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Abstract 
The urgency of climate change, while the world economy is projected to depend on fossil fuels for some time, requires substantial reduction of greenhouse gas emissions in the oil and gas industry. This study proposes a methodology for the decarbonisation of offshore natural gas production networks through progressive electrification, either by connecting offshore platforms with nearby renewable energy sources, e.g. offshore wind farms, or by sharing resources so as to improve their energy generation efficiency. In this context, a novel multi-objective mixed-integer linear programming model is proposed to simultaneously minimise greenhouse gas emissions and associated costs from a determined offshore platform network, considering technical constraints, such as maintaining the energy balance of the network, ensuring that cables are installed to enable energy flows, and respecting the maximum generation capacities and minimum operating loads of turbines. For demonstration purposes, the proposed methodology was applied to a UK Southern North Sea network and optimised using the augmented -constraint method. The Pareto front approximation obtained suggests that the studied network’s cumulative greenhouse gas emissions can be reduced by 25% over the next 10 years at an average cost of US$370.9 per tonne CO2e. This study also explores the impact that uncertainties and postponing investment decisions may have in the set context.
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1. Introduction 
It is widely agreed that long-lasting or irreversible impacts are expected to take place on the earth, if global temperature increase exceeds 1.50C above the current (IPCC, 2018). To avoid this scenario, a large transformation of the energy system is required (Kriegler et al., 2014). In the short term, the world is projected to continue relying on fossil fuels; by 2030, between 63 and 78% of world’s primary energy demand is still expected to be supplied by fossil fuels (BP, 2020; IEA, 2020a).
Due to the urgency of climate change and the pressure exerted by international commitments such as the Paris agreement (United Nations, 2015), various studies have investigated means for reducing greenhouse gas emissions in the fossil fuel supply chain (EPA, 2002; IEA, 2020b). Renewable energy sources provide a means for decarbonising power grids, however, their integration at large scale poses technical challenges due to their intermittent nature (Ullah et al., 2020). The development of flexibility technologies is expected to mitigate this in the coming decades (Maeder et al., 2021; Zhang and Zheng, 2020). The decarbonisation opportunities renewable energy sources offer for industry is a relatively new area, that is attracting increasing attention (Endresen et al., 2017; Riboldi and Nord, 2018).
Offshore oil and gas operations, in particular, contributed to around a quarter of the global hydrocarbon production in 2016 (IEA, 2018).  Many offshore facilities in the North and Norwegian Sea are under additional pressure as they produce fossil fuels from mature fields, experience production decay, and use long established and ageing infrastructure. Several facilities that are near their end of life operate at severe part-load conditions (Nguyen et al., 2014b; Voldsund et al., 2014), further reducing their environmental performance as turbines operating at lower loads account for important efficiency losses (GE Power Systems, n.d.). Furthermore, according to Nguyen et al., (2014a), off-design operation may require running gas recirculation cycles to secure the export flow in these facilities, resulting in an increased energy consumption per unit of throughput.
Notwithstanding hydrocarbon production reduction, there are different options available which may reduce greenhouse gas (GHG) emissions for currently operating offshore oil and gas facilities. At the moment, Marginal Abatement Cost (MAC) curves, such as those recently published by IEA (2020), are widely used to compare benefits between technologies in the fossil fuel industry. However, with these curves it is difficult to examine the environmental and economic impacts of simultaneously implementing two or more technology options that either target the same emission source(s), or have joint implementation synergies as their joint abatement effect would be different from the sum of their individual separate abatement effects. With MAC curves, it is also complex to analyse the impact of postponing investment decisions or implementing technologies at different times. Instead such decisions and choices can be better characterised if modelled mathematically and optimised in terms of economic and environmental targets. 
Optimisation has been thoroughly applied in the literature to upstream oil and gas supply chains with the objective of maximising their associated NPV and economic performance at design stage; authors such as Aseeri et al. (2004), Carvalho and Pinto (2006) and Tarhan et al. (2009) proposed different mixed integer models to maximise the net present value (NPV) of a project, while deciding on platform and well sequencing, technology selection and well to platform allocation.
The optimisation of environmental objectives in the oil and gas supply chain, such as reducing GHG emissions, has been addressed later but with a greater focus on downstream rather than upstream activities; such is the case of the studies of Elkamel et al. (2008) and Wang et al. (2020) who optimised activities related to petroleum refining.
Reducing environmental impacts and costs have been observed as competing objectives in the hydrocarbon production context (Azadeh et al., 2015; Riboldi and Nord, 2018) and, thus, should be addressed using multi-objective optimisation (MOO) rather than single-objective optimisation. Studies addressing these objectives through MOO are more recent (Roudneshin and Azadeh, 2019; Zhou et al., 2020) focusing on downstream oil supply chains. Both used -constraint method variants to obtain the optimal Pareto fronts. 
Peer-reviewed research addressing upstream oil and gas supply chains through MOO has focused mainly on designing new supply chain infrastructures and scheduling production flows. Sahebi et al. (2014) optimised upstream crude oil supply chains facility location and allocation, technology selection and production planning through a multi-objective mixed integer linear programming (MILP) model, which they solved using the weighted-sum technique. Later, Azadeh et al. (2015) optimised natural gas supply chains assessing production planning and flow allocation decisions across the whole supply chain and Azadeh et al. (2017) optimised decisions for the upstream and midstream crude oil supply chain.
The optimisation of new infrastructure designs, however, has limited application for the supply chains that already have their infrastructure in place and intend to reduce their GHG emissions. Nguyen et al. (2016, 2014a), Oil and Gas Facilities (2020), Riboldi et al. (2017) and TNO (2016) studied options to reduce GHG emissions in established offshore upstream hydrocarbon chains in the context of the industry operating in the North and Norwegian Sea; few of their suggested options are: 
(i) Platform integration: increase the load of natural gas turbines used by sharing power generation between platforms.
(ii) Integrate offshore wind farms with offshore hydrocarbon production networks. 
(iii) Integrate offshore hydrocarbon production with onshore power grids.
(iv) Introduce Waste heat recovery (WHR) systems.
(v) Introduce CO2 capture units.
Practically, the above options cannot be thoroughly assessed using MAC curves as they require detailed modelling specific to individual chains and some have bigger abatement impacts when implemented in offshore platform networks rather than individual platforms. 
There are a limited number of studies addressing the implementation of the above options so far. Nguyen et al. (2014a) optimised the implementation of option (iv) in a single offshore platform and minimised costs and CO2 emissions while maximising net power capacity. The authors used a mixed integer nonlinear programming (MINLP) MOO approach and concluded that the integration of steam Rankine cycles could be more cost competitive than other technologies. Nguyen et al. (2016) later analysed the implementation of options (iii), (iv) and (v) on a single offshore platform in the North Sea using a MINLP multi-objective optimisation approach that maximised the power capacity and minimised CO2 emissions and investment costs; the authors concluded that all options reduced CO2 emissions by at least 15% for the platform considered. Riboldi and Nord (2018) then analysed the implementation of option (ii) on a single platform using a MOO approach to minimise lifetime CO2 emissions, investment costs and overall weight. Their results showed that lifetime CO2 emissions could be reduced by between 11.9-24.4% at an additional cost of $19-32 million compared to when energy is generated by combusting gas onsite.
Offshore hydrocarbon platforms, however, do not operate in isolation. Mature offshore hydrocarbon basins characteristically host a network of production platforms that exchange and transport the produced hydrocarbon flows between them. This feature offers additional opportunity to share power production facilities, as in option (i), which could be economically advantageous for a network of platforms in production.
Riboldi et al. (2017) may have been the first to optimise GHG emissions reduction in operating offshore platform networks; the authors analysed the implementation of options (i) and (iii) on a network of four hydrocarbon production platforms while considering the dynamic relation between turbine load and generation efficiency. Their results showed that 56% and 3% of lifetime CO2 reductions could be achieved when implementing options (i) and (iii) respectively. The analysis, however, was conducted using a single-objective optimisation approach which does not secure the Pareto optimality of the selected solutions in a multi-objective scenario.
In conclusion, although the simultaneous optimisation of economic and environmental objectives in the fossil fuel supply chain has been conducted on downstream processes and new infrastructure designs in the upstream segments of the chain, it has limited applicability for currently operating facilities. Although currently operating hydrocarbon production facilities contribute approximately a quarter of the global GHG emissions at the present, the authors found limited research conducted to optimise the implementation of GHG emissions reduction options. The few available studies either optimise offshore platforms individually or address this economic-environmental problem using single objective optimisation. 
Specifically, until now, the degree to which interconnecting platforms (option i) and importing power from offshore wind farms (option ii) might help reduce GHG emissions in offshore platform networks has not been studied through a MOO approach. This study aimed to evaluate this and focused on upstream offshore natural gas production. For this purpose, the implementation of options (i) and (ii) in offshore platform networks was assessed through a newly proposed multi-objective multi-period mixed integer linear programming model (MOMILP) that allows minimising simultaneously the cumulative GHG emissions and costs associated with this implementation for a platform network. The benefits from the implementation of the methodology are evaluated for a real platform network located in the UK Southern North Sea (SNS) considering an investment horizon of 10 years, and solved using the augmented -constraint method in the GAMS optimisation software version 23.5. This is the first study to simultaneously model shared power generation between platforms and the integration of these networks with offshore wind farms when environmental and cost objectives are optimised.
Considering the projected dependence of our economies on fossil fuels for some time yet, the contributions of the proposed methodology are very significant in terms of climate change mitigation for the oil and gas industry and policy makers. The proposed model, firstly, allows planning the gradual electrification of offshore hydrocarbon production networks that are currently operating, while simultaneously minimising their associated costs and GHG emission, and secondly, allows exploring how offshore wind generated power price can impact the efforts to reduce GHG emissions on these networks.
The rest of this paper is structured as follows. Section 2 further describes the problem boundaries and assumptions and presents the proposed MOMILP model. Section 3 presents a real-world case study selected to apply the proposed methodology and illustrates how the developed model identifies optimal solutions. Section 4 discusses the results and Section 5 presents the research conclusions, limitations and recommendation for further research.

2. [bookmark: _Ref36829554]Methods:
2.1 Offshore oil and gas upstream chain characteristics
The offshore oil and gas upstream chain includes the processes of hydrocarbon production, pre-processing and transport to onshore terminals. It is composed by:
· Offshore fields: comprising geological structures which, due to their unusually high hydrocarbon content, allow economically profitable hydrocarbon production. 
· Surface production infrastructure: Located above sea level, these metallic structures are used to receive, treat and prepare hydrocarbon production flows for being exported to their onshore destination. 
· Subsea production infrastructure: Located below sea, these include subsea well heads, infield flowlines and subsea manifolds which operate with the purpose of receiving and directing the production flow coming from the offshore wells to nearby surface infrastructure or to subsea export pipelines for being directed to onshore terminals.  
· Offshore export pipelines: Tubular metallic flowlines, normally located on the seabed, used to export production hydrocarbon flows to onshore terminal destinations. 
A group of offshore surface infrastructure interconnected by pipelines through which hydrocarbon flow is commonly referred to as an offshore infrastructure network; figure 1 presents the specific case of an offshore platform network. 
[image: ]
Figure 1. Schematic representation of the upstream offshore oil and gas chain. 
Within the surface production infrastructures a series of processes are performed; after receiving the produced hydrocarbon flow, oil is separated from gas and water. While produced water is purified before being disposed at sea, oil and gas flows may or not be further purified to meet export pipeline specifications depending on their quality. Gas and oil may then need compression and pumping respectively to flow through offshore pipelines and reach their onshore destination. 
The previous processes require power to operate; as surface production infrastructures are normally located far from onshore power grids, the most widely used methods to generate power offshore are:
· Combusting some of the natural gas these infrastructures produce. In this widely used method, natural gas is combusted in turbines whose generation efficiency depends on the load they are operated at, estimated as the fraction between the turbine energy demand and the turbine generation capacity (GE Power Systems, n.d.).
· Combusting diesel in generators; which is normally restricted to the minimum as companies have to buy and transport this fuel to each offshore location. This method is normally used to support the offshore infrastructure energy demand during start-ups, emergencies and maintenance activities.

2.2 Model formulation
The proposed model considers offshore platforms as surface infrastructure for simplicity, but it can be easily extended to include other types of surface infrastructures. 
The model represents the upstream offshore oil and gas chain as a network where nodes represent offshore platforms (op) and offshore wind farms (wf), and where arcs represent the subsea electricity cables necessary to allow electricity flow between offshore platforms and wind farms. In this approach, electricity would only flow between two nodes if a connected arc path exists between them.
Each platform is considered to have a set of gas turbines (gt) fixed at the time of its construction. This set is assumed as invariable during the life of the platform.
In this approach, in order to allow joint power generation between platforms, it is necessary that at least one arc connects two platform nodes (op), meaning that at least one cable connects two platforms; while in order to allow offshore wind generated power use in a platform network, it is necessary that at least one arc connects a platform node (op) with an offshore wind farm node (wf).
[bookmark: _Ref38377325]
2.2.1 Variables
The following decision variables are considered for this approach:
·  – Binary variable defining whether the arc between nodes ‘i’ and ‘j’ is installed in period ‘t’ or not. 
·  – Electricity flow from node ‘i’ to ‘j’ in period ‘t’ in [GWh].
·  – Electricity generated by platform ‘i’ combusting diesel in period ‘t’ in [GWh].
·  – Electricity generated by platform ‘i’ combusting natural gas in its turbine ‘k’, during period ‘t’ in [GWh].
·  – Binary variable defining whether turbine ‘k’ from platform ‘i’ is used for electricity generation combusting natural gas in period ‘t’ or not.
Additional parameters used in the developed model are presented in table 1.

Table 1
Parameters used in the proposed model.
	
	GHG emissions associated with the combustion of 1 [GWh] of diesel equivalent; expressed in tonnes CO2 equivalent
	
	Linear fitting parameters used to model the gas turbine heat consumption

	
	Life cycle GHG emissions of the power generated by offshore wind; expressed as tonnes of CO2 equivalent per [GWh] of generated energy
	
	Chosen investment horizon [years]

	
	Diesel generator efficiency
	
	Interest rate

	
	GHG emissions associated with the combustion of 1 tonne of natural gas; expressed as tonnes CO2 equivalent
	
	Installation cost of the subsea electricity cable [$USmillion/km]

	
	Gas combustion [tonnes/year] in turbine ‘k’ of platform ‘i’, period ‘t’.  
	
	Distance [km] separating nodes ‘i’ and ‘j’ 

	
	Gas turbine generation efficiency
	
	Set of offshore platforms under consideration

	
	Combusted gas calorific value [GWh/ton]
	
	Set of offshore wind farms under consideration

	
	Gas turbine heat rate [Btu/GWh]
	
	Set of gas turbines associated to offshore platform ‘i’

	
	Gas turbine part load heat consumption rate [Btu/h]
	
	Price of the electricity generated by offshore wind [US$million/GWh] in period ‘t’ 

	
	Gas turbine base load heat consumption rate [Btu/h]
	
	Diesel price [US$million/GWh generated] in period ‘t’ 

	
	Gas turbine power output [GW]
	
	Price paid [US$million/GWh] to the operating company for gas delivered in period ‘t’ 

	
	Gas turbine maximum design power output [GW]
	
	Node ‘i’ electricity demand in period ‘t’ [GWh]

	
	Gas turbine minimum operating load
	
	Sufficiently large constant:  

	
	Gas turbine operating hours [hours/year]
	
	



2.2.2 Objective functions
Two objective functions were considered. The first, presented in Eq. 1, minimises the net present value associated with the Capital expenditure (CAPEX), Operational expenditure (OPEX) and lost revenues (LOST_REV) for the whole evaluation period in . Eq. 2 to 6 further detail how this objective function is derived.
[bookmark: _Ref34241131]  						(1)
[bookmark: _Ref34319554]The CAPEX for the network level implementation of abatement options was calculated using Eq. 2 considering the cable installation costs, the installation timing and the discount rate ‘r’.
				(2)
[bookmark: _Ref34402389]The OPEX for the abatement options implementation (Eq. 3) was calculated considering the costs associated with electricity purchase from offshore wind farms () and diesel purchase () for power generation within the offshore platforms defined in Eq. 4 and Eq. 5 respectively. This approach included diesel consumption in the OPEX as power generated by offshore wind and that higher generation efficiencies from joint power generation may reduce diesel consumption.
			(3)
					(4)
							(5)
This approach modelled lost revenues as the income lost due to the natural gas that is combusted in the platforms and that can therefore not be sold. NPV was estimated using Eq. 6 as the market value of the natural gas combusted for power generation within the offshore platforms’ network. This value was optimised together with the diesel and offshore wind power costs as they are all used to meet the platforms’ power demand, impact negatively the operating companies’ economic flows and have different associated GHG emission footprints.
[bookmark: _Ref34320677]			(6)
The second objective function (Eq. 7) minimises the greenhouse gas emissions (GHG) related to the cumulative energy consumption of the network; specifically, in this approach GHG emissions due to natural gas combustion in turbines (NGE), diesel combustion in engines (DE) and offshore wind generated power imports (OW) were minimised over the considered investment horizon. Eq. 8 to 14 further detail how this function was derived. This function considered the greenhouse gases of CO2, CH4 and N2O aggregated in terms of tonnes CO2 equivalent using a CO2 equivalent weight of 25 for CH4 and 298 for N2O, which relate to their impact on global warming over a 100-years’ time span (IPCC, 2007). The authors note that although the most up to date version of IPCC GPWPs (AR5) has a higher GWP for methane, the most up to date EF for offshore wind power (NREL, 2013) uses AR4; therefore, for consistency in calculations, AR4 was used in this study. 
[bookmark: _Ref34325005]						(7)
Natural gas combustion associated GHG emissions, detailed in Eq. 8, were estimated following American Petroleum Industry (API), (2009) guidelines.
[bookmark: _Ref34327234] 			(8)
Eq. 9 relates the natural gas combusted in a turbine () with the energy demand of the turbine () and the combusted gas calorific value ().
 										(9)
Gas turbine generation efficiency () by definition can be expressed in terms of the heat rate () (Eq. 10) or the heat consumption () and turbine power () (Eq. 11); with the numerators in these equations referring to the conversion of 1 [GWh] into [Btu] units.  
[bookmark: _Ref34328275] 										(10)
[bookmark: _Ref45290134]										(11)
This study modelled the relation between turbine heat consumption () and turbine load as linearly dependent (Eq. 12) following the gas turbine behaviour described in GE Power Systems (n.d.) allowing to express heat consumption through the linear relation showed in Eq.  13. Eq. 14 expresses part load turbine power output () in terms of the electricity produced by the turbine in a determined period () and the operating hours () for the site. 
 									(12)
[bookmark: _Ref34329252] 								(13)
[bookmark: _Ref34329397]										(14)
By replacing Eq. 9 to 14 in Eq. 8, natural gas combustion GHG emissions can be expressed as shown in Eq. 15.
[bookmark: _Ref34395274] 
 			 				(15)
Diesel combustion GHG emissions were estimated depending on the diesel generated electricity () [GWh] and the diesel generation efficiency () as shown in Eq. 16.
[bookmark: _Ref34329598]					(16)
[bookmark: _Ref34324456]While emissions associated with the purchased offshore wind generated power were estimated using Eq. 17.
[bookmark: _Ref45303429]			(17)
The authors note that Eq. 2, 3, 6, 15, 16 and 17 are linear to the decision variables.

2.2.3 Constraints
The defined decision variables are submitted to the binary and non-negativity constraints described in Eq. 18 to 22.
						(18)
 					(19)
 						(20)
							(21)
 						(22)
Eq. 23 secures that for all periods, the incoming, outgoing and self-generated electricity at each node is balanced with its energy demand. The present model does not consider the possibility of inventorying electricity for future periods. 
[bookmark: _Ref34404554]	(23)
Eq. 24 requires a cable to be previously installed between two nodes to allow electricity flow between them. The proposed approach assumes that a cable takes one unit of time to be operative since the time the investment costs are assumed, meaning that if the investment costs for the cable are assumed in period ‘t’, this cable can be used from period ‘t+1’ on.
  			(24)
Eq. 25 caps each network arc to be installed only once; it also allows electricity to flow in either direction. The present approach also considers that arcs do not suffer from degradation, so after installation they remain fully operative throughout the evaluation period.
 					(25)
This methodology does not optimises the cable voltages and transmission losses for the network; instead, when optimising a particular offshore platform network, it chooses cable costs () from a comparable offshore cable installation project to secure that the voltage levels of the cable are adequate to the case study being optimised. 
Eq. 26 and 27 limit the gas turbine generated electricity to the design capacity of the turbine and requires a minimum operating load for a turbine to operate in line with Riboldi et al. (2017). Eq. 28 limits the energy generated by combusting diesel to be below the natural gas turbine minimum operating range, so natural gas combustion is prioritised over diesel combustion.
  					(26)
 			(27)
   					(28)
Eq. 29 secures that no closed cycles are formed inside the network.
  					(29)
Lastly, Eq. 30 secures that at least 65% of the energy demand of an individual platform in a determined period is self-generated within each platform. Considering the intermittency of offshore wind generation and energy security reasons, a large portion of the energy demand for a platform has been required to be self-generated in similar projects in the North Sea. As an example, the Hywind Tampen project, which integrates floating offshore wind turbines with the Snorre and Gullfaks hydrocarbon offshore platforms, considered that only 35% of annual power demand of the platforms would be provided by offshore wind turbines (Equinor, 2019).
[bookmark: _Ref38996162]				(30)
3. Case study
In addition to having the highest installed offshore wind generation capacity in Europe, the UK continental shelf also produced 98.6% of the UK’s total hydrocarbon production in 2018 (UK Oil & Gas Authority, 2019a; Wind Europe, 2020) and emitted 13.2 million tonnes of CO2 to the atmosphere (OGUK, 2019). Moreover, recent UK government commitments of achieving net zero greenhouse gas emissions by 2050 have put significant pressure on this industry to reduce these emissions. 
The present study chose three offshore platform clusters located in the UK Southern North Sea shown in figure 2. The number of platforms per cluster, fields per platform, and the operating state for each infrastructure - active (a) or inactive (n) - is presented in table 2. The analysed clusters are ideal to investigate the benefits of shared power generation and offshore wind energy integration due to their proximity to the Hornsea project – currently the largest operating offshore wind farm in the world (Wind Europe, 2020) – and because many of these platforms are currently experiencing production decline with the consequential generation efficiency loss.
The analysed platforms are not connected to the UK electricity grid, which is why they combust the same gas they produce to meet their energy demand. This demand was not publicly available at the time this manuscript was written, which is why it was estimated using the following stepwise approach:
· First, the future gas production per field was forecasted using the decline curve analysis concepts outlined by Arps (1944) and historical hydrocarbon production data (UK Oil & Gas Authority, 2019a).
· Second, the historical and future energy demand per field was estimated by multiplying the hydrocarbon production profile for each field with the energy intensity profile of the UK offshore gas fields Vanner (2005).
· Third, the energy demand for each field was allocated to different offshore platforms considering the network information made available by UK Oil & Gas Authority (2019b) and assuming that this demand can be separated into pre-processing and compression requirements, which can be allocated jointly to the same platform or separately into two different platforms. Pre-processing and compression requirements were assumed to be constant and respectively equivalent to 20 and 80% of the energy demand of the field, respectively, for simplicity. Further information on how this energy demand was allocated per platform is presented in table 2; table 3 presents a summary of the energy demand per platform estimated following this methodology.  
Considering the hydrocarbon production forecasts estimated for this case, this study set an investment horizon of 10 years which was divided into 10 periods of 1 year on which investment decisions can be implemented.

[bookmark: _Ref34837428]
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[bookmark: _Ref35890914]Table 2
Composition of the analysed offshore hydrocarbon network and other relevant modelling parameters (UK Oil & Gas Authority, 2019b, 2019a). Note: (a) = active, (n) = inactive.

	Cluster
	Offshore platform
	Connected fields
	Number GT
	Distance between operating platforms and Hornsea offshore wind farm [Km] / % of connected fields energy demand allocated to platform

	
	
	
	
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)
	(11)
	(12)
	(13)

	0
	(1) Hornsea connection point
	n/a
	0.0
	101.405
	80.330
	72.099
	142.471
	135.099
	121.112
	86.599
	98.043
	90.886
	60.015
	140.369
	114.358

	I
	(2) Garrow (a)
	Garrow (a)
	Diesel
	101.405
	0.0 / 20%
	37.992 / -
	73.990 / 80%
	155.564 / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -

	
	(3) Kilmar (a)
	Kilmar (a)
	Diesel
	80.330
	37.992 / -
	0.0 / 20%
	36.018 / 80%
	119.657/ -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -

	
	(4) Trent (a)
	Trent (a)
	5
	72.099
	73.990 / -
	36.018 / -
	0.0 / 100%
	87.781 / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -

	
	(5) Cygnus (a)
	Cygnus (a)
	11
	142.471
	155.564 / -
	119.657 / -
	87.781 / -
	0.0 / 100%
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -

	
	Tyne (n)
	Tyne South (n), Tyne North (n)
	4
	n/a
	n/a / -
	n/a / -
	n/a / 80%
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	n/a / -

	II
	(6) ST-1 (a)
	Markham (n), Windermere (n)
	10
	135.099
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	0.0 / 100%
	23.684 / -
	146.469 / -
	146.591 / -
	127.777 / -
	155.959 / -
	49.816 / -
	38.356 / -

	
	(7) Chiswick (a)
	Chiswick (a), Kew (a)
	1
	121.112
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	23.684 / 100%
	0.0 / 20%
	144.575 / -
	147.181 / -
	128.625 / -
	148.463 / -
	67.561 / -
	48.220 / -

	III
	(8) Clipper PC (a)
	Clipper North (a)
	16
	86.599
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	146.469 / -
	144.575 / -
	0.0 / 100%
	11.925 / -
	21.497 / -
	35.743 / -
	119.686 / -
	108.096 / -

	
	(9) Clipper South (a)
	Clipper South (a)
	1
	98.043
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	146.591 / -
	147.181 / -
	11.925 / 80%
	0.0 / 20%
	18.918 / -
	49.014 / -
	116.708 / -
	108.343 / -

	
	(10) Galleon PN (a)
	Galleon (a)
	2
	90.886
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	127.777 / -
	128.625 / -
	21.497 / 80%
	18.918 / -
	0.0 / 20%
	52.306 / -
	99.009 / -
	88.405 / -

	
	Skiff PS (n)
	Skiff (n)
	1
	-
	- / -
	- / -
	- / -
	- / -
	- / -
	- / -
	- / 80%
	- / -
	- / -
	- / -
	- / -
	- / -

	
	(11) Barque (a)
	Barque (a)
	2
	60.015
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	155.959/ -
	148.463 / -
	35.743 / 80%
	49.014 / -
	52.306 / -
	0.0/ 20%
	141.017 / -
	123.156 / -

	
	(12) Carrack QA (a)
	Carrack (a)
	2
	140.369
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	49.816 / -
	67.561 / -
	119.686 / 80%
	116.708 / -
	99.009 / -
	141.017 / -
	0.0 / 20%
	29.775 / -

	
	(13) Cutter (a)
	Carrack (a)
	1
	114.358
	n/a / -
	n/a / -
	n/a / -
	n/a / -
	38.356 / -
	48.220 / -
	108.096 / 80%
	108.343 / -
	88.405 / -
	123.156 / -
	29.775 / -
	0.0 / 20%
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[bookmark: _Ref35883463]Figure 2. Representative geographical location of the analysed gas production assets (coloured circles), non-producing platforms (black circles) and associated gas pipeline in the UK Southern North Sea. 
Each platform was modelled to be equipped with a number of simple cycle gas turbines (GT) model GE LM2500 DLE 50Hz to meet their energy demand; each of these turbines were considered to have a net power output () of 21.8 [MW], a heat rate () of 9,835 [Btu/kWhLHV] (GE, 2019) and a recommended minimum operating load () of 10% (Subash, 2019). While other GT models are also used in the offshore oil and gas industry, the selected model is hugely popular in the North Sea area. This analysis estimated the number of gas turbines per platform (table 2) so that they are capable of handling their individual life cycle peak energy demand (Nguyen et al., 2014a).
[bookmark: _Ref38384460]Table 3
Estimated power demand per operating platform in the case study
	Offshore Platform
	Energy demand – Period 1 [GWh/year]
	Energy demand – Period 10 [GWh/year]
	Cumulative Energy demand – Periods 1 to 10 [GWh/year]
	Last non-zero demand period

	(2) Garrow
	1.151
	0.678
	9.567
	10

	(3) Kilmar
	6.838
	-
	12.837
	3

	(4) Trent
	57.944
	2.711
	167.238
	10

	(5) Cygnus
	838.197
	41.739
	2,648.829
	10

	(6) ST-1
	103.580
	-
	231.001
	4

	(7) Chiswick
	25.895
	-
	57.750
	4

	(8) Clipper PC
	707.060
	221.834
	4,224.151
	10

	(9) Clipper South
	38.690
	-
	204.556
	9

	(10) Galleon PN
	23.679
	-
	69.355
	5

	(11) Barque
	57.369
	46.004
	539.166
	10

	(12) Carrack QA
	26.363
	9.455
	155.699
	10

	(13) Cutter
	4.790
	-
	5.335
	3


Gas turbines were considered to run 8,760 hours per year () and have an associated carbon combustion efficiency of 99.9%. The relation between gas turbine heat consumption and power output was modelled as described in Eq. 12 with associated coefficients  and , which were obtained by regressing the experimental GT behaviour data made available by GE Power Systems (n.d.) with an associated R-squared coefficient of 0.997. These coefficients predict a maximum turbine efficiency of 34.96%, a value only 0.8% higher than the one specified by the manufacturer (GE Power Systems, n.d.).
This study considered that the natural gas fed to these turbines – the same these platforms produce and process – has an associated calorific value () of  [GWh/tonne] and a combustion emission factor () equivalent to of 3.373 [tons CO2 equivalent/ton NG] based on the latest data referring to natural gas combustion for energy generation in offshore hydrocarbon operations in the UK (National Atmospheric Emissions Inventory, 2017). Although the authors note that hydrocarbon composition changes from field to field, chose the EFs reported by the UK National Atmospheric Emissions Inventory were chosen because they provide a reasonable regional context and in order to enable the reproducibility of the results obtained in this research; these factors were derived using the calorific value of NG assumed for this case. After offshore use, the remaining natural gas throughput was considered to be delivered to an onshore destination plant and sold at a time dependent market price () equivalent to European natural gas price forecast (IEA, 2017) for the current policies scenario adjusted to 2020 values using the associated consumer price index for gas (BEIS, 2020a).
Offshore platforms with low peak energy demand, such as the Garrow and Kilmar platforms, were modelled to be powered by diesel engines only. The diesel engines considered in the network were modelled to operate at 40% efficiency () and use diesel with a Lower Heating Value (LHV) of  [J/m3] and a combustion emission factor () equivalent to 669.184 [tonnes CO2 equivalent/GWh generated diesel]  (API, 2009). The time dependent diesel price () used in this analysis was derived by projecting the 2019 UK average price, £1.315/L (BEIS, 2020b), to change proportionally to the current scenario forecast for crude oil price (IEA, 2017). An exchange rate of US$1.276 per £1, the 2019 average (UK HM Revenue & Customs, 2020), was used to convert these values to US dollars.
The analysed case considered the possibility of platforms purchasing power from the Hornsea One offshore wind farm project, this commenced operations in 2020 and is expected to be followed by phases two, three and four. Hornsea One consists in 174 offshore wind turbines installed in an area of 407 km2 and a total capacity of 1.2 [GW] (Orsted, 2020a, 2020b), this project could provide 4,068.144 [GWh] per year if a 38.7% load factor, equivalent to the UK’s offshore wind farm 2014-2018 average (BEIS, 2019a), and 8,760 operating hours per year are considered. It was assumed that this power could be purchased by the platforms at the same price () as the current £140/MWh initial strike price secured by the current 15-year subsidised contract for Hornsea One (Low Carbon Contracts Company, 2020), and that this power could be supplied from a location with coordinates 53°55’9.293’’N of latitude and 1°39’52.024’’E of longitude, equivalent to the point n°20 of the Work No.4 area defined for the installation of the HVAC collector substations in the project (UK Infrastructure Planning Statute, 2014). Emissions from the power purchased from this offshore wind project () were considered to be equivalent to 11.0 [tonnes CO2 equivalent/GWh] after NREL (2013).
It was assumed that none of these platforms are electrically connected to each other, meaning that the initial condition of the modelled network would have zero existing arcs, like this, any electricity exchange between the platforms and the Hornsea One wind farm would require the installation of the appropriate power cables which were considered to take one year to be fully operative since the investment decision. A cost of 421.400 [kUS$/km] for cable installation () was estimated considering the cost for connecting Valhall with the shore in 2006 (Nexans, 2006) at the average conversion rate of USD$1.2556 per 1€ (European Central Bank, 2020) for that year. This is one of the few publicly available cable installation costs for these type of projects in Europe and excludes conversion platforms costs, which are assumed to be already installed by the Hornsea One project. 
As noted in figure 2, cluster I is located at the north of the Hornsea project, while cluster II and III are located at the south and south-west of the wind farm, meaning that a connection between clusters I and II or III would require going through the Hornsea project. Considering the previous feasibility concerns, power cable connections were only allowed between:
· The Hornsea One offshore wind farm and all analysed platforms.
· Platforms within cluster I.
· Platforms within clusters II and III.
Distances between the allowed node connections are showed in table 2.
An interest rate () of 10% was used to calculate the Net Present Value of the project assuming it would be financed by fossil fuel companies.
[bookmark: _Ref37947294]3.1 Uncertainty
It is recognised that the analysed case presents uncertainty in some of the key parameters used in the multi objective optimisation approach. As these have not been previously modelled in the context of offshore wind farm and hydrocarbon platforms integration, their impact in the optimal Pareto front was assessed by defining the following upper and lower uncertainty bounds:
a) Cost of electricity generated by offshore wind: As the base case assumed this parameter to be equal to the strike price agreed for the current Hornsea One project contract, but recent UK offshore wind farm Contract for Difference (CfD) rounds have assigned strike prices as low as 40.0 [£/MWh] in 2017 and 39.650 [£/MWh] in 2019 to other offshore wind projects (BEIS, 2017, 2019b); the present study defined a lower bound of 57.50 [£/MWh], equivalent to the Hornsea Phase Two strike price (BEIS, 2017) for this parameter. As offshore wind energy prices are decreasing with time in Europe, it was considered that it is not possible to have a higher price than in the base case.
b) Natural gas sales price: A lower bound was defined using the natural gas price forecast for Europe in the sustainable development scenario specified in IEA (2017); a higher bound was defined using the same percentage deviation between the base case and the defined lower bound.
c) Offshore cable costs: Proven to vary greatly depending on the cable route, type and installation method, few inter-array cable costs are publicly available for projects in Europe. This study used the offshore cable costs ratios published by the Danish Ministry of Energy Utilities and Climate (2018), Nieradzinska et al., (2016) and Edif ERA (2016) for European offshore wind farm projects to define a lower bound of 367.16 [kUS$/km] and an upper bound of 1,275.98 [kUS$/km].
d) Power demand of the network: As the energy demand per platform was estimated using decline curve analysis and energy intensity factors in this study; lower and upper uncertainty bounds were defined by varying the base case forecast by 20%.
e) Natural gas combustion associated GHG emissions: Being likely to change in time as hydrocarbon production streams change their hydrocarbon composition; this study defined a lower and upper uncertainty bound using the lowest and highest emission factors observed during the past 10 years in offshore hydrocarbon platforms in the UK (National Atmospheric Emissions Inventory, 2017), being these 3.076 and 3.455 [tonnes CO2 equivalent/tonne NG] respectively.
f) Interest rate: Although the case study was assumed to be financed by fossil fuel companies at a weighted average cost of capital (WACC) close to 10% (The Oxford Institute for Energy Studies, 2019), an interest rate of 5% was also tested to consider the lower WACC of renewable companies (WindEurope, 2020).
The optimisation approach was then solved by changing one parameter at the time within these bounds to assess the impact that these uncertainties have in the obtained Pareto front.

3.2 Solution methodology
Considering that an investment horizon of 10 years was set, the present case study can be modelled through the proposed mathematical formulation (section 2.2) with 1,120 binary and 1,240 non-negative variables.
As Binary integer programming problems are proven to be NP-Hard (Karp, 1972) and also are a special case of Mixed Integer Linear Programming, the proposed MILP approach can be considered a NP-Hard type of problem.
Excluding meta-heuristic approaches, the -constraint and the weighted sum are the most popular multi-objective optimisation solution generation methods; however, the latter fails to produce unsupported efficient solutions with Mixed integer Programming problems, such as one defined in this study, while the -constraint method obtains those solutions (Miettinen, 1998; Steuer, 1986).
The present study used the augmented -constraint method defined by Mavrotas (2009), which, compared to the original -constraint, further focus the computational resources in generating optimal solutions in the Pareto front by, firstly, generating a pay-off table through lexicographic optimisation that secures Pareto optimality in the individual optima and, secondly, generating a set of efficient solutions within the defined pay-off table range. A grid of 130 points and a coefficient  accompanying the optimised objective function were used to run this method.

4. Results and discussion 
The results obtained for the defined base case and uncertainty scenarios are shown in the Pareto front approximations presented in figure 3. Obtaining each of these fronts following the methodology outlined in section 3.2 took approximately 2.2 hours of CPU time with an Intel Core i3-3110M 2.40 GHz CPu and 8.0 GB RAM using the GAMS optimisation software version 23.5; obtaining the Pareto Front approximation for the 10 cases analysed in this study took approximately 22 hours of CPU time. For the base case, a total of 125 efficient solutions were obtained with optimal associated cost-GHG emissions pairs ranging between 200.6 [US$ million] with associated emissions of 6,593.3 [ktonnes CO2e] and 807.5 [$US million] with associated emissions of 4,956.8 [ktonnes CO2 e]. These results imply that a reduction of 1,636.5 [ktonnes CO2e] would be possible over a period of 10 years at an additional cost of 607.0 [US$ million], which would be equivalent to an emissions reduction ratio of 370.9 [US$/ton CO2], a value 31% higher than the 284.03 [US$/tonne CO2] emissions reduction ratio for Hywind Tampen, calculated considering 200 ktonnes of annual CO2 reduction over a period of 10 years (Equinor, 2019) at an exchange rate of NOK$ 8.802/US$ (US Internal Revenue Service, 2020); with Hywind Tampen being one of the world’s first projects integrating offshore hydrocarbon operations with offshore wind generation.

[bookmark: _Ref37416727]
(a)

(b)
Figure 3. (a) Pareto front approximations obtained for the base case and defined uncertainty scenarios. (b) Enlarged section of the obtained Pareto front. Note: These images exclude some optimal solution points to facilitate the visualisation of the fronts
By examining the distribution and spread quality indicators presented in table 4, it is possible to deduce that the obtained solutions appear to be fairly distributed across the generated Pareto front approximation. An average separation (HRS) of 6.53 in the [kUS$-tonne CO2e] space and a largest observed variation of 90.74 [US$ million] between individual objective function values (Γ) were observed in neighbouring solutions; furthermore, solutions presented a stable behaviour around the mean distance separating neighbouring solutions () exhibiting a variation from this value, or Spacing (SP), of 7.65, and an average Euclidian difference from this value () of 2.49 in the [kUS$-tonne CO2e] space. Further indications on how these parameters were estimated are presented in table 4.
[bookmark: _Ref37420169]Table 4
Quality indicators of the Pareto front approximation obtained for the base case. Notes: (1) S is the Pareto set approximation, (2) 
	Classification
	Indicator
	Value
	Formula

	Cardinality
	Overall Non-dominated vector generation (ONVG)
	125
	 

	Distribution and spread
	Spacing (SP)
	7.65
	 

	
	Delta index () (Deb et al., 2000)
	2.49
	 

	
	Γ (Custódio et al., 2011)
	90.74
	 
Where  

	
	Hole relative size (HRS) (Collete and Siarry, 2011)
	6.53
	 



When moving across the Pareto front, the obtained optimal solutions were observed to follow a progressive pattern in their associated network configuration. By analysing figure 4 it is possible to note that cases (I) and (V), which respectively correspond to the solutions associated to the far left and far right values of the Pareto front (figure 3), constrain the network configurations between which the optimal solutions vary. Case (I), with the lowest associated costs and highest associated emissions from all the obtained optimal solutions, is characterised for not using or installing any cable connections and by having each platform combusting individually diesel and/or self-produced natural gas to meet their power demand. Case (V), on the other hand, with the lowest supply chain cumulative emissions and the highest associated costs, is characterised for having all network nodes connected through a cable network and all platforms importing the maximum allowed offshore wind generated power from period two on -the earliest allowed- with no shared power generation taking place between platforms. When moving from case (I) to case (V) across the obtained front, solutions will progressively start connecting nodes at different periods until all nodes are connected in one network at the earliest allowed period. From case (I) also, when looking for Pareto optimal solutions with increasingly lower emissions, solutions would not only have higher associated costs, but would also start using an increasing number of cable connections and moving their associated investment costs closer to the present. 
Even though shared power generation was observed across the obtained Pareto front, in the majority of the optimal solutions cables were predominantly used to transport offshore wind generated power, as observed in cases II to V (figure 4). The predominance of offshore wind power purchase over shared power generation was observed in the optimum even though this study considered the agreed strike price for Hornsea One, which is considerably higher than recently awarded offshore wind farm strike prices in the UK. 
[image: ]
[bookmark: _Ref37788307]Figure 4. Network representation of selected samples of obtained optimal solutions with the initial network state represented at the top left with no cable connections installed. The Hindu-Arabic numerals inside brackets indicate the year the adjacent cable connection starts being used.
Platforms with strong energy demand (table 3), such as platforms 5, 8 and 11, were among the first to be connected to the offshore wind farm; while platforms with comparatively lower energy demand, such as platforms 2 and 3, or with energy demand ceasing early, such as platforms 3, 6, 7 and 13, were connected to the network only in the most expensive optimal solutions.
By calculating the differences between cost and emissions between neighbouring Pareto optimal solutions, it is possible to estimate the marginal abatement cost (MAC) for reducing GHG emissions at specific levels of network emissions. Using the obtained base case Pareto front approximation, these costs were calculated and plotted against their associated network emissions in figure 5. With an average of 388.3 [US$/tonCO2e], 66.9% of the obtained marginal abatement costs were under the estimated abatement cost of 284.03 [US$/tonne CO2] for Hywind Tampen. The small number of marginal abatement costs that presented abnormally high values were mostly associated to the connection of distant platforms or platforms with comparatively lower cumulative power demand profiles. 

[image: ]
[bookmark: _Ref37419639]Figure 5. Instant GHG Marginal Abatement Costs associated to the base case; derived from the obtained Pareto front approximation.
From figure 3 it is also possible to analyse the impact that parameter uncertainty has in the Pareto front; while all the considered scenarios produced Pareto front approximations with identical extreme value network configurations, variations among the obtained optimal values were observed. 
The most sensitive observed parameters were the platforms’ energy demand, natural gas associated emission factor, and cable costs.
When the network is submitted to a different energy demand configuration, the Pareto front was displaced vertically depending on whether energy demand is increased or decreased; by varying the energy demand by 20% the optimal solution with lowest emissions resulted to have associated emissions and costs with differences of 18 and 11% from their base case counterpart respectively. The previous can be explained by noting that higher or lower network energy demand will have associated higher and lower combustion rates and offshore wind generated power imports respectively.
The next parameter to which the Pareto front showed important sensitivity was the natural gas associated combustion emission factor, which is expected as this approach forced each platform to self-generate at least 65% of its own energy demand, while natural gas combustion was the preferred self-generation method set in this approach.
As the optimal solutions with lower GHG emissions relied heavily in offshore wind generated power imports to optimally reduce their emissions, and these imports were only possible after installing the network cables, higher cable costs increased the costs of the solutions with low GHG emissions in the Pareto front. Specifically, for network emission levels greater or equal than 5,150 ktonnesCO2, the high cable cost scenario had a NPV 50% higher than its base case counterpart when equal levels of network emissions are compared; additionally, the solution with the lowest GHG emissions resulted US$729.6 million more expensive than its base case counterpart.
Lower offshore wind energy prices didn’t impact the Pareto front emissions range but displaced it to the lower cost side reducing costs in the solutions with low GHG emissions. The solution with the lowest obtained GHG emissions resulted US$170.0 million cheaper than its base case counterpart when an offshore wind power price of 57. 50 [£/MWh] was used instead of 140.00 [£/MWh].
As observed in figure 3, the different scenarios tested for natural gas price and interest rate produced comparatively lower variations in the Pareto front approximations affecting respectively by 0.9% and 6.6% the overall emissions reduction cost. 
As the present study constrained platforms to import external power up to 35% of their internal energy demand following similar projects under development, the impact of this constraint was analysed by allowing platforms to import all their energy demand. The previous resulted in potential emissions reduction for the analysed network of 5,054.0 [ktonnes CO2e] over a period of 10 years at an additional cost of 1,027.5 [US$ million], equivalent to an emissions reduction ratio of 203.3 [US$/tonne CO2], lower than the estimated abatement cost for Hywind Tampen this time. The option with the least GHG emissions in this case would purchase the totality of the  power demand for the network from the Hornsea offshore wind farm from period two on.
As the world is very likely to continue depending on fossil fuels to meet its energy demand in the coming decade (BP, 2020; IEA, 2020a), reducing GHG emissions across currently operating hydrocarbon facilities has become increasingly relevant. To date, few studies have identified a single option that could reduce GHG emissions by more than 20% on these facilities; when studying the US and Canadian oil and gas supply chain. ICF International (2014a, 2014b) concluded that the options with the largest mitigation effects could reduce between 6.1 and 7.5% of the GHG emissions for the chain. Endresen et al., (2017), when analysing oil and gas operations in the Norwegian continental shelf, concluded that installing Combined Heat Power in platforms could potentially be the option with highest mitigation effect, in the order of 4-5% of the baseline GHG emissions. This study achieved a potential GHG emissions reduction of 25% by connecting different platforms between each other to share power generation and connecting these platforms to offshore wind farms. Among the studies addressing emissions mitigation on offshore platforms, Nguyen et al., (2016) achieved a 15% of emissions mitigation by studying the implementation of Waste Heat Recovery and Carbon Capture and Storage on an individual platform or by connecting the platform with onshore power grids. Riboldi and Nord, (2018) achieved between 11.9-24.4% of emissions mitigation by connecting an individual platform with an offshore wind farm. The mitigation achieved in this study compares favourably with most of the above; although notably, Riboldi et al., (2017) achieved a higher mitigation of up to 56% GHG emissions reduction when connecting an offshore platform network with onshore power grids.

4.1 Implications for theory and practice
This study has shown that GHG emissions mitigation and cost reduction are competing objectives in the context of the electrification of offshore natural gas platforms. Therefore, the authors recommend addressing both objectives using multi-objective optimisation rather than single-objective optimisation approaches.
The significant GHG emission reduction (25%) achieved in this study highlights the important emissions mitigation opportunity that connecting offshore hydrocarbon networks with offshore wind farms presents. Higher mitigation rates have only been observed in published literature when platforms are connected with an onshore power grid. However, it is also noted that the effectiveness of the GHG mitigation is highly dependent on the level of decarbonisation of the onshore power grid. Other GHG mitigation options applicable to offshore natural gas production such as connecting platforms to each other, installing waste heat recovery systems and even carbon capture and storage have been reported to produce lower GHG emission reduction effects. 
For the study analysed, connecting offshore platforms with offshore wind farms dominated the optimal Pareto front over connecting platforms to each other to share power generation. This suggests that the former is more effective. This is in line with the results obtained by Riboldi et al., (2017), who through a single-objective optimisation procedure concluded that shared power generation could provide lower GHG emissions reduction (3%), while connecting platforms with onshore grids could reduce GHG emissions, by up to 56%. 
Although the obtained US$370.9/tonne CO2e average GHG emission reduction cost is well above the CO2 cost projected in Europe for the coming decade (IEA, 2017), the authors expect that the rapid fall of offshore wind prices projected will help to reduce the costs further. Offshore wind farm projects have been assigned strike prices as low as 39.650 [£/MWh] in recent years in the UK (BEIS, 2019b), this is 72% lower than the strike price used in this case study. The chosen case study also considered a network of platforms reaching their end of life with little production beyond 10 years. The electrification of younger platforms with longer operating lives could help to balance the capital expenditures associated to their electrification and further reduce costs. Finally, this study considered that only 35% of the power demand of each platform could the imported from other platforms or offshore wind farms. By relaxing this constraint this research showed that the GHG mitigation cost fell, highlighting another path to reduce this cost. 
5. Conclusions 
This study presents a novel multi-objective mixed-integer linear programming (MOMILP) optimisation methodology developed to minimise greenhouse gas emissions and costs simultaneously in a portfolio of offshore hydrocarbon platforms when the integration of offshore wind farms and shared power generation between platforms is considered. 
The proposed methodology was applied to a real offshore platform network located in the UK Southern North Sea and characterised for having several projects experiencing production decline, but can be applied to any installed offshore platform network. The applied model was solved using the augmented -constraint method, the Pareto front approximation obtained showed a clear trade-off between GHG emissions reduction and costs in the analysed context. The obtained results suggested that the analysed network had the potential of reducing its energy generation GHG emissions over the next 10 years by 25%, or 1,636.5 tons of CO2e, at an average reduction cost of 370.9 [US$/tonne CO2e]. This cost was shown to decrease to 203.3 [US$/ton CO2e] if the network was allowed to import the totality of its energy demand. 
The obtained Pareto front was used to estimate the  Marginal Abatement Cost curve for the network at different levels of GHG emissions; 66.9% of these costs resulted below the 284.03 [US$/tonne CO2] level estimated for Hywind Tampen. 
By allowing the model to decide between shared power generation and offshore wind energy purchase in the multi-objective optimisation, this study showed the clear advantage of the latter mitigation option along the obtained Pareto front approximation in line with the observations of  Riboldi et al. (2017). By allowing the implementation of the emissions reduction technologies at different points in time, a wider range of optimal solutions with different associated optimal costs and emissions to choose from are available.
The proposed model can be useful for industry and policy makers who wish to make offshore natural gas production cleaner. The technological options considered in this study are readily available, thus the GHG emissions mitigation indicated is realistically possible to achieve.
The 25% reduction on GHG emissions on the analysed offshore platform network indicates that connecting offshore wind farms with offshore platform networks could achieve one of the highest emissions mitigation potential reported in the literature for offshore hydrocarbon operations. Considering that our economies are projected to continue depending on fossil fuels in the coming decade and offshore natural gas contributes importantly to this consumption, the contributions of this model to climate change mitigation are therefore very significant. 
Although the obtained GHG emissions reduction costs are higher than the projected price of CO2 in the European market for the coming decade, the authors expect that the estimated costs will decrease as the cost of several renewable sources, such as wind and solar energy, continues to fall, and carbon credits become scarcer; furthermore, electrification of younger platform networks could provide further opportunities for reducing these costs.
In the near future, it is likely that fossil fuel producers will continue exploring the use of renewable energy to make fossil fuel production cleaner and, therefore, that further platform electrification projects, such as Hywind Tampen, will continue to be announced. This can be particularly true for areas where renewable energy generation and hydrocarbon production operate in close proximity, and where renewable energy generation is being increasingly curtailed at peak times, such as in the North and Norwegian Sea.
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Cumulative CO2 emissions [ktonnesCO2e]


Base case	200.56700000000001	218.97	239.04400000000001	261.428	282.06099999999998	300.18299999999999	321.262	341.84	362.37799999999999	379.57	399.24900000000002	419.62	439.00900000000001	459.52300000000002	478.75	500.09300000000002	525.98199999999997	541.95100000000002	561.12699999999995	580.98	600.00099999999998	626.11599999999999	634.29999999999995	660.84199999999998	671.21799999999996	710.65200000000004	716.78399999999999	807.52099999999996	6593.2960000000003	6452.1859999999997	6332.9390000000003	6196.5619999999999	6084.98	5998.1949999999997	5899.0110000000004	5812.2259999999997	5737.8379999999997	5675.848	5638.6549999999997	5576.665	5527.0730000000003	5452.6859999999997	5378.2979999999998	5303.91	5241.9210000000003	5192.3289999999997	5155.1350000000002	5117.9409999999998	5080.7470000000003	5055.951	5031.1559999999999	5018.7579999999998	4993.9620000000004	4981.5640000000003	4969.1660000000002	4956.768	Cable cost - Lower bound	200.56700000000001	216.71899999999999	228.048	237.79499999999999	248.995	259.13499999999999	271.23	280.15499999999997	290.20800000000003	303.50900000000001	314.262	325.42099999999999	337.25700000000001	346.80099999999999	359.90800000000002	373.536	384.64699999999999	395.05099999999999	404.536	416.46300000000002	426.26299999999998	435.10300000000001	448.27300000000002	460.22500000000002	474.40100000000001	483.24200000000002	496.47500000000002	512.69899999999996	523.44299999999998	533.20699999999999	543.79	560.49400000000003	571.62699999999995	582.02099999999996	601.61699999999996	614.12400000000002	635.87	671.94100000000003	680.86500000000001	761.21299999999997	6593.2960000000003	6452.1859999999997	6380.5469999999996	6298.7209999999995	6233.26	6184.1639999999998	6118.7030000000004	6069.607	6020.5110000000004	5955.05	5905.9539999999997	5856.8580000000002	5807.7629999999999	5775.0320000000002	5725.9359999999997	5676.84	5660.4750000000004	5627.7439999999997	5595.0140000000001	5562.2830000000004	5529.5529999999999	5496.8220000000001	5447.7259999999997	5398.6310000000003	5349.5349999999999	5316.8040000000001	5267.7079999999996	5234.9780000000001	5202.2470000000003	5169.5169999999998	5153.1509999999998	5120.4210000000003	5104.0550000000003	5071.3249999999998	5054.96	5022.2290000000003	5005.8639999999996	4989.4979999999996	4973.1329999999998	4956.768	Cable cost - Upper bound	200.57599999999999	221.33	228.43	254.43600000000001	261.59500000000003	273.608	280.64299999999997	292.084	303.87700000000001	313.02100000000002	324.61799999999999	334.05700000000002	345.16300000000001	354.34500000000003	364.36200000000002	376.3	385.25099999999998	395.01100000000002	407.48500000000001	418.13099999999997	431.375	440.21600000000001	459.3	470.15199999999999	507.98200000000003	529.80499999999995	535.91700000000003	540.32100000000003	551.84500000000003	592.55999999999995	602.00699999999995	613.57899999999995	622.40899999999999	640.04899999999998	653.29300000000001	666.52	675.34900000000005	684.19	693.03099999999995	712.12599999999998	720.95500000000004	732.46799999999996	765.21100000000001	788.73199999999997	801.904	843.447	852.05499999999995	881.52	925.39300000000003	934.01300000000003	941.19500000000005	1016.597	1026.0450000000001	1038.8230000000001	1128.0630000000001	1244.6869999999999	1264.7729999999999	1537.134	6593.3040000000001	6560.567	6476.558	6452.1859999999997	6446.0159999999996	6429.65	6364.1890000000003	6331.4579999999996	6298.7269999999999	6249.6310000000003	6200.5349999999999	6151.4390000000003	6118.7079999999996	6069.6120000000001	6020.5159999999996	5987.7860000000001	5938.6890000000003	5889.5929999999998	5856.8630000000003	5807.7669999999998	5758.6710000000003	5725.94	5709.5739999999996	5676.8440000000001	5660.4780000000001	5627.7479999999996	5611.3819999999996	5595.0169999999998	5578.652	5562.2860000000001	5545.9210000000003	5529.5550000000003	5496.8249999999998	5480.4589999999998	5431.3630000000003	5414.9979999999996	5382.2669999999998	5349.5370000000003	5316.8059999999996	5300.44	5267.71	5251.3440000000001	5234.9790000000003	5202.2479999999996	5169.518	5153.152	5136.7870000000003	5120.4219999999996	5104.0559999999996	5087.6909999999998	5071.3249999999998	5054.96	5038.5950000000003	5022.2290000000003	5005.8639999999996	4989.4989999999998	4973.1329999999998	4956.768	Natural Gas price - Lower bound	182.40799999999999	200.82599999999999	217.92099999999999	235.73599999999999	255.4	274.85300000000001	296.39	307.375	319.03899999999999	341.28500000000003	359.16500000000002	388.041	413.61900000000003	432.637	451.18799999999999	473.79199999999997	491.70400000000001	514.57899999999995	536.01199999999994	553.84699999999998	579.54700000000003	590.40300000000002	613.29	626.51300000000003	652.221	693.173	702.81799999999998	794.69100000000003	6593.3040000000001	6452.1859999999997	6347.8230000000003	6233.2659999999996	6135.0739999999996	6036.8819999999996	5938.6890000000003	5889.5929999999998	5840.4970000000003	5758.6710000000003	5693.2089999999998	5627.7479999999996	5562.2860000000001	5496.8249999999998	5431.3630000000003	5349.5370000000003	5284.0749999999998	5234.9790000000003	5169.518	5136.7870000000003	5104.0559999999996	5071.3249999999998	5054.96	5022.2290000000003	5005.8639999999996	4989.4989999999998	4973.1329999999998	4956.768	Natural Gas price - Upper bound	218.73400000000001	237.11199999999999	259.447	280.86200000000002	301.72699999999998	321.90600000000001	342.97699999999998	368.01	380.90600000000001	407.476	427.37900000000002	452.94799999999998	470.375	487.71600000000001	506.161	523.55600000000004	541.90899999999999	562.48400000000004	580.26099999999997	605.93399999999997	616.50900000000001	639.47500000000002	652.42600000000004	678.24400000000003	719.07299999999998	728.58600000000001	820.35	6593.2960000000003	6452.1859999999997	6298.7209999999995	6184.1639999999998	6069.607	5971.415	5873.2240000000002	5775.0320000000002	5725.9359999999997	5660.4750000000004	5595.0140000000001	5529.5529999999999	5464.0919999999996	5398.6310000000003	5333.1689999999999	5267.7079999999996	5234.9780000000001	5169.5169999999998	5136.7860000000001	5104.0550000000003	5071.3249999999998	5054.96	5022.2290000000003	5005.8639999999996	4989.4979999999996	4973.1329999999998	4956.768	Wind power cost - Lower bound	200.56700000000001	208.048	218.952	226.10400000000001	236.38399999999999	247.27500000000001	256.697	266.49200000000002	276.904	287.03199999999998	298.93	308.41899999999998	327.56200000000001	336.21199999999999	346.18099999999998	356.27	367.16899999999998	382.54500000000002	392.03399999999999	409.137	411.90499999999997	425.60599999999999	439.339	445.75099999999998	469.22	478.39400000000001	503.34800000000001	541.48199999999997	548.08699999999999	637.50800000000004	6593.2960000000003	6476.5590000000002	6452.1710000000003	6380.5469999999996	6249.625	6118.7030000000004	5987.7809999999999	5856.8580000000002	5725.9359999999997	5676.84	5660.4750000000004	5611.3789999999999	5562.2830000000004	5496.8220000000001	5431.3609999999999	5349.5349999999999	5284.0739999999996	5234.9780000000001	5185.8819999999996	5153.1509999999998	5136.7860000000001	5120.4210000000003	5104.0550000000003	5071.3249999999998	5054.96	5022.2290000000003	5005.8639999999996	4989.4979999999996	4973.1329999999998	4956.768	Platforms' power demand - Lower bound	171.38900000000001	182.59399999999999	191.59399999999999	202.43	212.71	222.03899999999999	233.25299999999999	242.142	252.79	263.86200000000002	272.64800000000002	282.81	294.63	304.33999999999997	315.85000000000002	325.44900000000001	336.04399999999998	350.63499999999999	360.03699999999998	367.19299999999998	387.22500000000002	396.04399999999998	409.19900000000001	420.048	430.05200000000002	440.86599999999999	451.69600000000003	466.08699999999999	479.23399999999998	482.91	510.12799999999999	517.33900000000006	536.95899999999995	574.38400000000001	612.74900000000002	635.52099999999996	728.10500000000002	5363.8890000000001	5240.1049999999996	5222.4059999999999	5164.2619999999997	5122.9970000000003	5056.0829999999996	4989.1679999999997	4949.0200000000004	4895.4880000000003	4841.9570000000003	4801.808	4761.66	4708.1279999999997	4667.9799999999996	4627.8310000000001	4587.6819999999998	4547.5339999999997	4534.1509999999998	4507.3850000000002	4480.6189999999997	4467.2370000000001	4427.0879999999997	4373.5559999999996	4333.4080000000004	4293.259	4253.1109999999999	4212.9620000000004	4199.5789999999997	4159.4309999999996	4146.0479999999998	4119.2820000000002	4092.5160000000001	4079.1329999999998	4065.75	4052.3679999999999	4038.9850000000001	4025.6019999999999	Platforms' power demand - Upper bound	231.46199999999999	243.24199999999999	254.94900000000001	264.98599999999999	277.17700000000002	287.48399999999998	296.66800000000001	306.50099999999998	316.41000000000003	326.22699999999998	337.47300000000001	348.23500000000001	360.66500000000002	372.06099999999998	381.28899999999999	390.03899999999999	403.23700000000002	412.55599999999998	422.26799999999997	432.51600000000002	452.33699999999999	463.24099999999999	473.74700000000001	480.82400000000001	493.62599999999998	504.07299999999998	514.02	523.27	532.47199999999998	542.15800000000002	552.15599999999995	562.28099999999995	572.58399999999995	583.09500000000003	590.154	603.13599999999997	613.55600000000004	625.11599999999999	638.51400000000001	644.47400000000005	655.96500000000003	668.42499999999995	681.75900000000001	707.12099999999998	720.13900000000001	739.47699999999998	765.90899999999999	782.23699999999997	811.03899999999999	892.56200000000001	7748.8010000000004	7607.3059999999996	7576.3559999999998	7539.4110000000001	7445.6959999999999	7388.8639999999996	7332.0320000000002	7275.2	7218.3670000000002	7180.4790000000003	7123.6469999999999	7085.759	7028.9269999999997	6991.0389999999998	6953.1509999999998	6915.2629999999999	6858.4309999999996	6820.5420000000004	6782.6540000000005	6744.7659999999996	6706.8779999999997	6668.99	6631.1019999999999	6612.1580000000004	6593.2139999999999	6555.326	6517.4380000000001	6479.55	6441.6620000000003	6403.7730000000001	6365.8850000000002	6327.9970000000003	6290.1090000000004	6252.2209999999995	6233.277	6214.3329999999996	6176.4449999999997	6138.5569999999998	6119.6130000000003	6100.6689999999999	6062.7809999999999	6024.893	6005.9480000000003	5968.06	5949.116	5930.1719999999996	5911.2280000000001	5892.2839999999997	5873.34	5854.3959999999997	Natural Gas EF - Lower bound	201.429	208.05699999999999	218.95099999999999	225.673	231.59899999999999	245.82499999999999	258.32900000000001	266.38299999999998	276.06700000000001	285.00200000000001	295.69299999999998	305.50599999999997	316.291	327.065	338.99900000000002	352.517	361.26499999999999	370.077	392.56400000000002	403.286	412.75099999999998	428.48899999999998	438.43400000000003	447.25900000000001	456.108	465.64400000000001	477.82400000000001	487.95100000000002	496.76299999999998	505.61200000000002	516.47699999999998	528.45100000000002	539.44899999999996	549.4	567.28700000000003	581.19000000000005	599.07899999999995	615.40899999999999	627.38400000000001	633.298	659.548	665.46199999999999	706.29	715.88300000000004	805.70100000000002	6014.0360000000001	5920.7070000000003	5900.2709999999997	5843.4480000000003	5834.4679999999998	5730.1220000000003	5670.4960000000001	5640.683	5595.9629999999997	5551.2430000000004	5506.5240000000003	5461.8040000000001	5417.0839999999998	5372.3639999999996	5327.6450000000004	5282.9250000000002	5253.1120000000001	5223.299	5178.5789999999997	5148.7659999999996	5118.9530000000004	5089.1400000000003	5059.3270000000002	5029.5129999999999	4999.7	4969.8869999999997	4925.1670000000004	4895.3540000000003	4865.5410000000002	4835.7280000000001	4805.915	4791.0079999999998	4761.1949999999997	4731.3819999999996	4701.5690000000004	4686.6620000000003	4656.8490000000002	4641.9430000000002	4627.0360000000001	4612.13	4597.223	4582.3159999999998	4567.41	4552.5029999999997	4537.5969999999998	Natural Gas EF - Upper bound	201.429	208.03899999999999	218.97	231.803	241.78700000000001	255.91200000000001	266.62799999999999	279.00299999999999	288.24299999999999	298.96300000000002	309.12599999999998	323.47399999999999	335.03100000000001	346.97500000000002	356.827	365.67	374.49	392.46	403.15600000000001	419.17599999999999	434.03699999999998	442.858	456.10500000000002	469.62700000000001	477.80700000000002	487.93700000000001	496.74700000000001	509.995	528.35400000000004	539.40300000000002	549.36099999999999	561.77800000000002	573.98900000000003	592.68899999999996	603.40599999999995	626.32399999999996	639.41300000000001	665.38300000000004	706.27499999999998	715.86599999999999	804.79499999999996	6730.665	6629.1480000000001	6603.6940000000004	6530.3609999999999	6446.4949999999999	6362.63	6312.31	6245.2169999999996	6194.8980000000001	6144.5780000000004	6094.259	6027.1660000000002	5976.8469999999998	5926.527	5892.9809999999998	5859.4340000000002	5825.8879999999999	5792.3419999999996	5758.7950000000001	5708.4759999999997	5674.93	5641.3829999999998	5591.0640000000003	5540.7439999999997	5507.1980000000003	5473.6509999999998	5440.1049999999996	5389.7860000000001	5356.2389999999996	5322.6930000000002	5289.1469999999999	5272.3729999999996	5238.8270000000002	5222.0540000000001	5188.5079999999998	5171.7340000000004	5138.1880000000001	5121.415	5104.6419999999998	5087.8689999999997	5071.0950000000003	Interest rate - Low bound	230.19800000000001	251.71799999999999	269.37099999999998	290.601	309.87	331.11399999999998	351.16199999999998	372.86200000000002	392.23	412.875	430.83800000000002	450.28899999999999	469.69499999999999	492.971	510.05	529.73900000000003	550.61400000000003	572.09299999999996	591.33000000000004	610.95000000000005	630.03099999999995	650.22	669.36500000000001	697.07399999999996	731.14099999999996	740.07399999999996	781.03800000000001	877.27800000000002	6593.3040000000001	6447.2569999999996	6336.6310000000003	6258.558	6171.7719999999999	6072.5879999999997	5985.8019999999997	5899.0159999999996	5824.6279999999997	5750.24	5688.25	5651.0559999999996	5601.4639999999999	5551.8720000000003	5502.28	5427.8919999999998	5353.5039999999999	5279.116	5241.9219999999996	5192.33	5155.1360000000004	5117.942	5080.7479999999996	5055.9520000000002	5018.7579999999998	4993.9620000000004	4981.5640000000003	4956.768	NPV Costs [millionUS$]

Cumulative CO2 emissions [ktonnesCO2e]
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