenance, alongside use of real time monitoring using ultrasonic 
time domain reflectometry (UTDR). These are outside the scope of the 
current study (Qasim et al., 2019). 

Finally, the coupling of desalination and electrolysis is a topic that 
requires further detailed investigation. Electrolysis requires high-purity 
water which is not universally available. Using seawater is an attractive 
option in removing additional stress on the freshwater producing in-
dustry, with efforts to develop a one-step seawater electrolysis system. 
However, Tong et al. found that using desalination as a purification step 
will have minimal effect on the overall efficiency and cost of the H2 
production – with direct seawater electrolysis making no economic 
sense (Tong et al., 2020). As well as this, electrolysis uses much less 
water than is produced in freshwater facilities, thus with pricing esti-
mates based on these larger facilities, this may not be representative of 
smaller systems needed for electrolysis (Farràs et al., 2021). Further-
more, the energy requirements related to desalination are negligible 
when compared to electrolysis (Beswick et al., 2021). The coupling of 
the two technologies is an emerging topic with a need for technological 
improvements, but these initial studies suggest water supply will not be 
a limitation, in fact it will be electrolyser energy efficiency (Beswick 
et al., 2021). This is not within the scope of this study. 

3. Results and discussion 

This section presents results which have been gathered through the 
thermodynamic analysis of conditions associated with the Goldeneye 
reservoir in the North Sea, UK. The thermodynamic model results are 
based on the temperature and pressure calculated based on the depth of 
the well. Furthermore, the carbon and fiscal savings associated with the 
process are also presented. 

3.1. Thermodynamic analysis 

A thermodynamic analysis of the system was carried out with an 
RGibbs model using Aspen Plus V9. Fig. 3 shows the conversion of CO2 
to products over varying temperature and pressure ranges. Fig. 3 
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indicates that the highest conversion of CO2 occurs at low temperatures 
and higher pressures, with closer to stoichiometric molar ratios of CO2 to 
H2 favoured, similarly to what was found in literature (Gao et al., 2015; 
Miguel et al., 2015). The ratio of CO2 to H2 appears to be the most 
important parameter overall, with a 1:4 ratio providing the optimal 
thermodynamic ratio to obtain the maximum product yield. This is 
shown by Equation (16), through the stoichiometry and its exothermic 
nature. Equations (16)–(19) show the reactions which may be occurring 
in the thermodynamic model, as well as the possible products which 
may be made: 

CO2 + 4H2→CH4 + 2H2O ΔrH298K = − 165 kJ/mol (16)  

CO2 + 3H2→CH3OH + H2O ΔrH298K = − 49.4 kJ/mol (17)  

CO2 +H2→CO+ H2O ΔrH298K = 41.2 kJ/mol (18)  

CO+ 3H2→CH4 + H2O ΔrH298K = − 206.2 kJ/mol (19) 

The results from the RGibbs model reflect Equation (16), with the 
amount of water produced always double the amount of methane pro-
duced. Other products are not produced in any significant amount, with 
methanol and CO tending to be produced at higher temperatures which 
in this instance are not present in oil and gas well conditions, these 
temperatures tending to be less than 200 ◦C (Cho and Gabbar, 2019). 

The selectivity to methane is close to almost 100% over the down-
hole conditions, with selectivity for CO increasing only at higher tem-
peratures which are not typically seen in wells, with this shown in Fig. 4. 
The selectivity to methanol also increases with temperature and 

pressure but is minimal with very little methanol produced (Fig. 5). As 
this is a thermodynamic model and does not show the rate at which the 
reaction may proceed, this will be determined from kinetic modelling 
which will be carried out experimentally. While limited, this provides a 
starting point for these approximations which have not been widely 
researched (Franken and Heel, 2020; Gao et al., 2012; Lee et al., 2020). 

3.2. Case study: goldeneye carbon capture and storage site 

The North Sea has been chosen as the region for this case study 
because of synergistic growth of the wind and decommissioning in-
dustries (International Energy Agency, 2019; Oil & Gas UK, 2020). With 
multiple sites suggested for carbon capture and storage (CCS) and with 
front end engineering design (FEED) studies completed, Goldeneye has 
been chosen for the case study as it is planned to be a demonstration site 

Fig. 3. (a) CO2 conversion over varying temperature and pressure ranges, and 
(b) CO2:H2 feed ratios. 

Fig. 4. Methane selectivity over varying temperature and pressure ranges, and 
CO2:H2 feed ratios. 

Fig. 5. CH3OH selectivity across varying temperature and pressure profile, and 
CO2:H2 feed ratio. 
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(Shell UK Limited, 2016). Goldeneye is a depleted reservoir in the North 
Sea from which a total of 112.1 million barrels of oil equivalent have 
been extracted (Oil and Gas Authority, 2021). It is planned to be the 
world’s first full scale CCS project, with pipeline connections to the St. 
Fergus gas terminal and Peterhead Power Station in North East Scotland 
(Spence et al., 2014). Fig. 6 shows the capacities and locations of the 
sites of wind installations surrounding the Goldeneye reservoir planned 
under the Scottish Sectoral Marine Plan (OSPAR, 2017; Scottish Gov-
ernment, 2020). 

The Goldeneye reservoir will be capable of holding 30 Mt of CO2 at 
full capacity (Energy Technology Institute, 2016). While this capacity is 
limited compared to other sites, it is a demonstration site and may also 
provide access to the nearby Captain aquifer which has an additional 
storage opportunity of 60 Mt of CO2 (Energy Technology Institute, 
2016). Demonstration sites like these will lead the way for further ap-
plications of CCS technologies for the sequestration of CO2. The Gold-
eneye site will have an injection rate of 3 Mt/year, which is 
approximately 8% of UK emissions per annum of CO2 abated based on 
2019 emissions figures (Department for Business Energy and Industrial 
Strategy, 2019). If this area was used for the described CCUS process, 
this could provide a total of approximately 21 Mt of sustainable 
methane, based on the 30 Mt CO2 storage capacity of the site, annual 2.1 
Mt of methane production calculated and 70% storage efficiency (En-
ergy Technology Institute, 2016). The methane produced could be 
distributed via already existing infrastructure, with the UK having 
consumed 60 Mt of natural gas in 2020 (UK Government, 2021). Table 6 
and Table 7 show the conditions and results of the case study for the 
well. 

As highlighted by the results from the Gibbs reactor, Table 7 reports 
the H2 production requirements for various CO2 to H2 ratios. This ratio 
sets the thermodynamic limit of the reaction pathways which will occur 
in the reservoir, and the maximum amount of CO2 which may be uti-
lised. The maximum CO2 conversions to products available are shown 
for the Goldeneye reservoir, based on the provided depth of the reservoir 
(Energy Technology Institute, 2016), assumed temperature and pressure 
profiles (Equinox International Petroleum Consultants Ltd, 2011; Evans 
and Coleman, 1974), and varying feed composition. Also shown is the 
amount of wind energy needed to supply sufficient energy to the elec-
trolysis and desalination stages to produce this quantity of H2. 

With the conversion calculated for the conditions of the Goldeneye 
ratio at specific ratios, it is clear the 1:4 CO2 to H2 ratio is the most 
promising. Utilising this ratio of CO2 to H2 produces a theoretical con-
version of CO2 to products of 99.99%. To produce the maximum annual 

methane output of 2.10 Mt, the amount of H2 required is 0.38 Mt. To 
produce 2.10 Mt of H2 a dedicated wind energy supply of 4.45 GW 
would be required. As has been mentioned, the North Sea has a rapidly 
growing offshore wind industry, the UK having pledged to quadruple 
wind capacity to 40 GW by 2030 (Global Wind Energy Council, 2020; 
HM Government, 2020). The location of Goldeneye is in close proximity 
to development sites planned to have large wind capacities as part of the 
Scottish Sectoral Marine Plan (Scottish Government, 2020). As stated in 
Table 6 and shown in Fig. 6 this could be 5 GW or more based on planned 
wind sites. This could potentially supply the amount needed to reach the 
optimal 1:4 CO2 to H2 ratio. 

For areas where there is no offshore wind activity, this could be 
estimated using wind potential calculated for a region. For example, in 
other regions of the world like the Gulf of Mexico there is a large 
decommissioning industry, but there is a lack of offshore wind de-
velopments (The Bureau of Ocean Energy Management, 2020). With 
wind potential calculated, however, this could provide an estimation of 
what amount of H2 could be made for a scheme such as this (The Bureau 
of Ocean Energy Management, 2020). 

Estimated methane production is assumed to be annual, however as 
stated, with the thermodynamic model there is no way to determine the 
rate of reaction. Thus, a key assumption is that this production of 
methane may proceed over this period of time. Future kinetic studies 
will provide a more robust approach and estimate, with the likes of 
naturally occurring catalytic properties of geological formations influ-
encing the rate of reaction. 

3.3. CO2 emissions abatement and financial savings 

Using this method there are CO2 savings associated with CO2 
sequestration underground and through the avoidance of the lifetime 
emission intensity of traditionally produced methane (International 
Energy Agency, 2020d). As previously stated, the Goldeneye reservoir 
has an approximate capacity of 30 Mt of CO2, with a 70% storage effi-
ciency. Table 8 shows additional CO2 emissions that could be potentially 
avoided, through this more sustainable production of methane, where a 
1:4 CO2 to H2 ratio could abate 24.16 Mt of CO2 when compared to 
traditionally sourced methane. 

There is also displacement of CO2 from green H2 production. 
Methane steam reforming is traditionally used for H2 production, 

Fig. 6. Location and capacities of planned wind farms in proximity to the 
Goldeneye CCS site, under Scottish Sectoral Marine Plan. 

Table 6 
Case study results for Goldeneye depleted gas reservoir.  

Name Goldeneye 

Injection rate (Mt/year) 3.00 
Storage capacity (Mt CO2) 30 
Storage efficiency 70% 
Depth (m) 2510 
Calculated temperaturea (◦C) 98.35 
Calculated pressureb (bar) 256.02 
Available wind resource (GW) ≥5.00  

a Calculated with Equation (14) based on the depth of the Gold-
eneye reservoir. 

b Calculated with Equation (15) based on the depth of the Gold-
eneye reservoir. 

Table 7 
Key results for Goldeneye.  

CO2:H2 

Ratio 
Required H2 

produced annually 
(Mt) 

Conversion Required 
wind (GW) 

Methane 
produced 
annually (Mt) 

1:4 0.38 99.99% 4.45 2.10 
1:3 0.29 74.99% 3.33 1.57 
1:2 0.19 49.99% 2.22 1.05 
1:1 0.10 24.99% 1.11 0.52  

A. Henry et al.                                                                                                                                                                                                                                   



Journal of Cleaner Production 354 (2022) 131695

9

producing approximately 7 tonnes CO2 per tonne H2 (Soltani et al., 
2014). Thus, green H2 is significantly more beneficial in lowering 
emissions. As shown in Table 7, for the 1:4 ratio, 0.38 Mt of H2 would be 
required, in this case equating to 2.66 Mt of CO2 generation being 
abated. 

Alternatively, wind energy could be utilised in decarbonising the 
grid. However, comparing the CO2 abatement from producing sustain-
able methane and decarbonising the grid, based on the average carbon 

intensity of the grid, the former has more associated abatement (Inter-
national Energy Agency, 2020d; National Grid ESO, 2021). As seen in 
Table 8, for the maximum amount of wind energy which would be uti-
lised for H2 production, this would reduce emissions from the grid by 
8.54 Mt of CO2, approximately a third of the saving associated with 
producing methane instead. 

Table 9 also shows the financial savings associated with the abate-
ment of CO2 emissions using this CCUS scheme. This is shown through 
prices utilised in the EU ETS, wherein a ‘cap-and-trade’ approach allows 
companies to buy and sell emissions allowances (European Commission, 
2004). This is applicable with the proposition that the UK ETS uses the 
EU ETS benchmark (HM Government et al., 2019). With the proposed 
CCUS system suggested, there is the capacity for a company to sell 
emission allowances with the sequestration of any CO2 which would 
otherwise have been emitted and thus had a European Union Allowance 
(EUA) incurred. With the production of methane from a CO2 to H2 ratio 
of 1:4, the maximum savings in emissions allowances is 1,033.44 million 
euro, the minimum is 368.24 million euro, and the average is 657.46 
million euro, based on EU ETS EUA data over the span of a year (Ember, 
2021). 

Fig. 7a shows the financial savings associated with the EU ETS over 
the time period March 13, 2020 to March 15, 2021, based on the price of 
carbon per tonne. Comparing the use of wind energy on the grid versus 
producing methane shows methane to provide the most significant 
savings as well as further showing the benefit of the 1:4 ratio of CO2 to 
H2. As is the nature of the EU ETS, this is a system which is constantly 
fluctuating, with a price set for each weekday, this range is shown per 
month in Fig. 7b for 1:4 ratios of CO2 to H2. 

4. Conclusions 

This work has highlighted the opportunity to reuse offshore oil and 
gas infrastructure to repurpose and recycle existing infrastructure, while 
also utilising the growing offshore wind industry. This co-evolution 
could sustainably produce chemical energy carriers like methane, 
compared to their traditionally used counterparts. Projects like Gold-
eneye have potential due to their proximity to offshore platforms, which 
may be reused for green H2 production instead of being decom-
missioned, and planning areas for offshore wind, as well as key con-
nections like the St Fergus gas terminal. This study shows that this novel 
proposal is feasible. For example, it is possible to inject and convert 3 Mt 
of CO2 annually and up to 30 Mt of CO2 over a 10-year period, with the 
potential to produce 2.10 Mt of methane and abate 4.51 Mt of CO2 from 
wind energy in the grid per year. There are also associated financial 
savings through schemes like the EU ETS. Furthermore, for the Gold-
eneye reservoir explored in this case study, there could be savings of up 
to 1,033.44 million euro. 

The RGibbs model investigated the thermodynamics of the metha-
nation process. The results showed methane production to be favoured 
at conditions commonly found downhole, with a selectivity of almost 
100%. The conversion of CO2 to products was shown to be favoured at 
high pressures and low temperatures, with higher conversions at higher 
CO2 to H2 ratios. The production of methane requires a higher H2 to CO2 
ratio for higher conversion rates, this requires a more extensive avail-
ability of wind resource in a wind to H2 model, a factor which must be 
considered in the planning of any scheme such as this due to the 
financial costs associated. 

Finally, the thermodynamic model is limited as it shows the extent to 
which the reactions may occur, but it does not show the rate at which 
they occur, thus there is no associated timescale. There is, consequently, 
a need for the kinetics to be explored, which will give a more realistic 
picture of the process, with limitations associated with the kinetics, fluid 
dynamics and transport phenomena considered. With lack of literature 
covering kinetic models in these high pressure and lower temperature 
environments, experimental investigations carried out around these 
conditions will be required. Therefore, the next part of this research is to 

Table 8 
CO2 emissions abatement comparison.  

CO2:H2 

Ratio 
CO2 abatement from methane 
production (Mt) 

CO2 abatement from using wind 
energy in grid (Mt) 

Minimum Maximum Average 

1:4 24.16 1.14 8.54 4.51 
1:3 18.12 0.85 6.41 3.38 
1:2 12.08 0.57 4.27 2.25 
1:1 6.04 0.28 2.14 1.13  

Table 9 
Financial savings using the EU ETS scheme.  

CO2:H2 Ratio European Union Allowance (million euro)  

Minimum Maximum Average 
1:4 368.24 1,033.44 657.46 
1:3 276.18 775.08 493.10 
1:2 184.12 516.72 328.73 
1:1 92.06 258.36 164.37  

Fig. 7. Comparison of financial savings associated with methane production 
versus using wind energy on the grid with the EU ETS over the time period 
March 13, 2020 to March 15, 2021, (a) with varying feed ratios of CO2 to H2, 
and (b) with 1:4 ratio of CO2 to H2 with error bars highlighting fluctuating price 
over specified time period. 
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experimentally assess the kinetics of this chemical system in a laboratory 
setting at bench scale. 
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Nomenclature 

Abbreviations 
CAPEX Capital expenditure 
CCUS Carbon capture, utilisation and storage 
CO2 Carbon dioxide 
CO Carbon monoxide 
ED Electro-dialysis 
EUA European Union Allowance 
EU ETS European Union Emissions Trading System 
FEED Front End Engineering Design 
H2 Hydrogen 
HOP Hydrogen offshore production 
IPAA Independent Petroleum Association of America 
MD Membrane distillation 
N2 Nitrogen 
OPEX Operational expenditures 
PEM Proton exchange membrane 
RGibbs Gibbs reactor model 
RO Reverse Osmosis 
SOEC Solid oxide electrolyser 
UTDR Ultrasonic time domain reflectometry  

Symbols 
aji Number of atoms of element j in species i 
D Well depth 
edesal Specific energy of water production via desalination 
Edesal Energy used in the desalination process 
eelec Specific energy of H2 production 
Eelec Energy used in the electrolysis process 
Etotal Total energy used in the production of green H2 
Ewind Required wind farm capacity 
fi Fugacity of pure species i 
f0
i Fugacity of pure species i at standard state 

Fin
CO2 

Molar flow rate of CO2 at the inlet of the reactor 
Fout

CO2 
Molar flow rate of CO2 at the outlet of the reactor 

Fout
i Molar flow rate at the outlet of species i 

Gp Local pressure gradient 
Gt Local geothermal gradient 
Gtotal Total Gibbs free energy 
i Given species 
mhy Mass of H2 produced 
mwater Mass of water produced in kg 
N Number of species in reaction system 
ni Number of mole of species i 
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P System pressure 
P0 Standard pressure 
PW Pressure of the well 
R Molar gas constant 
Si Selectivity of CO2 to species i 
t Time 
T Temperature of the system 
Tf Subsurface formation temperature 
Ts Surface temperature 
XCO2 Conversion of CO2 to products 
yi Mole fraction of species i  

Greek symbols 
ΔG0

fi 
Standard Gibbs free energy of formation of species i 

ηelec Electrolysis efficiency 
ηdesal Desalination efficiency 
λ Lagrange multiplier 
μi Chemical potential of species i 
φi Fugacity coefficient of species i 
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Farràs, P., 2020. Electrolysis of low-grade and saline surface water. Nat. Energy. 
https://doi.org/10.1038/s41560-020-0550-8. 

UK Government, 2021. Historical Gas Data: Gas Production and Consumption and Fuel 
Input [WWW Document]. URL. https://www.gov.uk/government/statistical-data 
-sets/historical-gas-data-gas-production-and-consumption-and-fuel-input, 11.25.21.  

UK Limited, Shell, 2016. Peterhead CCS Project Doc Title: FEED Summary Report for Full 
CCS Chain. 

United Nations, 2015. The Paris Agreement [WWW Document]. URL. https://treaties.un. 
org/pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-d&chapter=27&cla 
ng=_en, 4.23.21.  

Zabolotny, E.R., Kuhr, R.W., 1976. Gas purification. Chem. Eng. Prog. 

A. Henry et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.ces.2019.115433
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref49
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref49
https://doi.org/10.1016/j.apenergy.2020.114732
https://doi.org/10.1016/j.apenergy.2020.114732
https://doi.org/10.1016/j.jngse.2014.11.010
https://doi.org/10.1016/j.rser.2019.06.008
https://carbonintensity.org.uk/
https://carbonintensity.org.uk/
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref54
https://www.neptuneenergy.com/esg/climate-change-and-environment/poshydon-hydrogen-pilot
https://www.neptuneenergy.com/esg/climate-change-and-environment/poshydon-hydrogen-pilot
https://www.neptuneenergy.com/esg/climate-change-and-environment/poshydon-hydrogen-pilot
https://doi.org/10.1016/j.ijhydene.2010.08.134
https://doi.org/10.1016/j.ijhydene.2010.08.134
https://www.4coffshore.com/
https://www.4coffshore.com/
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref58
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref58
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref59
https://data-ogauthority.opendata.arcgis.com/pages/production
https://data-ogauthority.opendata.arcgis.com/pages/production
https://doi.org/10.1007/s10311-021-01322-8
https://odims.ospar.org/layers/geonode:ospar_offshore_installations_2017_01_001
https://doi.org/10.1016/b978-1-78242-362-1.00004-3
https://doi.org/10.1016/j.ijhydene.2015.12.160
https://doi.org/10.1016/j.rser.2018.11.010
https://doi.org/10.2118/195772-MS
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref67
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref67
https://www.marketscreener.com/news/latest/PETRONAS-Takes-Deliberate-Steps-To-Strengthen-Resilience-Amidst-Unprecedented-Challenging-Environmen--31231369/
https://www.marketscreener.com/news/latest/PETRONAS-Takes-Deliberate-Steps-To-Strengthen-Resilience-Amidst-Unprecedented-Challenging-Environmen--31231369/
https://www.marketscreener.com/news/latest/PETRONAS-Takes-Deliberate-Steps-To-Strengthen-Resilience-Amidst-Unprecedented-Challenging-Environmen--31231369/
https://doi.org/10.2478/v10145-011-0011-5
https://doi.org/10.2478/v10145-011-0011-5
https://doi.org/10.1016/j.desal.2019.02.008
https://doi.org/10.1016/j.desal.2019.02.008
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref71
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref72
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref72
https://doi.org/10.1016/j.ijhydene.2019.12.027
https://marine.gov.scot/data/sectoral-marine-plan-offshore-wind-energy-draft-plan-options-gis-files
https://marine.gov.scot/data/sectoral-marine-plan-offshore-wind-energy-draft-plan-options-gis-files
https://doi.org/10.1016/J.RSER.2019.03.052
https://doi.org/10.1016/j.desal.2017.03.009
https://doi.org/10.1016/j.desal.2017.03.009
https://doi.org/10.3303/CET1652095
https://doi.org/10.1016/j.scs.2013.03.004
https://doi.org/10.1016/j.scs.2013.03.004
https://doi.org/10.1016/j.renene.2020.03.026
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref80
https://doi.org/10.1016/j.ijhydene.2014.09.161
https://doi.org/10.1016/j.ijhydene.2014.09.161
https://doi.org/10.1016/j.egypro.2014.11.657
https://doi.org/10.1016/j.egypro.2014.11.657
https://doi.org/10.1016/J.ENERGY.2016.08.068
https://doi.org/10.1016/J.ENERGY.2016.08.068
https://www.renewables.ninja/
https://doi.org/10.1093/IJLCT/CTT034
https://doi.org/10.1093/IJLCT/CTT034
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref86
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref86
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref87
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref87
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref88
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref88
https://doi.org/10.1016/b978-0-12-383848-3.00002-5
https://doi.org/10.1038/s41560-020-0550-8
https://www.gov.uk/government/statistical-data-sets/historical-gas-data-gas-production-and-consumption-and-fuel-input
https://www.gov.uk/government/statistical-data-sets/historical-gas-data-gas-production-and-consumption-and-fuel-input
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref92
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref92
https://treaties.un.org/pages/ViewDetails.aspx?src=TREATY&amp;mtdsg_no=XXVII-7-d&amp;chapter=27&amp;clang=_en
https://treaties.un.org/pages/ViewDetails.aspx?src=TREATY&amp;mtdsg_no=XXVII-7-d&amp;chapter=27&amp;clang=_en
https://treaties.un.org/pages/ViewDetails.aspx?src=TREATY&amp;mtdsg_no=XXVII-7-d&amp;chapter=27&amp;clang=_en
http://refhub.elsevier.com/S0959-6526(22)01308-7/sref94

	Analysis of wind to hydrogen production and carbon capture utilisation and storage systems for novel production of chemical ...
	1 Introduction
	2 Methodology
	2.1 Thermodynamic analysis
	2.2 Hydrogen production
	2.3 Wind energy
	2.4 Estimating the reservoir conditions
	2.5 Carbon savings
	2.6 Assumptions and limitations

	3 Results and discussion
	3.1 Thermodynamic analysis
	3.2 Case study: goldeneye carbon capture and storage site
	3.3 CO2 emissions abatement and financial savings

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Nomenclature
	References


