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Abstract 
While the natural gas (NG) suppliers are under unprecedented pressure to reduce their Greenhouse 

Gas (GHG) footprint, various emissions reduction technologies have become available. Comparing 

their GHG mitigation performance and cost effectiveness has thus become increasingly relevant.  

This research developed a novel and accurate set of tools for GHG emissions estimation and for the 

cost assessment of emissions mitigation options for NG chains. These were combined in a first time 

proposed techno-economic and environmental optimisation framework to identify effective and cost 

efficient GHG emissions reduction options for NG operations in a regional context.  

The Life Cycle Assessment (LCA) methodology was used to develop inventory models for: offshore 

production and pre-processing, onshore processing and liquefaction, offshore pipeline transport and 

offshore Liquefied Natural Gas (LNG) transport. The modular life cycle inventory models developed 

provide significant advances compared to previously developed models: (i) they capture the impact 

of different operational practices, technologies and climatic conditions on the emissions, (ii) emission 

estimations are made for the whole life of facilities, historically and with future projections, using a 

combination of material balance and engineering calculations; these are configured to the specifics 

of facilities analysed increasing substantially estimation accuracy, (iii) they enable the assessment of 

uncertainty for emission estimations. The models were validated using industry data for five NG 

chains with operations in Norway (2), UK, Australia and Bolivia. 

A methodology to compare the cost effectiveness of different emissions reduction technologies 

through Marginal Abatement Cost Curves was also developed for a large range of CO2 and CH4 

emissions mitigation options. The cost models developed account for capital and operational 

expenditure, as well as effects on revenues and tax liabilities. The approach was validated using three 

of the NG operations studied, located in Norway (2) and Australia. 

Finally, a mixed-integer multi-objective optimisation model was developed to identify regional 

opportunities for GHG emissions reduction and cost minimisation in offshore upstream NG value 

chains through (i) joint power generation and (ii) connection with offshore wind farms. This model 

was tested for a set of 12 offshore platforms located in the UK Southern North Sea obtaining a 25% 

reduction of the network’s cumulative CO2 emissions over a ten year future period. 

This research has proven for the first time that there can be significant difference in GHG 

performance between neighbouring NG facilities, or within the same facility in consecutive years, 

found to be up to 54 and 44%, respectively. Moreover, it has shown that the embodied GHG 

footprint of NG product delivered at different markets will vary significantly even when it is 

originating from a single source. Thus, generic or regional averages, often employed by LCA 

practitioners, are not reliable for the industry’s own reporting and for regulatory purposes. In this 

context, policy makers should consider that imported NG may arrive with embodied GHG footprints 
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varying by more than 50%. Moreover, to effectively identify which NG value chains or regions offer 

comparatively lower GHG footprints, it is necessary to perform value chain specific LCA studies, using 

real operational data at a unit process granularity.  

Regarding emissions reduction options and cost considerations, while integration with renewables 

and efficiency improvements could perform well for conventional offshore operations, in 

unconventional onshore operations, targeting well completions, casing and tank vents were shown 

to have a higher GHG reduction potential. The offshore Norwegian, onshore Norwegian and onshore 

Australian industry facilities studied were found to have added individual mitigation potential of 

2,522, 346 and 13,947 ktonnes CO2 equivalent over investment horizons of 5, 15 and 10 years 

respectively. All the sites studied were also found to have abatement options with negative 

implementation costs. The industry and policy makers should, thus, consider that abatement 

potentials and costs vary significantly by facility depending on its characteristics and context.The 

implementation of the novel life cycle assessment and cost assessment tools developed in this 

research and the multi-objective techno-economic and emissions reduction optimisation framework 

enable for the first time GHG reporting of substantially increased accuracy and unique evidence in 

support of the efforts industry aims to employ to reduce their effects on the climate. 
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Nomenclature 
Units 

Bbl – Barrel of oil equivalent 

Btu – British thermal unit 

GWh – Giga Watt hour 

hp – Horsepower 

kL – kilo Litre 

km – Kilometre 

kUS – Thousands of US dollars 

kWh – Kilo Watt hour 

μD – micro Darcy 

mbopd – Million of barrels of oil per day 

MJ – Mega Joule 

MW – Mega Watt 

nD – nano Darcy 

ppmv – Parts per Million of Volume 

scf – Standard cubic feet 

 

Acronyms 

AGR – Acid Gas Removal 

API – American Petroleum Institute 

BOG – Boil-off gas 

C3MR – Propane mixed refrigerant process 

CAPEX – Capital expenditure 

CAPP – Canadian Association of Petroleum Producers 

CBM – Coal Bed Methane 

CCS – Carbon Capture and Storage 

CERI – Canadian Energy Research Institute 
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CfD – Contract for Difference 

CI – Confidence Interval 

CNG – Compressed Natural Gas 

CODAM – Corrosion and Damage database 

CPP – Central Processing Plant 

CV – Coefficient of Variation 

DFDE – Dual-fuel diesel electric 

DIAL – DIfferential Absorption Light 

EDF – Environmental Defence Fund 

EF – Emission factor 

EIA – US Energy Information Agency 

EPA – US Environmental Protection Agency 

FLNG – Floating Liquefaction Natural Gas 

FPSO – Floating Production Storage and Offloading unit 

GDP – Gross Domestic Product 

GHG – Greenhouse gas 

GOR – Gas oil ratio 

GRT – Gross Registered Tonnage 

GTC – Gas to Chemicals 

GTL – Gas to Liquids 

GTS – Gas to Solids 

GTT – Gaztransport and Technigaz 

GTW – Gas to Wire 

GWP – Global Warming Potential 

HFO – Heavy Fuel Oil 

IEA – International Energy Agency 

IPCC – International Panel on Climate Change 
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IPIECA – International Petroleum Industry Environmental Conservation Association 

LCA – Life Cycle Assessment 

LCI – Life Cycle Inventory 

LDAR – Leak Detection and Repair 

LEL – Lower Explosion Limit 

LHV – Lower Heating Value 

LNG – Liquefied Natural Gas 

LP – Linear Programming 

LPG – Liquefied Petroleum Gas 

LPG – Liquefied Petroleum Gas 

MAC – Marginal Abatement Cost 

MDO – Marine Diesel Oil 

MEG – Monoethylene Glycol 

MFC – Mixed Fluid Cascade 

MILP – Mixed Integer Linear Programming 

MINLP – Mixed-Integer Non-Linear Programming 

MTPA – Million Tonnes per annum 

NCS – Norwegian Continental Shelf 

NDC – Nationally Determined Contributions 

NGCC – Combined cycle natural gas turbines 

NGL – Natural Gas Liquids 

NPL – National Physical Laboratory 

NPV – Net Present Value 

NRU – Nitrogen Rejection Unit 

OH – Operating Hours 

OPEX – Operational Expenditure 

ORV – Open Rack Vaporisers 
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OSPAR – Oslo/Paris convention for the Protection of the Marine Environment of the North-East 
Atlantic 

PLEM – Pipeline end modules 

SCV – Submerged Combustion Vaporiser 

SETAC – Society of Environmental Toxicology and Chemistry 

SSD – Slow-speed diesel 

TFDE – Tri-fuel diesel electric 

TOC – Total Organic Compound 

UNFCCC – United Nations Framework Convention on Climate Change 

US$ – US dollar 

VOC – Volatile Organic Compounds 

VRU – Vapour Recovery Unit 

WACC – Weighted Average Cost of Capital 

WinGD – Winterthur Gas & Diesel 

WTP – Water Treatment Plant 
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1 Introduction  

1.1 Preamble 
By 2040, world primary energy demand is expected to increase from current levels by between 20 
and 57% [1,2], this would be driven mainly by a rising world population that would surpass 9 billion 
by then, and a growing Gross Domestic Product (GDP), that is expected to more than double from 
current levels. These trends are expected to offset energy efficiency gains and result in substantially 
higher energy demand than today. 

Simultaneously, there is wide recognition of the unprecedented level of environmental presure 
human activities induce on our planet. In 2015, for the first time in history, the Paris agreement 
brought all nations together to tackle global warming; with the central aim of keeping global 
temperatures’ rise this century below 2 degrees Celsius above pre-industrial levels. The Paris 
agreement [3] has been ratified to date by 189 countries, requiring all its parties to set ‘Nationally 
Determined Contributions’ (NDCs) and regularly report their advances in emissions reduction efforts. 
Since then, although the U.S. has formally notified the United Nations of their intention to withdraw 
with effect on 4th Nov 2020 - joining Iran and Turkey as the only major countries not to participate in 
the agreement - major economies like the UK, Germany and France have announced plans to reach 
carbon neutrality by 2050. The UK was the first country to legally commit to this target [4].  

Currently, 82% of the world primary energy demand is met using oil, natural gas and coal; and 
despite governmental efforts, higher penetration of biofuels and renewables, and a predicted faster 
rise of renewables in the coming two decades [2], hydrocarbons are still expected to supply between 
57 and 78% of the total demand by 2040 [1,2]. Their affordability, availability and compatibility with 
current technologies are the key factors in extending our economic dependence on fossil fuels. 

When combusted, natural gas emits less CO2 than coal or oil, which is why it is regarded as a more 
environmentally less damaging option, which could support the world’s energy mix during its 
transition to a more decarbonised system. As a ‘bridge fuel’, natural gas is expected to be the only 
fossil fuel that would see an increase in its world primary energy mix share in the coming two 
decades [2]. Nevertheless, increased use of natural gas has also highlighted important environmental 
concerns, especially those related to leaked methane throughout the natural gas supply chain, which 
may offset the combustion benefits of natural gas, given that methane has a greater impact on 
climate change than CO2.  

Since the 1990s, a number of studies have analysed the natural gas supply chain to estimate its 
greenhouse gas (GHG) emissions. Methodologically they fall in two main categories, bottom-up and 
top-down approaches. The first addresses emissions estimation by identifying and accounting for 
individual emission sources present within the area of study, while the second starts from an 
emissions estimation referring to a geographic area - normally obtained through remote sensing or 
aircraft, tower, or ground-level emissions sampling - and then allocates these emissions to the 
different activities performed within the area. Bottom-up approaches have been hugely popular, 
although top-down approaches have gained attention lately, as atmospheric sampling technology 
has improved and remote sensing data has become more readily available. 

Understanding GHG emissions associated to different value chains delivering natural gas to markets 
can be useful when designing policies to reduce these emissions. This is why several governmental 
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institutions across the world have developed national inventories to estimate them. The US 
Environmental Protection Agency (EPA) inventory [5] is the most remarkable and referenced 
amongst these for the amount of experimental data and measurements used to back their estimates. 
However, despite its popularity, recent comparisons between these and top-down monitoring based 
estimates suggest that the US EPA inventory could be underestimating emissions from US oil and gas 
operations by 60% [6]. 

As governments increased their efforts to reduce national GHG emissions, different oil and gas 
companies started to estimate and publish their associated GHG emissions. However, such efforts, 
primarily driven by the need to fulfilling environmental regulations, normally provide little additional 
information beyond what is available in national inventories. Moreover, GHG emissions reported in 
such disclosures are normally aggregated at a portfolio or operational type level. 

In the scientific literature, on the other hand, since the 1990s, hydrocarbon supply chain associated 
GHG emissions have been thoroughly analysed. Studies developing new bottom-up methodologies to 
better account for these emissions and studies reporting emissions sampling to compare and 
improve these estimates are still being performed aiming to close the large gap between bottom-up 
estimates and top-down atmospheric measurements. However, the majority of the currently 
available bottom-up studies use coarse resolution emission factors (EFs) and averages 
predominantly, even though the majority of these factors were derived in the 1990s from emission 
samplings performed in US operations. Moreover, the majority of these studies also focus on 
estimating GHG emissions from US or Canadian operations, although North America represents only 
37 and 16% of the world’s oil and natural gas reserves respectively [7]. Finally, the reported 
footprints and associated uncertainties are still not well understood. 

Studies addressing onshore natural gas processing have analysed operations located in the US and 
Canada, while studies of operations outside North America mostly use coarse averages. Studies 
considering the liquefaction processes have addressed facilities around the world and have 
suggested substantially variable emission footprints, depending on the analysed facility. Finally, 
studies referring to offshore natural gas production, mostly consider operations in the Gulf of 
Mexico, while studies referring to offshore operations in Europe report average values per country, 
rather than specific natural gas chains. 

In order to establish whether the GHG emissions associated with hydrocarbon supply chains outside 
North America are appropriately assessed using the currently available coarse resolution EFs, it is 
important to analyse these chains at a finer scale. This should involve using data that reflects site 
operation conditions, such as production throughputs, leakage levels, equipment and component 
counts, common practices and operational temperatures; and test if the impact of operational 
variability and uncertainty in key production parameters have a significant impact on overall 
emission levels. 

While governments around the world commit to reduce their GHG emissions in line with the Paris 
agreement, with their economies still dependent on fossil fuels, apart from understanding the true 
level of GHG emissions associated with the fuels they consume, it is also important to device 
methods to reduce them. This is the main motivation behind emissions reduction efforts in natural 
gas supply chains.  
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Over the years, the oil and gas industry has developed a wide range of technological options and 
operational practices tailored to the exploited resources, ultimately aiming to produce value for 
owners and shareholders. Operating facilities with a view to maximise economic value, increasing 
revenues and reducing costs, may not favour environmental performance. However, as 
environmental regulations are becoming tighter and shareholders’ environmental awareness is 
increasing, oil and gas companies have to balance these objectives. Intuitively, the best choice would 
be the one that maximises economic value at the lowest environmental impact. 

When assessing GHG emissions reduction options across a natural gas chain, it is important to 
consider the investment horizon. Given the oil and gas price volatility and the capital intensive nature 
of the oil and gas infrastructure hydrocarbon projects tend to have a long-term investment horizon. 
Decisions concerning production equipment and operational modes are normally taken at the design 
phase of these projects for periods ranging between 30 and 50 years. An investment horizon ranging 
between 5 and 15 years is considered as short to mid-term, and thus any GHG emissions reduction 
options are likely related to equipment revamp and change in operational practices, rather than 
significant design overhaul. 

The use of Marginal Abatement Cost (MAC) curves to compare different GHG emissions reduction 
options is currently popular in the oil and gas industry for short to mid-term investment horizons. 
The MAC refers to the investment cost associated with the reduction of one unit of GHG emissions 
and is calculated as the coefficient between both values. The MAC characteristically has a variable 
value that depends on the current level of GHG emissions. Intuitively, as an operation adopts less 
environmentally damaging practices and reduces its associated GHG emissions, its MAC increases as 
less effective and more expensive options remain available. A negative MAC value would indicate 
that GHG emissions reduction is possible with gain of economic value, while a positive MAC value 
would indicate that GHG emissions reduction is only possible at an associated cost. 

MAC curves can be calculated for an operation, supply chain or industry sector. Since they provide a 
list of GHG emissions reduction options in ascending cost order, by visual examination, they allow to 
infer which options are the most cost effective or have the highest GHG emissions reduction impact. 
The MAC curve reported by the IEA [8] for methane emissions reduction in the oil and gas industry, 
determined by country for the whole world, indicates that 75% of the methane emitted by the global 
oil and gas industry could be abated with the current technologies at costs ranging between -8.8 and 
109.8 US$/MBtu, and with one third of these emissions possible to abate at no net cost. 

Most of the publicly available MAC curves so far have been produced on behalf of governments and 
international agencies seeking to guide the oil and gas industry to reduce its GHG emissions. This is 
why most of them examine these supply chains with a wide scope, at national level. Very few 
examine individual supply chains or operations, with this type of analysis notoriously scarce in the 
peer reviewed literature. Furthermore, the majority of the available MAC curves study hydrocarbon 
supply chains based in the US, Canada or Mexico. 

The estimation of MAC values at whole industry or national level has also been implemented using 
primarily coarse resolution averages and EFs to estimate the GHG emissions reduction opportunity. 
Moreover, there are important methodological differences regarding the economic flows that each 
MAC curve includes or not. Besides the capital expenditure (CAPEX) and operational expenditure 
(OPEX) costs associated with each option, only a few studies consider incremental revenues 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

35 
 

associated, such as increased production throughputs, and a very few consider the impact that each 
option could have on reducing environmental taxes, such as the CO2 tax. 

Considering these limitations, it is important to analyse GHG emissions reduction opportunities at 
individual operation and supply chain level, using accurate operational data, particularly for facilities 
and chains outside North America, and consider the costs, incremental revenues and reduced tax 
effects that these options could have on individual MAC values. The results could then allow to 
compare individual supply chain MAC curves with published generic MAC industry curves and assess 
if there are significant cost or reduction potential differences between different world regions. This 
would be particularly useful for global oil and gas companies that manage international portfolios 
with assets located in different parts of the world. 

The use of MAC curves has, however, some limitations. The MAC estimate for each GHG mitigation 
option assumes it is implemented in isolation and it is difficult to represent jointly implemented 
options. Moreover, when different emissions reduction options are implemented simultaneously, it 
is also possible that they target a common set of emissions sources, or that jointly they develop 
synergies that further reduce their implementation costs. Thus, it is reasonable to expect that the 
joint implementation of different emissions reduction options may have a different impact than the 
simple sum of their individual implementation benefits. 

When using MAC curves it is also difficult to represent and visualise the effect of postponing 
investment decisions. Such decisions would push economic flows to the future and reduce the 
option’s associated Net Present Value (NPV), but would also make future flows more uncertain and 
dependent on future oil and gas prices or CO2 tax levels. Analysing the impact of postponing 
investments can have a decisive impact on whether or not an option is implemented. 

To better understand the impacts of the joint implementation of emissions reduction options on the 
supply chain’s NPV and GHG emissions, it is necessary to model this implementation mathematically 
accounting for synergies and mutually exclusive constraints affecting the options. A mathematical 
model, as compared to a MAC curve, would have the advantage that it would allow optimisation, 
looking for the set of options that could minimise associated costs and maximise GHG emissions 
reduction taking into account the options’ interrelations.  

The optimisation of oil and gas supply chains productivity, aiming to maximise the project’s NPV has 
been thoroughly addressed in the peer reviewed literature since the 1990’s, with most of these 
studies addressing planning and scheduling decisions [9–11]. Environmental objectives have been 
included in the optimisation studies since the late 2000’s using single objective optimisation [12]. The 
minimisation of GHG emissions and costs, as mutually exclusive objectives, required the application 
of multi-objective optimisation, with the majority focusing on long-term decisions [13,14] such as 
equipment selection, facility location and production flow scheduling, which are normally capital 
intensive and taken during the design phase of the projects. A few studies have addressed the 
implementation of emissions reduction options, which are less capital intensive, and therefore, 
possible to implement in currently operating supply chains that are unlikely to replace already 
installed equipment. Nguyen et al. [15,16] and Riboldi et al. [17,18] have investigated the 
electrification of offshore platforms with the purpose of reducing their GHG emissions at the lowest 
possible cost. These studies, however, either focused on individual platforms, or failed to consider 
the operational reality of platform networks, tied together in operations and emissions reductions 
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considerations, or did not address the problem from a multi objective optimisation perspective, 
failing to secure the Pareto optimality of its results. 

So far, a larger number of emissions reduction options have been analysed using MAC curves than 
economic-environmental multi objective optimisation, this leaves the opportunity to develop 
mathematical models that allow optimising the implementation of options currently disregarded by 
the literature, and then compare the benefits predicted through both methodologies. 

1.2 Aims and objectives 
This thesis aims to (i) improve the understanding of GHG emissions in offshore natural gas 
production, onshore processing and marine transportation, and (ii) develop emissions abatement 
cost models with the objective of supporting GHG emissions mitigation across NG supply chains. 

The specific objectives of this research are: 

• Improve the modelling and quantification of the natural gas supply chain associated GHG 
emissions for offshore platform gas production, onshore natural gas processing, onshore gas 
liquefaction, and natural gas marine transport by performing the estimation at a unit process 
resolution level to better account for the influence of technological choices and operational 
parameters in natural gas value chain emissions and improve the tools used to assess GHG 
emissions reduction options on natural gas supply chains. 

• Develop accurate modelling to estimate the costs of GHG emissions abatement options 
implementation for offshore natural gas production platforms, onshore natural gas 
processing and liquefaction facilities at an equipment or unit process resolution level in an 
methodology that can be tailored to specific natural gas value chains. 

• Develop a technological, economic and environmental multi objective optimisation model 
that allows evaluating the joint implementation of emissions reduction options in offshore 
production platforms. 

1.3 Scope of the study  
This research used the life cycle assessment methodological framework and developed Life Cycle 
Inventory (LCI) models for the studied systems employing material balance and engineering 
calculations to estimate natural gas chain associated GHG emissions at a unit process resolution; this 
is done at a finer resolution compared to previously developed models that use facility or life cycle 
stage resolution emission factors for emissions estimations.  

To develop the LCI models, the natural gas supply chain was divided into value chain stages. This 
research particularly focuses on the stages of offshore production, processing and liquefaction, 
transport by offshore pipeline, and transport in LNG tankers. Each of these value chain stages was 
then separated into unit processes allowing further detailed analysis and mass flow calculations. All 
models have been validated using industry data and are presented in this thesis.  

The natural gas supply chain stages of exploration, onshore unconventional production, onshore 
pipeline transportation, regasification, distribution, and natural gas use were not included in the 
scope of this research. They are addressed by similar level of detail research carried out by other 
members of the Minerals Energy and Environmental Engineering Research Group (MERG). In one of 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

37 
 

the case studies presented in this thesis, the GHG emissions associated with these steps were 
estimated using literature methods, and properly referenced, to allow fellow researchers time to 
present their theses independently. 

Once individual natural gas supply chains around the world were analysed using the LCI models 
developed; natural gas well-to-market (cradle to gate) footprints were estimated in order to compare 
the results with existing literature values. Although it is desirable to perform a LCA from cradle to 
grave, this thesis analysed the individual value chains from cradle to gate, where the gate was 
defined as either delivery at market or at power station for energy conversion, given the specific of 
the particular case. This was chosen as this thesis focused in developing LCI models that facilitate 
GHG emissions mitigation in the up and midstream sections of the NG chain including offshore NG 
production, onshore processing and marine transportation. It is recognised that the coupling of LCI 
models of similar granularity developed by other members of the MERG group with those developed 
in this thesis allows to estimate the GHG footprint of NG after it is consumed and disposed. 
Temporally, the emissions and GHG footprint estimates made covered the whole life cycle of the 
facilities. Since more than 95% of the natural gas supply chain GHG emissions are due to CO2 and 
CH4, the current research focused on estimating emissions of these two greenhouse gases. These 
were then aggregated in terms of their CO2 equivalent mass using the 100 years-time span AR4 [19] 
and AR5 [20] IPCC weights. 

The costing methodology developed to accurately account for the CAPEX and OPEX costs, as well as 
the increased revenues, and environmental tax benefits associated to the implementation of 
different GHG emissions reduction options was applied to offshore natural gas production and 
onshore natural gas processing and liquefaction as these offer the best opportunities to control GHG 
emissions in the analysed chain. This emissions mitigation cost model was then used jointly with 
emissions accounting LCI models to estimate the emissions abatement and calculate MAC curves for 
specific natural gas operations. The case studies analysed are located outside North America and the 
MAC curves produced addressed different investment horizons. 

Finally, this research developed an economic and environmental multi objective optimisation 
approach to simultaneously reduce costs and GHG emissions associated to the natural gas supply 
chain. This model was specifically developed and tested for a portfolio of offshore natural gas 
platforms when the integration with offshore wind farms and joint power generation between the 
platforms is being assessed. 

1.4 Thesis outline  
This thesis is organised in nine chapters. 

Chapter 1 introduced the research topic, discussed the relevance of improving the accuracy of 
natural gas supply chain GHG emissions estimation, as well as improving the current methodologies 
used to compare different emissions reduction options, the research aims and objectives were 
presented. 

In the following sections, Chapter 2 describes briefly the natural gas supply chain and associated unit 
processes to then analyse the current state of the literature regarding GHG emissions estimation in 
offshore gas production, onshore gas processing, gas liquefaction and marine gas transportation. This 
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chapter then critically assesses earlier studies and ends by highlighting current gaps in knowledge 
and published literature.  

Chapter 3 focuses on discussing the methodological framework used in this research, describing the 
Life cycle analysis (LCA) methodology, the approach used to develop the Life cycle inventory (LCI) 
models, the method to derive MAC curves and the economic and environmental multi objective 
optimisation methodology introduced in this research to simultaneously reduce GHG emissions and 
costs in a portfolio of offshore natural gas platforms. 

Chapter 4 presents the Life cycle inventory model developed to estimate GHG emissions from 
offshore natural gas production and pre-processing, and details how the different unit processes 
within these activities were modelled. This chapter also presents three case studies used to test and 
validate this model located in temperate oceanic climates (UK and Norway) and presents a critical 
analysis of their GHG footprints. 

Chapter 5 presents the development of the Life cycle inventory models used to estimate GHG 
emissions associated to onshore gas processing and onshore gas liquefaction, and three industry case 
studies used in testing an validation, located in a subarctic (Norway), subtropical (Bolivia), and humid 
subtropical (Australia) climates. The chapter concludes with a comparative assessment and analysis 
of the resulting footprints. 

Chapter 6 presents the Life cycle inventory models developed to estimate GHG emissions associated 
with the transport of natural gas through subsea pipelines and LNG carriers, and then explains the 
well-to-market (cradle to gate) emissions estimation for specific natural gas supply chains. Four 
industry case studies considering natural gas production in subtropical (Bolivia), subarctic (Norway), 
temperate oceanic (UK), and humid subtropical (Australia) climates are analysed. The obtained 
footprints were then compared with literature values. 

Chapter 7 presents the implementation of the GHG emissions reduction costing methodology to 
three natural gas operations located in subarctic (Norway) and humid subtropical (Australia) 
climates. The GHG emissions reduction effects associated with the implementation of these options 
are made using the LCI models developed in this research and then associated MAC curves are 
described. The results are also compared with literature values. 

Chapter 8 discusses the implementation of the economic and environmental multi objective 
optimisation approach developed to a portfolio of offshore natural gas production platforms located 
in the UK Southern North Sea. The obtained Pareto front is discussed and used to estimate the 
marginal abatement costs associated with this network. The chapter concludes by discussing the 
implication of these findings. 

Finally, chapter 9 presents a critical review of the overall research and findings and suggestions for 
future work. 
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2 Literature review  

2.1 The natural gas supply chain  
The natural gas supply chain can be described through the stages presented in Figure 1. 

 

Figure 1. Natural gas supply chain stages. 

Starting with exploration activities; once a natural gas field is discovered and proven as economically 
viable to develop, the necessary facilities to enable the production, processing, and transport of the 
natural gas to its destination market are designed and installed. 

Natural gas, a hydrocarbon mixture primarily composed of methane and small quantities of other 
higher alkanes, CO2, nitrogen and sulphur, and helium; is formed mainly by the deposition of living 
organisms in anoxic environments. Its generation requires specific containment and sealing 
conditions, and occurs under specific temperatures, timing, and at ideal depths [21]. Only a few 
places around the world are believed to have had the geological conditions favourable for the 
development of natural gas resources. Natural gas resources production currently occurs primarily in 
Russia, the US, and the Middle East [22]. Future projections indicate that China and Europe will have 
a high dependency on natural gas imports, contributing to substantial growth of the international 
natural gas trade, which is expected to increase by 40 to 90% in the next two decades [22]. 

Natural gas resources can be classified into conventional and unconventional, the former referring to 
resources with a permeability typically above 1 [mD] that allows the extraction of natural gas 
through naturally occurring pressure or pumping mechanisms, while the later refer to resources that 
require special or advanced techniques to enable extraction. Examples of unconventional natural gas 
resources are: 

• Shale Gas: Natural gas trapped in underground shale deposits; being these very fine-grained 
porous rocks characterised for having a low permeability between 10 [nD] and 1 [μD]. 

• Tight Gas: Natural gas trapped within rock deposits with a permeability of 1-100 [μD]. 
• Coal bed Methane (CBM): Naturally occurring methane gas trapped in coal seams; natural 

gas is usually stored within the matrix and flows through cleats and fractures within the coal. 

Natural gas production from conventional and unconventional resources account for 77 and 23% of 
the world’s natural gas production respectively [22]. 
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Currently, natural gas is transported from origin to destination by two methods, (i) through pipelines 
in a gaseous state, and (ii) in Liquefied Natural Gas (LNG) tankers in a liquid state; 58% of the world 
natural gas trade takes place through pipelines, while the remaining 42% is via LNG shipping [22]. 

To be transported as LNG, natural gas must be treated to reduce its impurities and undergoes the 
liquefaction process, where it is cooled down to approximately -1600C until it becomes liquid. As 
such, it occupies 1/600th of the volume it would otherwise take up in its gaseous state. After 
liquefaction, LNG is normally stored in LNG storage tanks and then loaded into LNG carriers which 
transport it to its destination market by sea. At the destination port, LNG is unloaded, regasified and 
finally transported through pipelines to the final users. 

Other methods for transporting natural gas, such as Gas to Liquids (GTL), Compressed Natural Gas 
(CNG), Gas to Chemicals (GTC), Gas to Solids (GTS), and Gas to Wire (GTW) are currently being 
analysed but still require efficiency improvements or further testing to become widespread for long 
distance transportation [23]. 

2.1.1 Production 
Natural gas production takes place through wells such as the one presented in Figure 2.  

 

Figure 2. Onshore well representation (after Mukherjee [24]). 

The unit processes associated with the construction and operation of these wells are the following: 

• Drilling: In order to access the hydrocarbon fluids, wells are perforated into the reservoir 
using drilling rigs. Drilling is performed by hoisting and lowering the drill and rotating the bits 
once in contact with the rock. This process requires drilling fluids to be pumped and 
circulated into the well in order to (i) remove the drilling cuttings, (ii) control formation 
pressure, (iii) maintain wellbore stability, and (iv) cool the bit; this is controlled through a 
mud pumping system. In order to control the pressure of the system, a blowout prevention 
system needs to be set up before the drilling.  

• Casing and cementing: It aims to enable future controlled fluid production from selected 
zones in the well and provide structural support as well as wellbore stability. Once the well is 
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drilled and the drilling fluids have been circulated, a casing, a metallic tubular structure, is 
placed inside the well and cement is pumped to fill the gap between the well walls and the 
casing. 

• Perforation: After casing and cementing, in order to connect the well to the reservoir, 
charges are placed at determined intervals in the casing and later detonated. As such, the 
holes created through the casing into the formation will allow future hydrocarbon flows into 
the well. 

• Well stimulation: Performed in cases where it is necessary to increase the productivity of 
wells. It is popular in tight formations with low permeability, especially in unconventional 
natural gas resources; in order to produce natural gas from shale formations, tight sands or 
CBM. Hydraulic fluids are pumped inside the wells to fracture the reservoir and liberate the 
trapped natural gas, a process known as ‘hydraulic fracturing’. Well stimulation is also used 
in cases where the pore throats around the well production zone are thought to be blocked 
by mineral deposits such as clay. Acid solutions can be injected in order to dissolve the 
blocking material in the damaged zone [25].  

• Well testing: Aims to study the reservoir’s characteristics, support production forecasting and 
analyse the state of individual wells. Comprises the collection of flow and pressure data from 
the production streams coming from a well. The well tests performed during the exploration 
and field development phase are of particular interest for GHG emissions estimation as the 
production flows are normally flared during these stages, since the infrastructure to process 
and transport the natural gas is not yet installed. 

Although this thesis focuses on the natural gas supply chain, natural gas is normally produced jointly 
with other hydrocarbon liquids and water. 

Natural gas can be produced onshore or offshore. Since the first offshore well was completed off the 
coast of Louisiana, United States, in 1947, the offshore oil and gas industry has grown considerably. 
28% of current day natural gas consumption is produced offshore [1,26].  

Gas is produced offshore through (i) specially designed offshore platforms, or (ii) remotely controlled 
subsea templates. In method (i), the production flow is taken from the offshore well to an offshore 
platform for pre-processing and then sent to an onshore processing facility through offshore 
pipelines. In method (ii) the production flow is sent directly from the offshore well to the onshore 
processing facility through subsea offshore pipelines. Offshore production through offshore 
platforms is predominant as transporting untreated natural gas through long distance sub-sea 
pipelines can be technically challenging because of the possible formation of hydrates, scales and 
wax or the deposition of sand inside the pipelines. 

Offshore operations differ from onshore operations mainly because of the limited space and 
flexibility in which the hydrocarbon flow needs to be produced and sent to an onshore processing 
plant. Offshore facilities are normally optimised to minimise costs, so every process performed is 
reduced to essentials; this normally is due to tight weight constraints. 

Amongst the currently producing offshore areas, key regions are the Middle East, North Sea, the Gulf 
of Mexico, Brazil and the Caspian Sea. These deep water basins, have been the focus of offshore 
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exploration in recent times, and account for 50% of the discovered conventional oil and gas volumes 
in the last 10 years [26]. 

2.1.2 Processing  
In order to meet customer and liquefaction or pipeline specifications, natural gas needs to be 
separated from hydrocarbon liquids and water and further processed to remove its impurities. Figure 
3 presents a schematic representation of the unit processes associated with natural processing. 

 

Figure 3. Unit processes involved in natural gas processing. 

2.1.2.1 Separation 
Natural gas is rarely produced dry. It normally comes in the hydrocarbon production flow together 
with hydrocarbon liquids and water. The separation of water, gas, and liquid hydrocarbons is 
important as downstream equipment is designed for dealing with specific hydrocarbon qualities. 
Fields producing oil and water use two-phase separators, while fields producing natural gas, 
hydrocarbon liquids and water use three-phase separator systems. The process is mechanical and 
exposes the inlet flow to specific temperatures and pressure. A separator comprises four main 
sections (Figure 4): 

1) Primary separation section or inlet diverter: Removes liquid slugs and big droplets from the 
gas stream by changing the direction of the fluid flow using a solid surface. 

2) Secondary separation section: Located at the upper section of the separator, it separates 
liquid droplets from the gas stream by gravity settling. 

3) Liquid accumulation section: Separates the water and liquid hydrocarbons by density 
difference.  

4) Mist extraction: Uses solid surfaces with mesh or labyrinth type designs to obstruct the gas 
flow and collect the entrained liquid particles that are too small to settle in the secondary 
separation section. 

The following are the most common separator designs used in the industry [27]: 

1) Vertical gas-oil separator with mist extractor: Able to handle large quantities of sand, it has a 
higher liquid surge capacity and lower liquid re-entrainment. 
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2) High pressure horizontal gas-oil separator: Able to handle foaming hydrocarbons, it is 
economical and efficient in processing large volumes of gas.  

3) Double-tube horizontal gas-oil separator: With larger processing capacity under surging 
conditions, it performs better the separation of gases and liquids with similar densities. 

 

Figure 4. Three-phase separator diagram representation. Modified from Arnold and Kozola [28]  
 

4) Low pressure spherical gas-oil separator: The most compact design, it has the lowest 
associated capital costs compared to other designs. 

Once the separator design has been selected for a particular facility considering economic 
performance and inlet flow quality parameters, the number of separation stages is decided based on 
the well head pressure and the hydrocarbon inlet flow API gravity and gas oil ratio (GOR). 

2.1.2.2 Acid gas removal (AGR) 
Natural gas production streams may contain gaseous CO2 ad H2S which are considered impurities. If 
present in the natural gas inlet flow at levels above sales specification, they are removed after 
separation in the Acid Gas Removal (AGR) process.  

AGR works by circulating within the natural gas flow a solvent that will selectively absorb the CO2 and 
H2S impurities. Once circulated and separated from the natural gas flow, the solvent will then be 
regenerated in a normally energy intensive process that recovers the solvent for reuse and separates 
the impurities. Although CO2 and H2S are removed in a selective manner, it is typical that small 
quantities of methane are lost in the process.  

The most common AGR processes used in the industry are the following: 

1) Physical solvents: Remove the CO2 and/or H2S by physically absorbing it with a solvent such 
as derivatives from polyethylene glycol, or anhydrous propylene carbonate methanol, among 
others [29,30]. The associated solvent regeneration process has low energy consumption and 
can be performed at ambient temperature, thus it is economically attractive. However, the 
use of physical solvents is recommended for input flow pressures greater than 50 psi and 
production streams with a low heavy hydrocarbon concentration [29].  

2) Chemical solvents: Remove the CO2 and/or H2S through reversible or irreversible chemical 
reactions. When using reversible reactions, the contactor is regenerated using high partial 
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pressure and/or low temperature [29]. The most common solvents used are the 
alkanolamines [30] grouped into primary, secondary and tertiary amines, with the first and 
second groups rapidly forming carbamate, and the third group removing the CO2 through a 
slower reaction that forms bicarbonate and carbonate with a greater CO2 solubility than the 
other two groups [29]. 

3) Alkaline salt process: Developed originally by the US Bureau of Mines, it uses an aqueous 
solution of potassium carbonate to dissolve both CO2 and H2S with contactor and stripper 
temperatures in the range of 230-2400F [29]. This process is not suitable for gas streams with 
no CO2 content [31]. 

4) Liquid redox processes: Remove the H2S from the gas stream through a chemical reaction 
using an oxidising/reducing agent and forming ultimately elementary sulfur and water [32]. 
After the H2S absorption, HS- is produced and converted into elementary sulfur with the aid 
of auxiliary redox reagents (ARR), solid sulfur is separated and recovered, and the redox 
agent is regenerated using air in an oxidiser vessel [33]. 

Selecting which process is the most appropriate for a particular facility needs the consideration of 
factors such as the natural gas composition, operating conditions, and final product specifications 
[29]. 

2.1.2.3 Sulfur recovery 
When H2S has to be removed from the natural gas production stream, depending on the 
environmental regulations currently in force at the processing plant location, H2S may not be vented 
directly to the atmosphere. In that case, the H2S stream out of the AGR process is sent into a sulfur 
recovery process where H2S is converted into sulfur with two sets of exothermic reactions (Equation 
1) in what is called a ‘Claus process’. 

𝟑𝟑𝑯𝑯𝟐𝟐𝑺𝑺 + 𝟏𝟏 𝟏𝟏
𝟐𝟐
𝑶𝑶𝟐𝟐 →

𝟑𝟑
𝟖𝟖
𝑺𝑺𝟖𝟖 + 𝟑𝟑𝑯𝑯𝟐𝟐𝑶𝑶      Equation 1 

With sulfur recovery rates depending on the furnace operating temperature and hydrocarbon 
fraction in the input gas flow, these do not exceed 96-97% [34].  

Besides the sulfur product, this process generates a tailing output flow composed by N2, CO2, H2O, 
CO, H2, COS, CS2, unreacted H2S and SO2, sulfur vapour and entrained liquid [29]. This tailing flow is 
seldom vented to the atmosphere, but commonly sent to a Claus tail clean-up process. Table 1 lists 
Claus tail clean-up processes common in the industry. 

Table 1. Claus tail clean-up processes [29]. 
Process Sulfur recovery 

efficiency (%) 
Process output flows 

H2S hydrogenation and 
hydrolysis 

99.9 H2S sent back into 
Claus process 

Direct Oxidation 99.5 Sulfur to disposal 
Continuation 99.8-99.5 Sulfur to disposal 
Liquid Redox 99.9 Sulfur to disposal 

 

Tail gas out of each of these processes is normally incinerated to convert the remaining sulfur 
content into SO2 that is released to the atmosphere [29].   
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2.1.2.4 Dehydration 
Natural gas is normally produced alongside water, in addition, the gas stream is normally saturated 
with additional water in the AGR process [29]. Water in the natural gas flow can condense and cause 
corrosion in downstream equipment and favour the formation of hydrates. Although hydrates can be 
prevented by using heaters and insulation to maintain the system temperature above the hydrate 
formation temperature, if this is not feasible, the natural gas stream needs to be directed into a 
dehydration process after the AGR. 

The dehydration process uses a solid or liquid desiccant to absorbing the water content from the 
hydrocarbon flow; the desiccant is then stripped off the removed water using heat, so it can be 
reused. 

The most popular dehydration processes are: 

1) Glycol dehydration: Circulates a desiccant into the natural gas flow in counter current inside 
a contactor. After absorbing water from the gas flow, the desiccant is directed into a reflux 
condenser coil, where most of the soluble gas is flashed-off, and then pumped through a 
heat exchanger into a regenerator where the water is removed through temperature change. 
Finally, the desiccant is partially cooled in a heat exchanger before being pumped back into 
the contactor area for reuse. The desiccants used in this process are Diethylene glycol (DEG), 
triethylene glycol (TEG), which is most widely used, and tetraethylene glycol (TREG) [27,29]. 

2) Solid desiccant dehydration: Used to remove water from liquid hydrocarbons, it directs the 
liquid hydrocarbon flow at a velocity of 0.9-1.5 m (3-5 feet) per minute into a solid bed of 
desiccant that removes the water by adhering to it [29]. The desiccant is reactivated using 
heat [27].  

2.1.2.5 Mercury removal 
As mercury is toxic for human health and can damage downstream equipment constructed with 
aluminium through liquid-metal embrittlement, natural gas streams containing important mercury 
traces are submitted to regenerative or non-regenerative adsorbent mercury removal methods: 

• Non-regenerative mercury removal: Uses sulfur impregnated on carbon or metal sulphide 
beds placed within vessels where mercury is adsorbed from the natural gas stream. Sulfur 
impregnated carbon options are not recommended upstream of gas drying due to the risk of 
capillary condensation of water and heavier hydrocarbons in the micro pores of the carbon-
substructure [35]. 

• Regenerative mercury removal: Consists on UOP HgSIV adsorbents in form of pellets or 
beads with silver based surface cover placed in beds within vessels similar to the non-
regenerative methods. This method, however, places an additional HgSIV adsorbent layer to 
an existing dryer configuration within the vessel where the mercury-silver is regenerated 
thermally from the molecular sieve [35]. 

2.1.2.6 Compression 
Compression may be needed at different stages of the natural gas supply chain. Processes such as 
gas lift, gas reinjection, gas circulation through gathering lines and processing systems, pipeline 
transmission, storage and marine transport may require increasing the pressure or reducing the 
volume of the natural gas flow.  
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For gas transmission, there are two main types of compressors used [36]: 

1) Centrifugal: Direct the gas input flow into an impeller that will impart mechanical energy to 
the flow, this will then be directed at an increased velocity and static pressure into a diffuser, 
which will convert that velocity into static pressure. This compressor can use gas turbines or 
electric motors as drivers. Among its advantages are its higher efficiency under normal 
operating ranges, low maintenance costs, high availability, no vibration or pulsations 
generated, and its greater volume capacity per unit of area. 

2) Reciprocating: It is a positive displacement compressor which uses a piston moving linearly 
within a cylinder to compress and displace the flow. It may use an electric motor or gas 
engine as driver. Among its advantages are a relatively low capital cost in small units, high 
efficiency at high-pressure ratios, and being less sensitive to changes in composition and 
density. 

While gas engines and gas turbines can use the transported natural gas as a fuel, electric motors use 
electric power. Deciding whether compressors are powered by gas or electricity depends on 
environmental and commercial considerations, as well as the availability and reliability of electric 
power on site. 

2.1.3 Liquefaction 
After processing, if natural gas is to be transported in a liquid state using LNG carriers, it is directed 
into a liquefaction process where it is cooled down to approximately -160 0C at atmospheric 
pressure.    

As shown in Figure 5, before entering the liquefaction process, the natural gas stream needs to be 
previously processed in order to remove impurities such as H2S and CO2; it will then go into the 
Natural Gas Liquids (NGL) recovery stage where NGLs such as methane, ethane and propane that 
could be used as refrigerants in the liquefaction process, are recovered. 

 

Figure 5. Natural Gas Liquefaction unit processes 

The liquefaction process is based on the removal of heat from the inlet gas stream until it liquefies, 
which is achieved with the aid of refrigerators. In order to generate the required cold temperatures, 
work is put into the refrigeration cycle through compression, and heat is extracted from the gas into 
the environment with the aid of air or water coolers. The liquefaction process has as a main product 
LNG, but it can also generate co-products such as condensate and Liquefied Petroleum Gas (LPG). 

Liquefaction technologies can be separated into two main groups: 

• Cascade cycles: Reduce the gas inlet flow temperature using several refrigeration cycles that 
vaporise at different but constant temperatures. As the different refrigeration cycles can be 
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controlled separately, it is relatively flexible to operate. However, this technology has high 
associated capital investments [23]. 

• Mixed refrigerant cycles: Reduce the gas inlet flow temperature using a stream of blended 
refrigerants selected to mimic the cooling curve of the natural gas stream from ambient to 
cryogenic temperatures. Among its variants: 

o Single Mixed Refrigerant (SMR) 
o Dual-Mixed Refrigerant (DMR) 

The most common liquefaction technology designs are: 

1) Propane mixed refrigerant process (C3MR): Used in 42% of the global liquefaction capacity in 
2018 [37], this technology liquefies the gas by circulating it into two cooling stages. The first, 
uses propane as a refrigerant, and the second, an optimal blend of nitrogen, methane, 
ethane and propane as refrigerants that minimise energy use and the heat exchanger size. 

2) AP-X: Although so far used exclusively in Qatari projects, it accounted for 12% of the global 
liquefaction capacity in 2018 [37]. This technology adds a third refrigerant cycle using 
nitrogen to the propane mixed refrigerant design. 

3) Optimised cascade cycle: this technology uses multiple stages of propane, ethylene and 
methane refrigeration cycles. It is characterised for having parallel lines of compression 
which improve its availability and make operations easier as no compressor trip can 
completely shut down its operation[23]. 

4) Mixed Fluid Cascade (MFC) cycles: Developed by Linde and Equinor, it is an improvement to 
the classic cascade process as it liquefies the natural gas stream using three separate 
refrigeration cycles, but achieves higher efficiencies by using mixed refrigerants that allow 
mimicking closer the natural gas cooling curve. 

5) Dual Mixed Refrigerant cycles: Currently offered by Shell and APCI, these use two mixed 
refrigerant cycles, the first to precool the natural gas stream and the second for final cooling 
and liquefaction. Even though in tropical climates DMR might render efficiencies similar to 
the C3MR process, in cold climates, the precooling mixed refrigerant avoid the pressure 
limitations associated with the propane refrigerant cycle associated with colder 
temperatures [38]. 

Other technologies such as expansion based and single mixed refrigerant, and dual mixed refrigerant 
processes are also available for natural gas liquefaction. 

Although liquefaction has been traditionally implemented in onshore operations; with the objective 
of commercialising stranded offshore gas resources, Floating Liquefaction Natural Gas (FLNG) 
facilities have been developed. As of February 2019, two projects with a total capacity of 3.6 Mtpa 
were operating in Malaysia and Cameroon, although projects with a total equivalent liquefaction 
capacity of 161.6 Mtpa were proposed at that time [37]. These projects have normally a smaller 
capacity than onshore liquefaction plants, which makes it easier for them to secure LNG purchase 
contracts as they need fewer off take contracts, or contracts with customers with lower LNG needs. 

To select the appropriate liquefaction technology for a determined natural gas supply chain, besides 
economic and environmental considerations, technical considerations such as the technology 
maturity, plant constructability in the desired location, equipment experience, and projected 
throughput variability need to be taken into account [23,39]. 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

48 
 

It is well documented that climatic conditions impact the performance of the different liquefaction 
designs [40–42]. 

2.1.4 Liquefied natural gas storage 
After liquefaction, LNG is stored in tanks waiting for the arrival of the LNG carriers.  

Inside the tank, boil off gas (BOG) is continuously generated due to heat-in leaks. This leads to a 
pressure increase that, if uncontrolled, could be hazardous. LNG tanks, therefore, have a set of BOG 
compressors that will continuously remove the generated BOG to moderate pressure. BOG 
management may differ depending on the operation, i.e. may be vented, flared, or recycled and 
resent into the liquefaction plant. In order to avoid rollovers, LNG is loaded at the top and bottom of 
the tank [43]. The rate at which BOG is generated depends on the LNG hydrocarbon composition, the 
containment tank design, and surrounding weather conditions. 

LNG storage tanks can be classified according their containment technology into aboveground, in-
ground, and underground tanks; with the aboveground tanks being the most common nowadays. 
LNG tanks can also be classified regarding their structural design into: 

1) Single containment: Consist of an inner cryogenic metal tank surrounded by a carbon steel 
outer container and covered by a steel roof. Insulation outside the inner tank is common, to 
prevent heat leak-in. 

2) Double containment: Consist of a single container tank surrounded by a reinforced concrete 
outer tank with an open top. This outer concrete tank is designed to contain the full tank 
volume plus a safety margin. 

3) Full containment: Consist of a single container tank surrounded by a reinforced concrete 
outer tank with a concrete roof. 

Storage tanks will be found associated to liquefaction plants and regasification terminals. In 
liquefaction plants, storage volumes are chosen depending on the production throughput and LNG 
tankers arrival frequency, typically ranging between 5 and 8 days of the plant’s equivalent 
production. In regasification terminals, on the other hand, the storage capacity depends more on the 
gas terminal demand profiles, and storage capacities will normally range between 10 and 20 days of 
the terminal’s gas throughput [43]. 

2.1.5 Liquefied natural gas loading and unloading 
The loading and unloading process is performed when a LNG cargo arrives to its destination port and 
has to either load or unload LNG. It includes all the infrastructure and equipment necessary for 
docking the LNG carriers, establishing interphases between the ship and shore, and transfering the 
LNG between the plant and the carrier. It will specifically use the following equipment [44]: 

• Liquid loading/unloading arms: They enable the LNG transfer between the carrier and the 
LNG storage tanks in the destination port. 

• Loading pipes: Connect the loading/unloading arms with the LNG storage tanks and transport 
the LNG flow between both. 

• LNG pumps: Secure the LNG flow through the pipes. 
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• Vapour loading arms: Necessary to handle the boil-off gas generated during the 
loading/unloading process. Specifically during the unloading process BOG is sent through 
these arms into the LNG carrier to fill in the void left by the unloaded LNG. 

• Connections to transfer utilities: Specifically nitrogen supply which is used to purge the arms 
and recover the LNG remaining in them after the loading/unloading process [23]. 

LNG loading and unloading normally lasts 12-15 hours [44]. 

2.1.6 Liquefied natural gas marine transport 
Once loaded, LNG is transported by sea to its destination port in LNG carriers. At the end of 2018, 
there were 525 of these vessels operating in the world with cargo capacities ranging between 63,993 
to 261,104 m3 [37].  

As LNG is carried close to its boiling point at atmospheric pressure, heat transfer from the ambient 
air will convert part of the cargo to boil-off gas (BOG). LNG carriers are designed to keep the LNG 
cargo cold and minimise BOG generation. In terms of containment system they are classified into the 
following types: 

1) Moss Rosenberg design: Has a self-supported tank within the insulated hull structure. This 
design is recognisable for its spherical tanks that often have exposed the top half on the LNG 
carriers. By the end of 2018, 33% of the world’s LNG carrier fleet had this design [37]. 

2) Membrane tank system: Characterised for using the hull as a tank and support for the 
isolation membranes. Although there are several designs within this category, the one 
designed by Gaztransport and Technigaz (GTT) is the most common. At the end of 2018, 67% 
of the world’s LNG carriers had this design [37]. 

Although BOG rates in the order of 0.15% of the cargo’s volume evaporating daily are common, new 
designs are constantly aiming to reduce this rate. Recently, a BOG rate of 0.08% was achieved by the 
Japan Marine Shipyard with its IHI SPB containment system design [37]. 

To maintain pressure conditions inside the LNG carrier’s containment tanks, the generated BOG 
needs to be taken from these tanks and used. This is why many LNG carriers use the generated BOG 
for fuelling the ship’s propulsion systems. In order to handle the generated BOG and minimise the 
fuel costs, the following propulsion systems have been designed for LNG carriers: 

1) Steam turbines: The most traditional design among LNG carriers and used by 49% of the 
currently active fleet [37], it secures the propulsion with steam generated in two boilers that 
use all the generated BOG. These boilers can be partially or fully fuelled by heavy oil. It has 
low operational and maintenance costs, but also low thermal efficiencies. 

2) Dual-fuel and Tri-fuel diesel Electric (DFDE/TFDE): Used by 32% of the active fleet [37], these 
carriers are equipped with an electrical propulsion system powered by gas-diesel dual-fuel in 
the first case, or gas-diesel-heavy fuel oil tri-fuel engines in the second case. Both require gas 
combustion units to combust excess BOG when necessary.  

3) Slow-speed diesel (SSD) with a BOG re-liquefaction plant: Developed for the Qatari mega-
train projects, these carriers use marine diesel oil consuming diesel engines for propulsion, 
while re-liquefying all the BOG generated during the trip. 
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4) M-type, electronically controlled, gas injection (ME-GI): Used by 36 carriers at the end of 
2018 [37], this design provides propulsion through ME-GI engines that can accept BOG, 
without the necessity of re-liquefaction, or fuel oil.  

5) Winterthur Gas & Diesel (WinGD) low-pressure two-stroke engine (XFD): Used by 6 LNG 
tankers at the end of 2018 [37], this model, introduced by Wärtsilä in 2014, provides an 
alternative to the DFDE propulsion system with 15-20% lower capital costs particularly 
through the reduction of the high pressure gas compression system. 

6) Steam-reheat: An improvement of the traditional steam turbine design, it reheats the steam 
used in the turbine to provide higher efficiencies. 

7) STaGE: Combining steam turbines with waste heat recovery, this design also provides 
efficiency improvements with respect to the traditional steam turbine design. 

2.1.7 Regasification 
Once unloaded into a regasification terminal, LNG is stored, converted back into its gaseous state and 
later transported to a distribution network through pipelines. 

The most common regasification technologies are: 

1) Open rack vaporisers (ORV): Perform the vaporisation inside heat exchangers that use water 
as the heat source; water may be obtained from different sources depending on the location 
of the plant, but sea water is most commonly used when its temperature is above 50C [45]. 

2) Submerged combustion vaporisers (SCV): Perform the vaporisation of the LNG inside coils 
that contact water warmed by hot vapour obtained by combusting LNG. This technology uses 
approximately 1.5% of the LNG feed in combustion and, thus, is considerably more expensive 
and used only when there are no natural external alternatives to warm the water. 

2.1.8 Pipeline transmission 
Natural gas is transported long distances via pipelines with the aid of compressors that provide the 
pressure support to secure the gas flow. These compressors are normally located within compression 
stations which are installed at intervals along the pipeline and may also contain metering equipment 
to control flow parameters. Transport through pipelines is designed to minimise the energy 
requirements at compression stations. 

Depending on the location of the compression station, compressors may be powered by the local 
electricity grid of by self-generated power obtained through the combustion of the transported 
natural gas.  

Pipelines are used to transport natural gas both onshore and offshore. 

2.1.9 Natural gas distribution and use 
After transmission, natural gas is delivered to homes and businesses through a network of pipelines, 
compressors and multiple entry and exit points. Such networks transport natural gas at lower 
pressure than transmission pipelines. 

Natural gas is mainly used for power generation, followed by use in industry and heating for 
buildings. Table 2 shows the main natural gas uses as percentage of the natural gas consumed 
globally and future projections of these in the next two decades, indicating general stability and likely 
expansion in the transport sector [22]. 
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Table 2. Current and future natural gas use by sector [22]. 
Year 2017 2025 2040 
World natural gas 
demand [bcm/year] 

3,752 4,190-4,387 4,184-5,847 

Annual demand in share [%] of the total world demand 

Power 40 38 30-38 
Industry 23 25 26-29 
Buildings 21 21 19 
Transport 4 4 4-10 
Other sectors 12 12 12 

2.2 Review of previous studies estimating GHG emissions in natural gas supply chains  
As understanding the level of GHG emissions associated to different natural gas value chains is useful 
for designing policies aimed at reducing a nation’s GHG footprint; several governmental institutions 
developed national inventories to guide GHG emissions estimation of hydrocarbon operation within 
their territories.  

The emissions inventory developed by the US Environmental Protection Agency (EPA) [5] in the 
1990s is the most referenced worldwide. This bottom-up estimation methodology classifies 
emissions into four different groups [46]: 

• Vented: Releases to the atmosphere by design or normal operation practices. 
• Fugitive: Unintentional leaks. 
• Combustion: Exhaust emissions from combusted sources. 
• Indirect: Emissions associated to the generation of power, heat or cooling outside the 

analysed unit but used in it. 

Any emission source may have emissions associated with all four groups.  

The US EPA developed EFs to estimate CO2, CH4, NOx, SOx, CO, VOC and particulate material (PM) 
emissions from the natural gas supply chain processes and equipment detailed in Table 3; these EFs 
were determined by measuring the leaking compounds concentration in the ambient air surrounding 
the studied equipment. 

Table 3. US EPA emission factors classification by natural gas supply chain process or equipment [5,47]. 

Emission type Natural gas supply chain segment Process/equipment 

Combustion All Natural gas combustion 
Combustion Production and processing Natural gas flaring 
Combustion Processing Compressor driver exhaust 
Vented All Pneumatic devices 
Vented Processing Chemical injection pumps 
Vented Processing Glycol dehydrators 
Vented Processing Gas assisted glycol pumps 

Vented Processing, transmission and 
distribution Blow and Purge 

Vented Transmission and distribution Metering and Pressure regulating stations  
Fugitive Transmission and distribution Natural Gas pipeline leaks 
Fugitive Distribution Customer meter leaks 
Fugitive All Equipment leaks 
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GHG emissions associated with a particular equipment or production unit can be estimated per unit 
of time using EFs using Equation 2: 

𝑬𝑬𝒊𝒊 = 𝑬𝑬𝑭𝑭𝒊𝒊 ∙ 𝑨𝑨𝑭𝑭𝒊𝒊 ∙ 𝑾𝑾𝑯𝑯𝑯𝑯       Equation 2 

Where 𝐸𝐸𝑖𝑖  represents the production unit’s associated emissions measured as [emissions mass/time]; 
𝐴𝐴𝐹𝐹𝑖𝑖 is the activity factor referring to the number of equipment or the throughput associated to the 
analysed unit; and 𝑊𝑊𝐻𝐻𝐻𝐻  is the carbon content adjustment factor, which takes into account the 
difference in carbon content between the hydrocarbon flow analysed and the hydrocarbon flow used 
to calculate the EFs. 

Currently, EPA EFs are available at the following levels of refinement: 

1. Facility or process level; for example, emissions from natural gas production or processing 
stages. 

2. Equipment level; for example, emissions from a separator or dehydration unit; where a 
process may have one or more types of equipment. 

3. Component level; for example, emissions from a valve or flange; where equipment may 
contain one or more sets of components. 

Additionally, the EPA proposed four methodologies to estimate fugitive methane emissions [48], 
which are outlined in Table 4 in increasing order of estimation accuracy. In practice, as high accuracy 
is related with higher information requirements and costs, the approach selected in a particular 
study will depend on the type of information available at the facility at that time.  

Table 4. US EPA equipment leak emissions estimation methodologies[48]; where 𝑬𝑬 are the equipment emissions in 
[emissions mass/time], 𝑬𝑬𝑭𝑭 is the emissions factor in [emissions mass/components/time], and 𝑵𝑵 is the number 
of components present in the analysed unit. 

Approach Information needed Procedure 
Average emission factor approach Component / equipment count Estimate emissions using: 𝐸𝐸 = 𝐸𝐸𝐹𝐹 ∙ 𝑁𝑁 
Screening ranges approach Screening data and component / 

equipment count 
With the screening data determine if 
the equipment is ‘emitter’ or ‘non-
emitter’ and estimate emissions using: 
 𝐸𝐸 = 𝐸𝐸𝐹𝐹 ∙ 𝑁𝑁 

EPA correlation approach Screening data and component / 
equipment count 

Use EPA correlations with the 
screening data 

Unit-specific correlation approach Screening and bagging data. 
Component/equipment count 

Determine the unit’s specific 
correlation using the screening and 
bagging data 

 

The development of the EFs and correlations proposed in these methodologies were derived using 
leaking compounds concentration measurements in the ambient environment surrounding the 
equipment studied; or screening data, which is normally reported in units of parts per million volume 
[ppmv] and their associated leak mass; or bagging data, normally obtained by enclosing the 
equipment with a bag to then measure the captured leaked emissions mass. 

The US EPA fugitive EFs and correlations were developed to estimate emissions from: 

• Refineries, marketing terminals, oil and gas production operations and Synthetic Organic 
Chemical Manufacturing Industry (SOCMI) unit processes. 

• Gas/vapour, light liquid, and/or heavy liquid streams. 
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• Non-flanged connectors, flanges, open-ended lines, pumps, valves, pressure relief valves, 
instruments, loading arms, stuffing boxes, compressor seals, dump lever arms, diaphragms, 
drains, hatches, meters, and polished rods. 

Despite their popularity, the majority of EPA EFs were developed using measurements performed in 
the 1980s and 1990s in US oil and gas operations [5,47], thus are specifically relevant for the 
operational settings and technology level available in US oil and gas operations at that time. 
Furthermore, aggregated EFs estimating emissions at a facility level or supply chain stage level would 
also depend on the operational practices common in US oil and gas operations of that time. Although 
the US EPA emissions inventory is kept updated, it is noted that emissions estimates obtained using 
US EPA EFs should be used with care, considering the characteristics of the operation studied and the 
EF resolution used. In fact, a recent study by Alvarez et al. [6] compared methane emissions from the 
US natural gas supply chain obtained using the US EPA GHG emissions inventory with estimates 
derived using facility and ground-based measurements validated with aircraft observations. They 
found that emissions estimated using monitoring data were 60% higher than the estimates obtained 
using the US EPA GHG emissions inventory, suggesting that this is currently underestimating real 
methane emissions from the natural gas supply chain in the US. 

As regional and international bodies have been developing their guidance on GHG emissions 
estimation, the American Petroleum Institute (API) produced in 2009 a compendium [49] of the 
methods available at that time for estimating GHG emissions at different segments of the oil and gas 
supply chain. This document became widely referenced. Although the compendium focuses on the 
estimation of CO2, CH4 and N2O emissions, it also provides guidance on estimating other GHG gases 
such as SF6, HFCs and PFCs. Estimation methodologies are classified depending on whether their 
emission source is combustion, vents, fugitives or indirect emissions following the EPA classification. 
The API compendium specifically compiles the following GHG emissions estimation methodologies: 

• Use of engineering calculations: Mathematical relations based on material balance, 
stoichiometric balances, and correlations developed by industry bodies or equipment 
manufacturers. 

• Use of Emission factors (EFs): The API provides a compilation of EFs and activity factors at 
process, equipment and component resolution level. The provided EFs were mainly 
developed by EPA, but others developed by IPCC, Canadian Association of Petroleum 
Producers (CAPP) and equipment manufacturers are also included. 

The compendium additionally discusses how simulation processes and engineering calculations 
provide higher accuracy than EFs in estimating GHG emissions. However, it also highlights that the 
former require a higher number of input parameters normally associated at an additional cost, 
making the use of EFs easier and more straightforward. The methods presented in the API 
compendium are also based on measurements and relations obtained from oil and gas operations 
located in the USA or Canada, taken at the end of the 1990s and beginning of the 2000s. 

As governments have been increasing their efforts in reducing national GHG emissions, related 
reporting duties have increased, motivating different oil and gas companies to improve their 
environmental impact estimations and publish periodically their findings, usually in annual 
environmental reports. Particularly, initiatives such as the US EPA Greenhouse Gas Reporting 
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Program [50], EU emissions trading system [51], the Norwegian petroleum legislation, and the 
Australian Greenhouse Gas Emissions Information System (AGEIS) [52] compelled oil and gas 
companies operating within their territories to report their GHG emissions. 

As a result, major oil and gas companies publish annual sustainability reports. However, these 
provide little additional information beyond national inventories as they are normally built to tightly 
fulfil environmental regulations. They usually report GHG emissions in an aggregated manner at a 
portfolio or operations level, however, valuable information such as production throughputs, flaring 
flows and leaks can be found in them. Although these types of reports are widely available for oil and 
gas operations in Europe and North America, they are far less available for operations located in 
other parts of the world. According to the International Association of Oil and Gas producers (IOGP), 
which periodically collects and publishes information provided voluntarily by companies, only one 
third of the world’s hydrocarbon production related emissions are shared, with operators in areas 
such as Russia, Central Asia, Middle East, Asia and Australasia severely underreporting [53].  

Since the 1990s a wide range of studies have been reported in the literature, improving the 
understanding of the natural gas supply chain associated GHG emissions applying the Life Cycle 
Assessment methodology. Below, the most important ones are discussed highlighting their estimated 
natural gas supply chain GHG emissions footprint aggregated in gCO2 equivalent [gCO2e] using IPCC 
AR4 [54] weights for a 100-years’ time span while maintaining the authors’ original functional unit. 

Jaramillo and Matthews [55] estimated the well-to-wire (cradde to grave) GHG emissions for the 
production of conventional natural gas in the US, Trinidad & Tobago, Middle East and South East Asia 
for US consumption assuming that non-US gas was transported into the US as LNG. The authors 
estimated GHG emissions from the production, processing, liquefaction, regasification, transmission 
and combustion for power generation stages using mainly US EPA EFs at a process resolution level 
and concluded that natural gas imported into the US as LNG had a mean footprint of 201.6 
[gCO2e/MJ power generated], compared to a mean footprint of 157.5 [gCO2e/MJ power generated] 
for domestic US natural gas. The authors specifically assumed that 8.8% and 3% of the natural gas is 
used to meet power needs at the liquefaction and regasification plant facilities, and considered that 
LNG carriers were fitted with steam turbines using generated BOG and fuel oil as a complement. 
Even though this study estimated emissions from natural gas produced at non-US locations, it 
estimated the associated emissions using US EPA EFs, assuming the facilities involved had analogue 
technologies and operational practices to their US counterparts. 

With the development of hydraulic fracturing and other technologies that allowed commercial 
hydrocarbon production from unconventional deposits, unconventional natural gas production 
became significant in the US and started being included in studies analysing natural gas chains. 

One of the earliest studies including shale gas production may have been by Howarth et al. [56], who 
estimated that CO2 and CH4 emissions from the production, processing and transmission of US shale 
gas were in the range of 21-33 [gCOe/MJ natural gas]. While the authors considered each unit 
process within the onshore natural gas production; emissions from processing and transmission were 
estimated at a process resolution level using percentage loss factors recommended by EPA and other 
authors. Uncertainty was considered by defining ranges for overall losses during production. 
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Stephenson et al. [57] estimated well-to-wire (craddle to grave) GHG emissions from conventional 
and unconventional natural gas produced and consumed in the US. They improved on the analysis of 
Jaramillo et al. [55] by differentiating the conventional and shale gas activity factors, and further 
disaggregating production stage process emissions. Stephenson et al. [57] estimated GHG emissions 
in the order of 135.4 [gCO2e/MJ power] for conventional natural gas, and 138.7 [gCO2/MJ power] for 
shale gas. An important contribution was the definition of worst and best case scenarios, allocating 
process associated emissions between all relevant co-products based on energy content. The authors 
further highlighted that as they used US EPA emissions inventory and US industry wide average 
activity factors, that the obtained results may not necessarily be representative of individual natural 
gas chains. 

Jiang et al. [58] later further contributed to the estimation of GHG emissions associated to shale gas 
production, analysing production from the Marcellus shale in the US. The authors analysed the 
production operations by unit processes and mixed fine resolution EFs with activity factors taken 
from operations at the site. The study concluded that emissions from shale gas production in this 
basin were in the order of 1.8 [gCO2e/MJ natural gas produced], 11% higher than the average 
production emissions from conventional natural gas in the US. By defining activity factors per unit 
process, Jiang et al. [58] highlighted that some of these parameters had an important variability that 
contributed to the uncertainty of the estimated GHG footprint. The authors addressed this issue by 
modelling probability distributions for uncertain activity factors that had sufficient data points 
available, and later used these to perform a Monte Carlo simulation to obtain a probability 
distribution for the estimated GHG footprint. 

In the same line of analysis, Hultman et al. [59] compared GHG well-to-wire (craddle to grave) 
emissions from conventional and unconventional US natural gas estimating them in the range of 
155.8-174.2 and 173.1-202.8 [gCO2/MJ power] respectively. Although their study estimated 
emissions from production using US EPA EFs, it further contributed by modelling emissions from 
unconventional gas completions flowbacks and workovers. These authors also modelled the 
influence that different power station efficiencies can have on natural gas GHG emissions.  

Burnham et al. [60], continuing the comparison between conventional and shale gas operations, 
further analysed natural gas production unit processes and identified different sets of EFs and 
parameters available at that time. The authors used their findings to statistically develop distribution 
functions to model uncertainty in the estimation. They also analysed activity and geological data 
from the Marcellus, Barnett, Haynesville and Fayetteville shale. Processing and transmission 
emissions in particular were modelled together using a coarse resolution EF by these authors as they 
focused on the production stage of the chain. The study concluded that mean well-to-wire (craddle 
to grave) emissions from conventional and shale gas were 180.6 and 166.7 [gCO2/MJ power] 
respectively when used for power generation. 

Emissions associated to natural gas produced in the Barnett Shale basin (US) were then studied by 
Logan et al. [61] who used as primary source of information for its life cycle inventory data reported 
to governmental institutions by the companies operating in the area. The authors contributed to the 
uncertainty analysis by studying the impact of different Estimated Ultimate Recovery rate scenarios 
on the estimated GHG footprints and concluded that Barnet Shale natural gas has a well-to-wire 
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(craddle to grave) footprint of 115.6-121.9-142.8 [gCO2e/MJ power] as low, base and high case 
scenario. 

Laurenzi and Jersey [62] further contributed to this analysis by including operational data provided 
by operators such as ExxonMobil when estimating the life cycle emissions of Marcellus Shale gas. The 
authors used a mix of process simulation with US EPA EFs in their analysis. The authors also 
addressed the estimation uncertainty by defining probability distributions for the life cycle inventory 
parameters and using them to run Monte Carlo simulations obtaining that Marcellus Shale gas life 
cycle GHG emissions were 129.4 [gCO2e/MJ power] for the base case. 

In addition to the above mentioned studies analysing natural gas chains where production takes 
place in US or Canada there have also been several analysing international natural gas chains, which 
are discussed next. 

The 2001 study of Tamura et al. [63] became widely referenced as it was one of the first ones that 
collected data directly from natural gas operations in Alaska, Brunei, Indonesia, Malaysia and 
Australia to estimate the well-to-tank (cradle to gate) CO2 and CH4 associated emissions of natural 
gas transported as LNG to Japan. The authors estimated combustion and flaring emissions from the 
production, processing and liquefaction processes, and assumed that 8.8% of the gas throughput is 
combusted to fuel the liquefaction process. They concluded that mean CO2 and CH4 emissions from 
the LNG delivered to Japan had an emissions footprint of 16.3 [gCO2e/MJ LNG received at 
regasification]. Tamura et al. [63] may have also been the first study to estimate emissions from the 
construction of the facilities used in natural gas production, processing, liquefaction, regasification, 
transmission pipelines and the LNG carriers by considering the materials and energy used to build 
them. They concluded that these emissions were equivalent to 0.1 [gCO2e/MJ LNG delivered at 
regasification], less than 1% of the well-to-tank (cradle to gate) footprint. 

Okamura et al. [64] in 2007 updated the values from Tamura et al. [63] collecting new information on 
conventional natural gas production, processing and liquefaction processes from operations in 
Indonesia, Malaysia, Brunei, Oman, Australia, Qatar, Alaska and Abu Dhabi to estimate emissions 
from LNG imported to Japan. The authors collected specifically emissions data from combustion, 
flaring, CH4 vents and CO2 vents from AGR processes. This study concluded that well-to-wire (craddle 
to grave) emissions from LNG imported into Japan were in the order of 61.98 [gCO2e/MJ energy 
generated]. 

Strømman et al. [65] in 2006 studied a European LNG chain including offshore production in the 
Barents Sea, Norway, processing and liquefaction in the same country, LNG transport to Le Havre in 
France, and then transport by lorries to Geneva, Switzerland, where it would be used to fuel cars. 
The authors estimated the value chain associated emissions by compiling EFs from the Ecoinvent 
database [66] and adjusting them to the chain’s throughputs considering co-products generation and 
obtained GHG emissions footprints of 167 [kgCO2e/1,000 km car transport]. 

Advanced Resources International [67] estimated CO2, CH4 and N2O emissions from natural gas 
produced and processed in Algeria, Egypt, Nigeria, Trinidad & Tobago, Indonesia, Russia, Australia, 
Qatar and Norway and transported to the US as LNG. The authors used mainly US EPA EFs and API 
guidelines for the estimation. Specifically, the GHG emissions from natural gas exploration, 
production and processing from outside the US were estimated using US EPA EFs, while emissions 
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from liquefaction and regasification were estimated assuming that 8 and 1.5% of the natural gas 
throughput was used to fuel these stages respectively. The authors assumed that the LNG carriers 
used for marine transport had dual-fuel engines, fuelled by 80-90% of BOG and diesel, and that BOG 
was generated at a rate of 0.15% of the cargo per day. They concluded that well-to-wire (craddle to 
grave) emissions from LNG imports and US domestic gas were respectively 62.73 and 62.67 
[gCO2e/MJ natural gas]. 

Skone et al. [68] analysed how GHG emissions from conventional and unconventional US natural gas 
sources compared to Russian and Australian gas in Asian markets, and Russian and Algerian gas in 
European markets. This study, however, also assumed that non-US operations had similar 
performance characteristics to their US counterparts and used US EPA EFs to estimate their 
associated GHG emissions. The main modelling differences between US and non-US operations were 
the transport distances to market, and that non-US operations had mainly gas-powered centrifugal 
compressors, while US Barnet shale operations had both gas-powered and electrically powered 
centrifugal compressors. These authors concluded that US, Algerian and Russian gas delivered in 
Rotterdam had associated GHG footprints of 170.6, 164.5 and 163.2 [gCO2e/MJ power generated] 
respectively, and US, Australian and Russian gas delivered in Shanghai had GHG footprints of 179.1, 
166.6 and 174.8 [gCO2e/MJ power generated] respectively. 

Emissions from natural gas from the Middle East were then studied by Korre et al. [69]. The authors 
analysed a natural gas chain with conventional natural gas production in Qatar, LNG transport in Q-
Max and Q-Flex carriers into the UK, and natural gas use for power generation in combined cycle 
natural gas turbines (NGCC). These authors additionally analysed the combination of combustion in 
NGCC turbines with three CO2 capture technologies followed by CO2 storage in the Irish Sea (CCS). 
Using a bottom-up emissions inventory combined with fine-resolution emission factors, engineering 
calculations, and site activity data, the authors concluded that emissions from the chain with NGCC 
were 111.1 [gCO2e/MJ power generated], while emissions from the alternative chains considering 
CCS options had GHG emissions between 74-85% lower than the chain with no CCS. 

The environmental impacts of the potential shale gas production in the UK was analysed by Cooper 
et al. [70] who also compared these impacts against other sources of electricity in the UK such as 
other fossil fuels, nuclear and renewables. The authors estimated UK shale gas could have a GHG 
footprint of 127.7 [gCO2e/MJ electricity produced] with 116.6 and 258.3 [gCO2e/MJ electricity 
produced] as lower and upper uncertainty boundaries. However, as there is no commercial 
production of shale gas in the UK, the authors estimated these emissions using well preparation and 
gas composition data taken from values referring to US shale production. Cooper et al. [71] later 
analysed the potential socio-economic impacts of shale production in the UK; the authors concluded 
that deploying shale gas production in the UK could impact positively by creating jobs and financial 
gains for local communities. 

The study of Safaei et al. [72] in 2015 may have been the first peer reviewed study that assessed in 
detail a natural gas chain considering production in Sub-Saharan Africa. They analysed a natural gas 
chain with production, processing and liquefaction in Nigeria, LNG transport to Portugal, and 
regasification at destination. This well-to-tank (cradle to gate) analysis was performed at a unit 
process resolution level and mixed EFs from literature with activity data obtained from Nigerian 
governmental bodies, the World Bank, and literature. Among its contributions was an uncertainty 
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assessment, implemented by defining probability distribution functions for different emission 
sources based on the number of EFs found in the literature, referring to the same emission source. 
The following were used: 

• Triangular distribution: When at least three EFs were found in the literature. 
• Uniform: When at least two EFs were found in the literature. 
• Normal: When one credible EF was found in the literature, it was used to define the mean of 

a normal distribution with a coefficient of variation (CV) of 10 and 20%. 

The interesting element being the definition of probability distribution functions when insufficient 
emissions data is available to statistically derive a probability distribution function.  Following up with 
Monte Carlo simulations, the well-to-tank (cradle to gate) aggregated CO2, CH4 and N2O footprints for 
Nigerian gas had a mean of 16.8 [gCO2e/MJ LNG], and a 90% confidence interval (CI) of 14.9-19.3 
[gCO2e/MJ LNG]. 

Following this uncertainty modelling, Abrahams et al. [73] studied a natural gas chain including 
conventional and unconventional natural gas production in the US and transport as LNG to Asian and 
European markets analysing the value chain at a unit process resolution level. The authors defined 
probability distributions for each emission source (based on emissions taken from the literature) to 
then perform a Monte Carlo simulation and obtained a mean GHG emissions footprint of 181.9 
[gCO2e/MJ power generated] with a 90% CI of 156.1-213.9 [gCO2e/MJ power generated] for US 
produced LNG. Although the authors modelled uncertainties associated to conventional and 
unconventional US natural gas production in detail, uncertainties associated to the liquefaction stage 
were modelled for the whole process by fitting a probability distribution function to liquefaction 
emissions reported in the literature. The authors also contributed by modelling shipping emissions by 
considering not only emissions from the trip, but also from the standby time of the LNG carrier 
detained at port. 

Kasumu et al. [74] then collected emissions estimations from different authors at unit process level 
and resolution, and performed a simple harmonization to obtain own estimates of Canadian LNG 
production with possible export markets in Europe, South America and Asia. Their approach was 
novel in that it estimated the emissions displaced by Canadian LNG in these markets by considering 
that the LNG could displace power generation in a country’s (i) base load, (ii) dispatchable 
generation, and (iii) marginal or future electricity demand. For the first two scenarios, the authors 
found that Canadian LNG could reduce the footprint of national grids by 11.3-13.0 [gCO2e/MJ power] 
in Japan, 1.8-1.9 [gCO2e/MJ power] in China and 6.3-7.0 [gCO2e/MJ power] in India. 

The majority of the previous studies concentrated in estimating GHG emissions associated to natural 
gas value chains whose upstream processes take place in the US or Canada by using a mix of different 
resolution EFs and activity data. Recent studies, however, found important differences when 
comparing hydrocarbon value chain GHG emissions obtained using bottom-up GHG inventories and 
monitoring derived estimates. Brandt et al. [75], Johnson et al. [76] and Lavoie et al. [77] observed 
monitoring estimated methane emissions as 1.5, 17 and 5.4 times higher than the estimates 
obtained from national bottom-up inventories in US hydrocarbon production areas, Alberta oil 
production regions and Barnett Shale gas processing plants respectively. 
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The issue of uncertainty in natural gas supply chain estimations was further highlighted by the study 
of Balcombe et al. [78] who reviewed 424 publicly available studies related to natural gas supply 
chains and concluded that methane and CO2 emissions from natural gas chains have been reported 
with a spread of 2-42 gCO2 e/MJ Higher Heating Value (HHV), highlighting also the impact of the 
different processes, regulations and operational conditions available globally. 

Natural gas chain processes taking place in Europe, South America and Australasia have been far less 
studied. 

Regarding European natural gas value chain activities, besides the 2006 Strømman et al. [65] study 
that considered Snøhvit natural gas being consumed by Swiss cars as LNG, and the Advanced 
Resources International [67] and Skone et al. [68] studies that used coarse resolution US EPA EFs for 
their estimations; the majority of the recent studies analysing European natural gas value chains 
either report national averages, or state they used industry data but are not transparent when 
explaining how emissions were estimated per unit process. The use of coarse resolution EFs taken 
from the US EPA GHG emissions inventory, Canadian GHGenius database [79] and GaBi database [80] 
were widely used among the JEC [81], DBI [82], CIRAIG [83], Exergia (2015) and Thinkstep [85] studies 
whose reported natural gas footprints are shown in Table 5; none of these studies addressed 
uncertainties methodologically as the studies of Safaei et al. [72] and Abrahams et al. [73]. 

Table 5. Recent studies analysing NG value chains including NG production in Europe. 
Study Natural gas origin Destination 

market 
Reported GHG footprint 
[gCO2e/MJ LNG/NG 
delivered] 

Comments 

JEC [81]  Europe mix Europe 16.0 Final product CNG, 
Considers 3,000 km long 
pipeline transmission 

Exergia [84] Norway mix Europe 5.8 GHGenius database [79] 
and information from 
national reporting agencies 

Exergia [84] UK mix Europe 7.9 

DBI [82] Norway mix Central Europe 5.6 GHGenius database [79] 
and information from 
operating companies 

CIRAIG [83] Offshore North Sea Europe 6.7 Information from 
confidential company 
reports 

Thinkstep [80] Norway mix Norway 5.14 GaBi v 6.115 [80] 
Thinkstep [80] UK mix UK 2.70 GaBi v 6.115 [80] 
Thinkstep [85] Snøhvit Europe 10.8-15.8 Considering transport as 

LNG 
 
Regarding NG value chains including production in Australia, although Tamura et al. and Okamura, et 
al. [64] collected data from Australian operations to estimate the GHG footprint associated with LNG 
imports to Japan, estimates were reported aggregately without differentiating the LNG origin. Later, 
Advanced Resources International [67] and Skone et al. [68] studied the GHG emissions from 
Australian LNG sent to the US and Japan respectively, but both assumed that Australian operations 
had similar characteristics to their US counterparts and used US EPA EFs to estimate their GHG 
emissions. The studies of Thinkstep [86] and the Australian government [52,87] are among the latest 
studies considering local activity data and analysing the unit processes of production, AGR, 
dehydration, mercury removal and liquefaction taking place in Australia. However, this was done 
using predominately averages and EFs in their estimations. Table 6 shows the latest sources 
reporting Australian NG GHG footprints. 
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Table 6. Studies analysing NG value chains including NG production in Australia. 
Study Natural gas origin Destination market GHG footprint  [unit] Comments 
Advanced Resources 
International [67]  

Australian mix Baja California, US 11.40 [gCO2e/MJ LNG 
delivered] 

Well-to-tank (cradle to 
gate) analysis. 

Skone et al. [68]  Darwin, Australia Japan 170.30 [gCO2e/MJ 
power generated] 

Well-to-wire (cradle to 
grave) analysis. 

Thinkstep [86] Queensland mix Europe 28.70 [gCO2e/MJ LNG 
delivered] 

Well-to-tank (cradle to 
gate) analysis 
considering LNG 
transport to Europe 

Thinkstep [80]  Australia mix Australia 7.60 [gCO2e/MJ NG 
consumed] 

Well-to-tank (cradle to 
gate) analysis. GaBi v 
6.115 [80] 

Australian 
government [52,87]  

Australia Australia 7.97 [gCO2e/MJ 
hydrocarbon 
produced] 

Well-to-tank (cradle to 
gate) analysis 
considering oil, gas and 
LPG production & 
processing stages. 

 

Studies analysing South American NG value chains are even scarcer, with available sources reporting 
values aggregating emissions at national level or mixing different hydrocarbons in the reported 
functional unit. Their transparency on the methodology used to estimate these GHG emissions is low, 
and they do not commonly address uncertainties. Table 7 summarises recent studies reporting GHG 
footprints for South American NG. 

Table 7. Studies analysing NG value chains including NG production in South America. 
Study Hydrocarbon origin Destination market Reported GHG footprint  Comments 
IOGP [88]  South & Central 

America mix 
South America 2.44 [gCO2e/MJ 

hydrocarbon produced] 
Considering Oil & Gas 
upstream processes only. 

YPF [89]  Argentina Argentina 7.44 [gCO2e/MJ 
hydrocarbon produced] 

Considering Oil & Gas 
upstream processes only. 

Thinkstep [80] South America mix Brazil 7.94 [gCO2e/MJ NG 
consumed] 

Well-to-tank (cradle to 
gate) analysis. GaBi v 
6.115 [80] 

 

In summary, the published literature reporting natural gas supply chain GHG emissions and footprint 
estimates present the following key limitations: 

1. The majority of the available studies perform emissions estimation using coarse resolution 
EFs derived by the US EPA and activity factors taken from national averages which are often 
not representative. 

2. Studies tend to estimate, report and use embodied natural gas GHG footprint by country or 
basin assuming that fields within these territories have similar emission footprints. 

3. Most of the studies that address the natural gas chain GHG emissions estimation focus on 
chains where natural gas is produced, processed and consumed within the US or Canada; 
while the majority of the studies addressing natural gas chains with activities taking place 
outside North America use coarse resolution EFs derived from measurements taken in US 
and Canadian oil and gas operations in the 80’s and 90’s and/or activity factors from US and 
Canadian operations. 

4. The gap, observed in the literature and this thesis, between existing bottom-up GHG 
emissions estimation methodologies and top-down measurement derived estimates from 
natural gas operations, suggest that current bottom-up estimation methods do not capture 
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all emission sources and/or represent poorly the variability of GHG emissions in the natural 
gas supply chain. 

5. While the majority of the available studies assume that construction activities have a 
negligible contribution to the chain’s embodied GHG footprint; the modelling of 
decommissioning GHG emissions has scarcely been addressed. 

6. Although some studies have modelled the associated uncertainty of natural gas GHG 
footprint estimates using advanced statistical methods, GHG estimates uncertainty modelling 
across natural gas chains with activities outside North America has been scarce.  

7. The majority of the available studies report a static natural gas embodied GHG footprint 
specific to a moment in time and fall short of predicting how this footprint evolves 
throughout the asset’s lifetime.  

2.3 Review of current natural gas value chain GHG emissions reduction 
opportunities 
Once GHG emissions are measured, or estimated for a NG chain at a unit process resolution, 
identifying which equipment or unit processes are high emitters makes it easier to mitigate these 
emissions. Among the options available there are operational possibilities, related to changes in the 
way a facility is managed, and technical options, such as retrofitting or installing new equipment that 
reduce emissions. A summary of these options is presented in Table 8, Table 9 and Table 10 for the 
different supply chain stages and operational environments.   

Table 8. Onshore NG production GHG emissions reduction technologies. 
Technology Emissions type Emissions 

targeted 
Emissions reduction/ 
costs estimated 

Source 

LDAR Fugitives CH4 US, Canada, Mexico Delphi Group [90], ICF 
International  [91][92] 

Pneumatic vent – Replace 
high bleed by low bleed 

Vents – Gas driven 
pneumatic devices 

CH4 US, Canada Delphi Group [90], CERI 
[93], ICF International [92]  

Pneumatic vent – Replace 
high bleed with retrofit kit 

Vents – Gas driven 
pneumatic devices 

CH4 Canada Delphi Group [90] 

Install Plunger lift Vents - Liquids 
unloading 

CH4 US, Canada, Mexico EPA [94], Delphi Group 
[90], ICF International   
[91][92] 

Route unloading vents to 
flare 

Vents – Well 
unloading 

CH4 Canada Delphi Group [90], CERI 
[93] 

Casing  vent – Connect to 
VRU 

Vents - Casing CH4 US, Canada EPA [94], Delphi Group [90] 

Casing vent – Install 
recovery compressors 

Vents - Casing CH4 US, Canada EPA [94], Delphi Group [90] 

Green completions Vents - Completions CH4 US EPA [94] 
Casing vent – use as fuel Vents - Casing CH4 Canada Delphi Group [90], CERI 

[93] 
Stranded gas flare Vents CH4 US, Canada, Mexico, 

Arctic 
ICF [91,92,95] 

Stranded gas capture and 
convert LNG 

Vents CH4 Arctic ICF [95] 

Stranded gas re-inject into 
formation 

Vents CH4 Arctic ICF [95] 

 
 

Table 9. Offshore NG production and pre-processing GHG emissions reduction technology list. 
Technology Emissions type Emissions 

targeted 
Costs estimated Source 

LDAR Fugitives CH4 Canada, Mexico Delphi Group [90], ICF[92] 
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Technology Emissions type Emissions 
targeted 

Costs estimated Source 

Centrifugal compressor – 
Dry seal degassing recovery 

Vent – Compressor 
dry seal 

CH4 Canada Delphi Group [90] 

Compressor blow-down 
vent – Route to fuel gas 
system 

Vent – Compressor 
blow-down 

CH4 Canada Delphi Group [90] 

Keep compressors 
pressurised while off-line 

Vent – Compressor 
blow-down 

CH4 US EPA [94] 

Compressor gas starter 
vent – Replace with air 

Vent – Compressor 
gas starter 

CH4 US, Canada EPA [94], Delphi Group 
[90], CERI [93] 

Compressor gas starter 
vent – Route to flare 

Vent – Compressor 
gas starter 

CH4 Canada Delphi Group [90], CERI 
[93] 

Dehydration vent – Install 
VRU 

Vent – Glycol 
regeneration 

CH4 US, Canada, Brazil EPA [94], CERI [93], Bylin et 
al. [96] 

Dehydration gas glycol 
pumps – convert to 
air/solar pump 

Vent – Gas Glycol 
pumps 

CH4 US, Mexico, Brazil EPA [94], ICF [92], Bylin et 
al. [96] 

Dehydration vent – 
Optimise Glycol circulation 
rates 

Vent – Glycol 
regeneration 

CH4 US, Canada, Brazil EPA [94], Delphi Group 
[90], CERI [93], Bylin et al. 
[96] 

AGR optimisation Vent – AGR 
regeneration 
+ Combustion 

CH4 ,CO2 Not available OGCI [97] 

AGR Carbon Capture & 
Storage 

Vent - AGR CO2 Not available OGCI [97] 

Optimise water injection 
pump power demand 

Combustion CO2 Not available OGCI [97] 

Run fewer turbines at 
higher load 

Combustion CO2  Not available OGCI [97] 

Online turbines washing Combustion CO2 Not available OGCI [97]  Enya et al. [98], 
Kurz et al. [99] 

Use microturbines to 
replace large offline GT 

Combustion CO2 Not available OGCI [97] 

Gas pre-treatment Combustion CO2  Not available OGCI [97] 
Air cooling Combustion CO2 Not available OGCI [97] 
Install Waste Heat Recovery 
System 

Combustion CO2 US OGCI [97], ipieca [100] 

Replace open cycle by 
combined cycle turbine 

Combustion CO2 US Ipieca [100] 

Connect platform to 
onshore grid 

Combustion CO2 Europe Nexans [101] 

Platform interconnection to 
share generated power 

Combustion CO2 Not available OGCI [97] 

Use Offshore wind  Combustion CO2 Not available OGCI [97] 
Re-wheel compressors Combustion CO2 Not available OGCI [97] 
Vortex chamber pre-
compressor 

Combustion CO2 Not available OGCI [97] 

Compression Intercooling  Combustion CO2 Not available OGCI [97] 
Subsea compression Combustion CO2 Not available OGCI [97] 
Use less compressor filters Combustion CO2 Not available OGCI [97] 
Use efficient compressor 
filters 

Combustion CO2 US Ipieca [100], Hydrocel [102] 

Smaller AGR pumps Combustion CO2 Not available OGCI [97] 
Expander AGR pumps Combustion CO2 Not available OGCI [97] 
Fewer compressor startups Vents CH4 US EPA [94] 
Stranded gas Vents CH4 Mexico ICF [92] 
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Table 10. Onshore NG processing and liquefaction GHG emissions reduction technology list. 
Technology Emissions type Emissions 

targeted 
Costs estimated Source 

LDAR Fugitives CH4 Canada, Arctic Delphi Group [90], ICF 
[91,95] 

Separator pneumatics vent 
– convert to mechanical 
controls 

Vent – Gas driven 
pneumatic devices 

CH4 US EPA [94], CERI [93] 

Gas Plant pneumatics – 
Replace gas system with 
instrument air using solar 
energy 

Vent – Gas driven 
pneumatic devices 

CH4 Canada Delphi Group [90], CERI 
[93] 

Gas Plant pneumatics – 
Replace gas system with 
instrument air using energy 
from the grid 

Vent – Gas driven 
pneumatic devices 

CH4 Canada Delphi Group [90], CERI 
[93] 

Gas Plant pneumatics vent 
– Capture and combust 

Vent – Gas driven 
pneumatic devices 

CH4 Canada Delphi Group [90], CERI 
[93] 

Compressor gas starter 
vent – Replace with air 

Vent – Compressor 
gas starter 

CH4 US, Canada EPA [94], 
Delphi Group [90], CERI 
[93] 

Compressor gas starter 
vent – Route to flare 

Vent – Compressor 
gas starter 

CH4 Canada Delphi Group [90], CERI 
[93] 

Centrifugal compressor – 
Wet seal degassing 
recovery 

Vent – Compressor 
wet seal 

CH4 US, Canada, Mexico EPA [94], Delphi Group 
[90], ICF [91,92] 

Centrifugal compressor – 
Dry seal degassing recovery 

Vent – Compressor 
dry seal 

CH4 Canada Delphi Group [90] 

Centrifugal compressor – 
Replace wet seal by dry seal 

Vent – Compressor 
wet seal 

CH4 US, Canada, Mexico, 
Arctic 

EPA [94], CERI [93], ICF 
[91,92] 

LNG storage tanks - Install 
VRU 

Vent – LNG 
vaporisation in 
storage 

CH4 US, Mexico, Arctic EPA [94], ICF [91,92,95] 

Reciprocating compressor – 
Route rod packing vent to 
flare 

Vent – Compressor 
rod pack 

CH4 Canada Delphi Group [90] 

Compressor blowdown 
vent – Route to fuel gas 
system 

Vent – Compressor 
blowdown 

CH4 Canada Delphi Group [90] 

Keep compressors 
pressurised while off-line 

Vent – Compressor 
blowdown 

CH4 US EPA [94] 

Dehydration vent – Install 
VRU 

Vent – Glycol 
regeneration 

CH4 US, Canada EPA [94], CERI [93] 

Dehydration gas glycol 
pumps – convert to 
air/solar pump 

Vent – Gas Glycol 
pumps 

CH4 US, Canada, Mexico, 
Arctic 

EPA [94], CERI [93], ICF 
[91,92,95] 

Dehydration vent – Install 
Flash tank separator 

Vent – Glycol 
regeneration 

CH4 US, Canada EPA [94], Delphi Group 
[90], CERI [93] 

Dehydration vent – 
Optimise Glycol circulation 
rates 

Vent – Glycol 
regeneration 

CH4 US, Canada EPA [94], Delphi Group 
[90], CERI [93] 

AGR optimisation Vent – AGR 
regeneration 
+ Combustion 

CH4 ,CO2 Not available OGCI [97] 

AGR Carbon Capture & 
Storage 

Vent – AGR CO2 Not available OGCI [97] 

Run fewer turbines at 
higher load 

Combustion CO2 Not available OGCI [97] 

Online turbines washing Combustion CO2 Not available OGCI [97], Enya et al. [98], 
Kurz et al. [99] 

Install Waste Heat Recovery 
System 

Combustion CO2 Not found for 
onshore facility 

Ipieca [100] 

Replace open cycle by Combustion CO2 Not available Ipieca [100] 
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Technology Emissions type Emissions 
targeted 

Costs estimated Source 

combined cycle turbine 
Use efficient compressor 
filters 

Combustion CO2 Not available OGCI [97] 

Fewer compressor start ups Vents CH4 US EPA [94] 
Replace Glycol Dehydrators 
with Dessicant Dehydrators 

Vents CH4 US EPA [94] 

Stripping gas elimination Vents CH4 Canada Delphi Group [90], CERI 
[93] 

 

As emissions reduction options differ considerably in terms of associated costs and abatement 
impacts, decision makers have been using Marginal Abatement Cost (MAC) curves to prioritise these 
options depending on the available budget, emissions reduction target, and relative cost efficiency. 

A MAC curve ranks emission reduction options in increasing cost per unit of abated emission in a plot 
where the horizontal axis relates to the magnitude of the emission reduction, and the vertical axis 
represents the cost per unit reduced emission (Figure 6). A MAC curve can be related to a single 
asset, portfolio of assets or a whole industry or nation.  

Determining a MAC curve for a given asset, portfolio or whole system requires identifying the 
emissions reduction options applicable and estimating the cost and emissions reduction impact for 
each option. 

 

Figure 6. Schematic of the Marginal Abatement Cost (MAC) curve concept. 

The EPA Natural Gas STAR Programme [94] is an extensive and likely the first publicly available listing 
of CH4 emissions reduction options for oil and gas value chains. This compendium lists 72 options 
aimed at reducing methane emissions from compressors, dehydrators, pipelines, maintenance 
practices, pneumatic devices, hydrocarbon storage tanks, valves and wells providing for each: 

• Costs: Operational Expenditure (OPEX) including maintenance and Capital Expenditure 
(CAPEX) including installation costs. 

• CH4 reduction impact 
• Estimated payback time; ranging between 0 and 10 years for the reported options. 
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The previous parameters are reported based on the experience of collaborators that implemented 
the mentioned options in specific US oil and gas operations in the 2000s and early 2010s. The EPA 
Natural Gas STAR programme did not estimate MAC curves. 

Later, between 2013 and 2014, the International Petroleum Industry Environmental Conservation 
Association (IPIECA) published 29 recommendations oriented at increasing energy efficiency and 
reducing GHG emissions in oil and gas operations [100] such as installing combined gas cycle 
turbines, implementing waste heat recovery (WHR) systems, using green completions and 
recommended flaring practices and heat exchanger designs. Although it provides feasibility 
considerations regarding the implementation of each option, this compendium does not always 
provide cost estimates and does not include estimated MAC curves. 

Among the first studies using US EPA gas STAR programme costing estimates to determine MAC 
curves was the study of Bylin et al. [96]. In this work, the authors estimated MAC curves to reduce 
methane emissions from an offshore gas producing platform located in the Gulf of Mexico and a 
floating production storage and offloading (FPSO) unit producing oil and associated gas offshore 
Brazil. To determine these MAC curves the authors first estimated the CH4 emissions associated with 
the offshore oil and gas producing platforms by combining the US EPA GHG emissions inventory with 
activity data reported by offshore platform operators to the Gulf wide Offshore Activities Data 
System. The authors then used the emissions reduction options recommended by the US EPA Gas 
STAR programme with their suggested reduction potential and costs noting that implementing these 
options in an offshore context can be more expensive than implementing them in the US onshore 
context considered by the Gas STAR programme. For this purpose they considered the following 
factors to estimate offshore costs based on onshore values: 

• CAPEX and installation costs: 3 times, 
• OPEX: 1.3 times. 

Bylin et al. [96], finally, estimated the MAC curves considering an investment horizon of 5 years and a 
discount rate of 10%. Among their conclusions were that 85 and 45% of the methane emissions from 
the Gulf of Mexico and Brazilian FPSO offshore operations could be reduced at or below the local 
natural gas price available at that time. The authors additionally noted that (i) replacing centrifugal 
compressors wet seals by dry seals in the Gulf of Mexico platform, and (ii) managing the vents 
generated in the oil storage either by installing Vapour Recovery Units (VRU) or directing them into 
the fuel system in the Brazilian FPSO, provided the greatest emissions abatement opportunities. 

The consultancy company ICF International later developed a series of costing studies and MAC 
curves for reducing methane emissions in the US [91], Canadian [91], Mexican [92] and Arctic [95] oil 
and gas industry at the request of the Environmental Defence Fund (EDF).  

In these studies, ICF international discussed three different perspectives to assess if an option is cost 
effective, related to the: 

1. Company: Considers as cost anything for which the company needs to pay for, and as 
additional revenue any incremental production effect as long as the company is able to 
monetise it. 
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2. Economy: Same as before but for the economy as a whole. The authors note that due to the 
US regulatory framework, natural gas transmission and distribution companies do not own 
the gas they transport, so they are usually asked to return the value of any reduced gas 
emissions to their customers, meaning they cannot monetise reduced NG leaks, even though 
it benefits the NG value chain as a whole. 

3. Regulation: Many emissions reduction technologies might come at a cost to operating 
companies, but from a regulatory point of view, its cost might be seen as effective when 
compared to the costs of other measures available in the economy; furthermore, it might 
even be seen as acceptable by the society considering its emissions reduction targets. 

ICF International performed its cost estimations from the operating company’s perspective. Among 
the additional considerations taken in their estimations are: 

• Oil and gas industry associated methane emissions: Estimated at a national level. For the US 
and Canadian oil and gas industry, the authors combined technical reports with the US EPA 
GHG emissions inventory EFs and the Canadian GHG emissions inventory respectively to 
create its own adapted GHG emissions inventory. ICF international then adapted this 
inventory to the Mexican context using information from the Mexican government when 
available, or US EPA EFs when missing. Activity data was obtained from governmental and 
international institutions such as the IEA, US Energy Information Agency (EIA), EDF, and 
others. At the time these reports where published, there were no oil and gas production 
activities in the Arctic. 

• Emissions reduction option abatement potential: Obtained through a literature review and 
by performing interviews with industry associations, oil and gas producers and equipment 
manufacturers. These were reported by the authors per technology option. 

• Emissions reduction options costs: Estimated the Net Present Value (NPV) of the CAPEX, 
OPEX and added income from incremental production effects calculated using local 
hydrocarbon prices and a discount rate of 10%. Obtained CAPEX and OPEX costs through a 
literature review and interviews with oil and gas producers and equipment manufacturers, 
these were also reported by technology option. The authors recognised that most of the cost 
estimates were obtained from US or Canadian onshore oil and gas operations, which is why 
they escalated CAPEX and installations costs to the offshore Mexican context by multiplying 
these costs by factors ranging between 1.0 and 3.0. As there were no operations in the Arctic 
at the time when these analyses were performed, the authors provided CAPEX ranges for 
different emissions reduction options applicable to that context, based on expert opinion. 

Among ICF International’s main findings: 

• A reduction of 40, 45 and 54% of annual CH4 emissions from the US, Canadian and Mexican 
oil and gas industries is possible using current technologies at an overall cost of 0.66 
[US$/McfCH4], 2.76 [CAD$/tonneCO2e1] and 0.43 [MXN$/McfCH4] abated respectively. 

• 80% of the analysed value chains CH4 emissions were concentrated in 20-22% of the chain’s 
emission sources. 

                                                            
1 Using for a 100-years’ time span IPCC AR4 [54] weight factors  
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• Options with negative implementation costs, or net income, were ones related to NG 
processing, storage and gathering and boosting activities. Options with medium range costs 
were associated with onshore and offshore hydrocarbon production processes. Finally, 
options with high implementation costs were related to NG transmission and distribution, as 
the respective operating companies are not able to monetise emissions reductions. 

• Opportunities with negative implementation cost: Options such as replacing Kimray pumps 
for electric pumps, centrifugal compressors’ wet seal for dry seals, or high-bleed pneumatics 
for low-bleed pneumatics produced a negative cost, or added income, when implemented by 
operating companies across US, Canada and Mexico. 

• Largest detected abatement opportunities:  
o Mexico: Directing offshore venting to flare, installing VRU in oil tanks, and replacing 

reciprocating compressors rod pack seals more frequently. 
o Canada: Installing flares to combust oil well associated stranded gas venting, reducing 

fugitives from compressors and gathering and boosting stations though Leak 
Detection and Repair (LDAR), replacing gas driven chemical injection pumps for non-
gas driven pumps, replacing reciprocating compressors rod packs more frequently. 

o US: Replace high-bleed pneumatics by low-bleed pneumatics, reduce fugitives at NG 
processing facilities and compressors through LDAR campaigns. 

Later, methane emissions reduction options were further studied for the Canadian NG industry by 
the Delphi Group [90] and the Canadian Energy Research Institute (CERI) [93].  

The Delphi Group [90] performed one of the most comprehensive costing studies on NG supply chain 
methane emissions reduction options available at the time this research was conducted. The authors 
detailed OPEX and CAPEX component items for each option including associated labour costs. The 
analysed options particularly target pneumatic device, compressor, dehydrator and well associated 
vents and facility associated fugitives. The authors, however, note that the estimated costs refer to 
Alberta (Canada) NG operations and are likely to reduce in time as technology improves.  

The CERI study [93] performed a methane emissions reduction study applied to the whole Canadian 
NG supply chain. It first developed a methane emissions inventory collecting data from 333 locations 
in Canada including 241 production account reporting entities in 2017 which they mixed with activity 
data provided by provincial regulators. The authors then focused on methane reduction options 
applicable to wells, compressors, pneumatic devices, dehydrators and oil and gas site venting and 
estimated their associated costs using the Delphi Group (2017) study and data collected from 
equipment vendors taking care to consider CAPEX, OPEX and incremental revenues from production 
improvements at the local NG price. The CERI study innovatively addressed methane reduction 
through three different strategies: 

1. Maximum reduction: Aimed at reducing the maximum methane possible in the Canadian NG 
chain. Their results suggested a reduction of 33 million tonnes CO2e/year2 of methane is 
possible at a cost of CAD$2-5 billion3. 

                                                            
2 The authors reported their estimates using a 100-years’ time span IPCC AR5[20] factor of 36. 
3 Price reported in 2017 real value 
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2. Uniform reduction: Aimed at reducing methane emissions by 45% in all emission sources 
across the NG supply chain. Their results suggested this was possible at an associated cost of 
CAD$1.4-2.6 billion3 and equivalent to 18 million tonnes CO2e/year2. 

3. Optimised reduction: Aimed at reducing methane emissions by 45% in a cost-efficient way 
across the NG supply chain. Their results suggested this was possible at an associated cost of 
CAD$0.7-1.4 billion3 and equivalent to 22 million tonnes CO2e/year2. 

With methane reduction costs ranging between -6 and 140 [CAD$/tonne CO2e]2,3, the CERI study also 
concluded that replacing high-bleed pneumatics for low-bleed devices has an negative associated 
cost; while options addressing upstream and midstream fugitives, compressor vents and casing flow 
vents have the highest associated costs found in the study. 

The National Energy Technology Laboratory (NETL) then addressed GHG emissions reduction in US 
NG supply chains [103]. Using the US EPA GHG emissions inventory, NETL estimated the life cycle 
GHG emissions from US NG value chains, and used ICF International and US EPA Gas STAR reports to 
assess each options’ reduction impacts, while considering their associated OPEX, CAPEX and possible 
increased revenues at local NG prices. The authors particularly considered CAPEX depending on the 
options’ operating life, which ranged between 1-10 years depending on the considered option. The 
authors also modelled uncertainty based on data variability between different operations. 

By analysing 15 GHG emissions reduction options addressing emissions from pneumatic devices, 
pipeline blow-downs, fugitives and compressor seals, the NETL study [68] concluded: 

• Costs: ranged between 0.85-254.00 [US$/Mcf CH4]3 for different options. 
• Largest detected abatement opportunities: Replacing intermittent bleed pneumatics with 

instrument air systems and pumping down transmission pipelines before maintenance, 
which would respectively allow annual reductions of 1,760,000 [McfCH4/year] at 66.5 
[US$/McfCH4] and 1,720,000 [McfCH4/year] at 28.6 [US$/McfCH4].  

GHG emissions reduction has also been modelled for Norwegian oil and gas operations recently by 
Endresen et al. [104] and Carbon Limits [105].  

Endresen et al. [104] used data provided by DNV GL certification company and the IPIECA 
compendium [100] to model the CO2 abatement potential on the Norwegian Continental Shelf (NCS) 
of 34 emissions reduction options targeting the following activities: 

• Offshore production, prioritising the installation of manifolds 
• Power generation and waste heat recovery 
• Gas processing, particularly, flaring reduction, compression vents and optimal cooling before 

compression 
• Sea water injection, suggesting retrofitting and optimisation 
• Living quarters 

The authors concluded that there are opportunities with negative implementation cost. These allow 
reducing 29% of the NCS CO2 emissions on currently installed facilities and are mainly related to 
pump and compressors revamp, the use of combined heat power and energy and flare management 
practices such as avoid running turbines at low loads, or unnecessary starts. Greenfield projects are 
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thought to present the highest emission reduction options, with the possibility to reduce CO2 
emissions by 34% compared to existing operations if combined cycle turbines, subsea processing and 
renewables are used. Endresen et al. [104] also suggested the use of CCS, but noted it has an 
associated cost. Although they provided an innovative insight, proposing new emissions abatement 
technologies compared to the previous studies that relied heavily in US EPA and North American 
data, CAPEX and OPEX details were not disclosed. They also highlighted that important CO2 emissions 
reduction effects could be achieved with the following options which they did not analyse: 

• Renewables integration. 
• Joint power generation between offshore platforms. 
• Offshore platforms electrification. 

Carbon Limits [105] estimated CH4 emissions reduction in the US, Canadian, Norwegian and Russian 
oil and gas industry. Although emissions were estimated using United Nations Framework 
Convention on Climate Change (UNFCCC) EFs, which are coarser than the ones used in the previous 
studies, and used ICF International, US EPA Gas STAR programme and Delphi Group cost estimates, 
their study contributed in the emissions reduction potential estimation being this updated based on 
expert opinion. The authors concluded: 

• A reduction of 60% of the combined US, Canadian, Norwegian and Russian oil and gas 
industry associated CH4 emissions is possible with current technologies, equivalent to 1.9 
[GtonnesCO2e/year]. 69% of these emission reduction options are related to Russian 
operations and 25% to US operations. Norwegian operations were found to have very limited 
GHG emissions reduction opportunities. 

• Opportunities with negative implementation cost: Equivalent to 1/3 of the detected GHG 
emissions reduction options; with the application of LDAR considered the most impactful. 

• Opportunities with positive implementation cost: 70% of achievable abatement is possible at 
less than 10 [US$/tonneCO2e]4.  

Element energy and the Sustainable Gas Institute [106] later published a report in 2020 analysing 
different GHG emissions abatement options for the UK’s coal, oil and natural gas value chains. Using 
energy production, consumption and import forecasts taken from the UK’s Department for Business, 
Energy & Industrial Strategy, Oil and Gas UK, Oil and Gas Association and the National Grid along 
with GHG emission models developed by the Sustainable Gas Institute, the authors projected UK’s 
coal, oil and natural gas supply chain emissions until 2070 to then estimate the GHG emission 
reduction potential and implementation costs of three fuel switching, 6 CCS and 9 process specific 
technology options when applied to the mentioned supply chains in the UK. The authors concluded 
that LDAR and connecting operations to the grid were the cheapest analysed options; while gas 
recovery, LDAR and reducing vents and flares were the options with the highest GHG abatement 
potential for the UK. Although the authors gave a valuable insight into how the UK’s fossil fuel supply 
chain could reduce its emissions in view of the country’s 2050 net zero ambition, suggesting that it 
could reduce its associated emissions by 64% with options cheaper than £100/tonne CO2e; the 
authors addressed this analysis from a national perspective, assuming national averages, besides 
disregarding feasibility constraints and the characteristics of individual installations.  

                                                            
4 Price reported in 2016 real value 
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One of the latest MAC curves aimed at reducing the oil and gas industry associated GHG emissions 
was published by IEA in 2020. After estimating the world’s methane emissions baseline using its 
World Energy Model along with each country’s bottom-up emissions inventory submitted to the 
United Nations Framework Convention for Climate Change; the IEA estimated the world’s methane 
abatement potential per country, oil and gas supply chain stage and hydrocarbon type using 
abatement data from currently available studies. The IEA published its estimates in the methane 
tracker tool [8]. The CH4 emissions reduction MAC curve for the world is included in Figure 7. Among 
this study’s main takeaways:  

• World’s oil and gas industry methane reduction potential: It estimated a possible methane 
reduction potential of 75% from current levels using the current available technologies; this 
would be equivalent to 59,314 [ktonnesCH4/year]. 40% of current CH4 world’s oil and gas 
industry emissions were highlighted as possible to abate at no cost.  

• CH4 reduction options costs: Ranging between -8.8 and 109.8 [US$/MMBtu]5; these are costs 
estimated from the whole society’s perspective. 

• Cheapest CH4 emissions reduction opportunities: Options with implementation costs below 
10 [US$/MMBtu] applied to NG chains including replacing pumps more frequently, 
performing LDAR in upstream operations, compression blow-down capture, and replacing 
gas pneumatics by instrument air systems in offshore operations. All these options were 
related to operations in the Asia Pacific region.  

Largest detected abatement opportunities: Replacing hydrocarbon fuelled engines by electric motors 
in conventional and unconventional gas operations, replacing gas-driven pneumatic pumps with 
instrument air. The largest offshore gas CH4 reduction potential was found to reduce vents by 
installing flares in Middle Eastern operations, which would allow an abatement of 194.8 [ktonne 
CH4/year].  

 

Figure 7. World’s oil and gas industry methane reduction MAC curve (after IEA [8]). 

                                                            
5 Price reported in 2020 real value 
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Besides the GHG emissions reduction options highlighted by the studies outlined above, Table 8, 
Table 9 and Table 10 also includes options highlighted in an Oil and Gas Climate Initiative (OGCI) 
workshop on Energy efficiency and GHG emissions abatement technologies that took place in 
London, UK, on 18-19th of March of 2019 [97] held as part of joined work between OGCI member 
companies and Imperial College, attended by the author of this thesis and its supervisors. 

The review presented here illustrates that the majority of the publicly available MAC curves were 
developed for the US, Canadian and Mexican oil and gas industries, including onshore and offshore 
operation as well as conventional and unconventional natural gas production. These studies, 
however, were conducted before 2015 and recommend solutions such as replacing the use of Kimray 
pumps, high-bleed pneumatic devices, wet seal centrifugal compressors and reducing stranded 
assets flaring which are not always applicable to the European reality which is mostly dominated by 
mature offshore production networks, and where environmental regulation, technological 
development and network age has mostly faced-off many of the technologies recommended in the 
reviewed MAC curve studies. The previous studies have also left opportunities such as pump and 
compressor revamping, renewables integration and shared power generation without been 
sufficiently evaluated. Although the Norwegian MAC curve [104] considered some of these points, 
results were reported at country level and their methodology granularity is not disclosed. In fact, the 
majority of the studies available report GHG emissions reduction at a country level falling short of 
indicating if individual natural gas chains within these countries would have significant differences 
and opportunities in their emission reduction options and corresponding costs.  

Specifically with regards to costs, the information available for GHG emissions abatement 
assessment in natural gas value chains refers to US and Canadian operations. The same studies were 
also found to fall short of addressing the impact that investment horizon definition has in the 
reported MAC curves, as well as indicating the effect of mutually exclusive and complementary 
relations between options in these curves. 

The GHG emissions reduction options listed in Table 8, Table 9 and Table 10 also highlight that there 
are still many options that have not been assessed in currently available MAC curves analyses and 
whose implementation costs have not yet been estimated. 

 

2.4 Optimisation approaches applied to natural gas supply chains and GHG 
emissions reduction 
Although MAC curves are useful to compare the implementation of different emissions reduction 
options and important insights can be drawn from them (section 2.3), assessing the following 
considerations can be complex when using MAC curves: 

• Analysing the impact of timing, possibly postponement, of investment decisions. 
• Implementing options that either target the same emission source(s), or have joint 

implementation synergies. These would have a joint abatement effect, different from the 
sum of their individual separate abatement effects. 

• Implementing options that either cannot be implemented together, referred to as mutually 
exclusive; or have to be implemented together, referred to as complementary. 
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These considerations can be better characterised if modelled mathematically and optimised in terms 
of the study objectives. 

To present the context of the research conducted in this thesis, in line with the aims outlined earlier, 
objectives such as the minimisation of the natural gas supply chain associated GHG emissions and 
costs are the focus of the review presented next.  

2.4.1 Economic and environmental optimisation approaches applied to hydrocarbon 
chains 
Upstream oil and gas supply chains have been thoroughly optimised in the literature focusing in 
maximising their associated NPV and economic performance at design stage. Aseeri et al. [9] 
addressed the maximisation of an offshore hydrocarbon project’s NPV by deciding the sequence of 
platforms to build and wells to drill, as well as how to produce oil over a period of time using a 
mixed-integer linear programming (MILP) model. Carvalho and Pinto [10] then proposed a different 
MILP approach for a similar problem, considering also the allocation of wells to platforms, which they 
solved using LP-based branch and bound methods. Later, the impact of how decisions may affect 
uncertainties in the planning and scheduling of offshore oil and gas networks was investigated by 
Tarhan et al. [107] who modelled the problem using a mixed-integer nonlinear programming (MINLP) 
approach, which they solved using duality-based branch and bound. Gupta and Grossman [11] then 
incorporated water flows in addition to oil and gas flows in the optimisation approach using a MINLP 
model. These studies did not address environmental considerations.  

Environmental objectives, such as reducing GHG emissions, have been included recently in the 
optimisation of oil and gas supply chains but with a greater focus on downstream rather than 
upstream activities. 

One of the earliest studies combining environmental considerations with economic maximisation in 
downstream oil crude supply chains was the one of Elkamel et al. [12], who considered different CO2 
mitigation options in a petroleum refinery while maximising profits for a given CO2 emissions 
reduction target in a single objective optimisation framework. Later, Wang et al. [108] optimised 
distribution planning between oil refineries, storage sites and customers using a P-graph 
optimisation approach to minimise the supply chain associated costs and GHG emissions. As the 
authors converted GHG emissions into costs using CO2 related carbon taxes, their approach was 
equivalent to a single objective optimisation problem which they solved using accelerated branch 
and bound.  

The simultaneous optimisation of economic and environmental objectives through multi-objective 
optimisation in downstream hydrocarbon supply chains was addressed by Roudneshin and Azadeh 
[109] and Zhou et al. [110]. The first optimised costs and Health, Safety and Environment indicators 
related to oil sludge management in onshore gas refineries, while the second optimised multi-
product pipeline design while minimising costs and CO2 emissions. Both studies used 𝜖𝜖-constraint 
method variants to obtain the optimal Pareto fronts. The study of Yuan et al. [111], although did not 
optimise economic and environmental objectives, stands out as it assessed the economic and 
emissions abatement impact of 9 different emissions abatement options applicable to multi-product 
pipelines currently operating in downstream oil supply chains.  
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Studies addressing the joint optimisation of economic and environmental objectives in upstream oil 
and gas supply chains have focused in designing supply chain infrastructures and scheduling 
production flows. Sahebi et al. [14] optimised upstream crude oil supply chains facility location, 
facility allocation, technology selection and production planning, while simultaneously maximising 
the supply chain associated profits and minimising their environmental impact using a multi-
objective MILP model solved using the weighted-sum technique. Later, Azadeh et al. [13] integrated 
the oil crude supply chain upstream with the midstream sector while optimising oil field 
development, oil refining, and product distribution in terms of the supply chain’s economic and 
environmental performance. These authors used three different multi objective optimisation 
methods: a multi-objective evolutionary algorithm based on decomposition (MOEA-D), a non-
dominated sorting genetic algorithm (NSGA-II) and multi-objective particle swarm optimisation 
(MOPSO) and obtained the best results for large size problems using MOEA-D. Natural gas supply 
chains were then optimised simultaneously in terms of economic and environmental objectives by 
Azadeh et al. [112], who assessed production planning and flow allocation decisions across the whole 
supply chain using a multi objective LP model. Although Sahebi et al. [14] and Azadeh et al. [13] 
considered both onshore and offshore hydrocarbon production activities, the study of Azadeh et al. 
[112] considered only onshore natural gas production.   

In summary, the joint optimisation of economic and environmental objectives in hydrocarbon chains 
has focused on downstream processes. Studies addressing upstream oil and gas supply chain 
processes have optimised new infrastructure designs and production flow scheduling, which have 
limited application for established natural gas chains that already have their infrastructure in place 
and intend to reduce their GHG emissions. While the industry is looking to substantially improve the 
environmental performance of mature offshore production and distribution supply chains, such as 
the North and Norwegian Sea and many others around the world, the issues to consider are very 
different than those at the design stage. The focus in such cases needs to shift to the effective and 
cost-efficient implementation of compatible and appropriate emissions reduction technologies 
rather than on technology options and spatial configuration choices that are important for new-build 
designs. In addition, operations cannot be considered in isolation with a focus on individual assets, 
operating company or ownership, which is why the next section considers specifically the Norwegian 
and North Sea regional context as an exemplar.  

2.4.2 Economic and environmental optimisation approaches applied to North Sea 
offshore platform networks 
Natural Gas operations in the Norwegian and North Sea are among the oldest offshore natural gas 
operations in the world. They also function within the territories of nations that employ the strictest 
carbon budget allowances in the world. During the last 10 years, the industry, scientific community 
and policy makers have assessed a series of potentially effective means of decarbonising their 
offshore operations in this area. Few of the suggested options are the following [15–17,113,114]: 

(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 of CO2 capture units. 
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While the previous list is not extensive as Table 9, it focuses in options that are believed to have 
potentially important GHG emissions abatement effects in the North and Norwegian Sea. The list is 
not exhaustive either, as H2 production and utilisation on offshore facilities has also been proposed, 
although the high-risk operational environment is a significant concern.  

Practically, the above options cannot be thoroughly assessed using MAC curves as they require 
detailed modelling specific to individual chains and have bigger abatement impacts when 
implemented in offshore platform networks rather than individual platforms. For this reason there 
have been efforts to assess them through optimisation, although in many cases the analysis focused 
on single facilities. 

Nguyen et al. [15] optimised option (iv) for an offshore platform located in the Norwegian Sea 
considering the benefits of WHR systems such as steam Rankine cycles, low-temperature cycles, and 
heat recovery from glycol recovery loops. The authors minimised costs and CO2 emissions while 
maximising net power capacity using a MINLP multi objective optimisation approach and a genetic 
algorithm. Their results suggest that the integration of steam Rankine cycles can be more cost 
competitive than implementing low-temperature cycles and implies an additional investment of $9-
11 million for the platform analysed by the authors. Nguyen et al. [16] 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 to maximise the power capacity and minimise CO2 
emissions and investment costs. The authors used an evolutionary algorithm to obtain the optimal 
Pareto front and concluded that all options reduced CO2 emissions by at least 15% for the platform 
considered.  

The integration of offshore wind power supply for an offshore platform, option (ii), was investigated 
by Riboldi and Nord [18] for a single platform using a multi objective optimisation approach to 
minimise lifetime CO2 emissions, investment costs and overall weight. After solving the problem with 
a genetic algorithm, the 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. This led the authors to conclude that this option can be economically 
challenging and may require policy support.  

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. [17] analysed the implementation of CO2 reduction 
technologies to a network of four hydrocarbon production platforms in the North Sea and explored 
the effects of implementing options (i) and (iii) while considering the dynamic relation between 
turbine load and generation efficiency. Their results showed that it was possible to achieve CO2 
lifetime reductions of up to 56% when the network was connected to an onshore grid, and up to 3% 
if eight turbines were used for joint power generation, instead of the nine needed to generate power 
independently. However, the analysis 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 summary, previous studies have assessed emissions reduction options for individual platforms, 
such as waste heat recovery and CO2 capture and storage, using multi-objective optimisation. 
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However, options such as the implementation of shared power generation across offshore platforms, 
option (i), integration of offshore wind power with upstream offshore natural gas chains, option (ii), 
and connection of offshore natural gas supply chains with onshore national power grids, option (iii), 
have not been addressed sufficiently, simultaneously assessing economic and environmental 
considerations. Furthermore, since these options have potentially much higher emissions reduction 
potential when implemented for a network, rather than individual platforms, there remains an 
important research opportunity in assessing the environmental and economic performance of 
different emission mitigation options. 

The current thesis improves upon the previous studies by proposing a new model that is used to 
assess the benefit of implementing joint power generation, option (i), and purchasing offshore wind 
power, option (ii), for offshore hydrocarbon production platform networks considering synergies and 
network capacity constraints while assessing both, environmental and economic considerations, in a 
multi-objective optimisation approach that allows the optimisation of opposing objectives. Options 
(iv) and (v) were not considered in this approach as they are focused on improving the environmental 
performance of individual platforms and have already been thermodynamically optimised by Nguyen 
et al. [15] and [16].  
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3 Research methodology  

3.1 Introduction 
This research uses three methodological tools.  

In order to improve the current understanding of GHG emissions across NG chains, the Life Cycle 
Assessment (LCA) methodology is used to break down each NG chain life cycle stage into unit 
processes for which Life Cycle Inventories (LCI) models are developed using material balance and 
engineering calculations. The higher degree of granularity of the LCIs developed allows to capture the 
impact of geographical and operational conditions on the emissions associated with different NG 
supply chains around the world. These inventory models are used in this thesis to assess the CO2 and 
CH4 emissions for natural gas chains using fine resolution operational data provided by industry, in 
regions that have not been considered previously. 

Secondly, different available GHG emissions abatement options are evaluated for their emissions 
reduction potential and costs, and their performance is compared using Marginal Abatement Cost 
(MAC) curves. This analysis is implemented at facility level for three of the NG chains studied. 

The third part addresses emissions abatement options’ implementation issues that cannot be 
modelled through MAC curves, focusing in offshore natural gas production operations. In this part, 
the implementation of a set of emissions reduction options are modelled mathematically for an 
interconnected system of production facilities, aiming at capturing option synergies within the 
system constraints. These are then optimised in terms of their environmental and economic 
performance using multi-objective optimisation. 

The following sections present the methodological framework for each part. 

3.2 Natural gas supply chain GHG emissions estimation  

3.2.1 Research guiding principles for GHG emissions estimation 
Reported GHG emissions estimates for natural gas supply chains vary significantly. This is partly due 
to uncertainties associated with the estimation methodologies and input data used. It is also due to 
the wide variety of technological options, regulations and operating conditions found across global 
natural gas supply chains. Such estimates typically use coarse resolution emission factors and 
averaged national activity factors. 

Aiming to reduce this uncertainty and accurately represent variability, this research used the Life 
Cycle Assessment (LCA) methodology to estimate the well-to-market (cradle to gate) GHG emissions 
footprint associated with natural gas products. Each natural gas supply chain life cycle stage was 
broken down into unit processes. Life Cycle Inventory models (LCI) were then developed to estimate 
accurately the input-output flows. The LCI models were constructed aiming for: 

o Transparency: Clarifying how each Life cycle inventory model is built and showing, 
therefore, how accurate GHG emissions footprints and uncertainty ranges can be 
obtained. 

o Consistency: Applying the same GHG emissions estimation methodology when 
studying different natural gas supply chains or life cycle stages to allow a fair 
comparison of the GHG emissions footprint for their products. 
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o Increased granularity:  LCI models are developed at unit process resolution aiming at 
capturing : 
 Natural resource characteristics, which influence hydrocarbon composition, 

presence of contaminants in the hydrocarbon flow, chosen hydrocarbon 
extraction and processing methods. 

 Equipment and technologies available across natural gas supply chain life 
cycle stages. 

 Climate related parameters such as temperature. 
 Operating practices, affecting facility operating hours, flaring, well testing 

and maintenance practices. 
 Operational constraints influencing the type of equipment or practices 

applicable, e.g. for onshore versus offshore operation. 
 Environmental regulations applicable to the location where the facilities are 

in operation. 

3.2.2 Life cycle assessment methodology 
Since the 1970’s, several Environmental Assessment methodologies have been developed. Among 
these are: 

o Ecological Footprint Analysis: Proposed by Rees [115] and Wackernagel and Rees [116], it 
estimates the theoretical area used by human beings to produce the bio-resources they 
consume and assimilate the waste they generate. This method, however, has been criticised 
for assigning the same ecological footprint to different land categories with different 
environmental impacts and for not accounting properly for diffuse emissions and land 
degradation[117]. 

o Emergy Analysis: Formalised by Odum [118], Emergy refers to the amount of work 
contributed by the environment and human beings to sustain a determined system or realise 
a given product. This method accounts for all the forms of energy and material flowing 
through a system, converts them into an equivalent energy unit, and analyses how much 
energy is drained by it while assessing its sustainability from a thermodynamical point of 
view.  

o Material Flow Analysis: Analyses the material and energy flows separating a process from its 
technosphere, ecosphere and other countries. Developed by Eurostat [119], it is mainly used 
to assess the dematerialisation of economies and their evolution towards sustainability. It 
has been criticised for failing to distinguish between different resources and for being too 
complex to identify and quantify indirect flows through it [120]. 

o Energy Balance: Analyses the energy inputs and outputs from a determined system assessing 
its energy efficiency. It is commonly used in combination with other environmental or 
economic indicators to improve system’s performance [121]. 

o Life Cycle Assessment (LCA): A systems based method that compiles and evaluates the 
inputs, outputs and potential environmental impacts of a product system for its whole life 
cycle; from raw material extraction, through production, processing, product use, to waste 
processing and product discard [122]. 

Amongst these methods, Life Cycle Assessment has become widely accepted and established as it: 
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o Effectively avoids burden shifting between life cycle stages [123]. 
o Can be used to assess a variety of environmental impacts. 
o Can assess environmental impacts for product systems, while others focus on policies, 

geographical regions or organisations [124,125]. 
o Can be used to compare environmental impacts across different industries and regions 

through transparent and widely accepted metrics. 

With roots dating back to the 1970s, LCA was formally structured in 1993 by the Society of 
Environmental Toxicology and Chemistry (SETAC) in their ‘Code of Practice’ and defined as known 
today by the standards ISO 14040-14044 [122,126], developed by the International Organisation for 
Standarization between 1997 and 2006. 

According to ISO 14040-14044 [122,126], LCA is performed under the framework shown in Figure 8 
through the following stages: 

o Goal and scope definition:  State the aim of the study, as well as defining its boundaries, 
functional unit, competing systems under consideration and the level of detail in which the 
analysis will be performed. 

o Inventory Analysis: Develop inventories that will quantify the environmental and economic 
input and output flows from each unit process associated with the system under study.  

o Impact Assessment: Define the environmental impact categories, such as Global Warming 
Potential (GWP), acidification and human toxicity, and their associated characterisation 
factors; so that once the life cycle inventory results are obtained, they are converted into 
category indicators using these characterisation factors. 

o Interpretation: Analyse the results obtained from the life cycle inventory and life cycle 
inventory analysis stages in order to meet the requirements set in the goal and scope 
definition stage, as well as organise the LCA results communication in a way that is 
comprehensible and useful to the decision maker. 

 

Figure 8. LCA phases according to ISO14040 [122] 

The main LCA drawbacks are related to the uncertainty of environmental impact estimations due to 
the following reasons [125,127]: 
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• Quality of inventory data: Widely available inventories present large differences for identical 
sources attributable to technological differences, normal parameter variability, or 
uncertainties related to the data collection and interpretation processes. 

• Life cycle inventory and impact assessment methodology choices: Related to the evaluation 
period and boundary selection and multi-products allocation. 

• Modelling decisions: Complex systems are normally simplified in life cycle inventories, in 
order to account for their input and output flows, and are therefore limited by the scientific 
understanding of the processes at the time of the study. 

LCA is relevant to the estimation of natural gas supply chain GHG emissions as: 

• The LCA methodology allows estimating environmental impacts of complex products systems 
such as natural gas. 

• LCA allows tracking energy and non-energy flows related to the product system under study. 
Natural gas supply chains use energy that can be provided by a national power grid, 
combustion of self-produced hydrocarbons, or combustion of external purchased fuels. LCA 
allows tracking accurately the GHG footprint from all these energy sources. 

• LCA estimates environmental impacts from the product system associated with the whole 
life cycle of the product, avoiding burden shifting between the different life cycle stages. 

• LCA can be used to provide GHG emissions footprint estimates following an internationally 
accepted and standardised process (ISO 14040 [122]) enabling: 

o The comparison between natural gas products from different natural gas supply 
chains. 

o Assessing the effect of different equipment and technologies on the product’s GHG 
emissions footprint. 

o Using these estimates by stakeholders to prove how environmentally friendly their 
products are to governmental and non-governmental institutions. 

• Life cycle inventories can be developed using monitoring data, emission factors, material 
balance and engineering calculations; providing flexibility and allowing increased granularity 
in the estimation when further information is available. 

• As LCA allows estimating GHG emissions for the different natural gas supply chain life cycle 
stages and associated unit processes, it can help identify highly emitting processes and 
sources, which is necessary to support GHG emissions abatement. 

Since its standardisation, LCA has been widely used to estimate natural gas supply chain associated 
GHG emissions as discussed in chapter 2. 

3.2.2.1 System boundaries 
The present research analyses the natural gas supply chain processes of: 

• Offshore natural gas production and pre-processing including the unit processes of natural 
gas production, separation, Acid Gas Removal (AGR), dehydration, water treatment, CO2 
injection and compression. 

• Onshore natural gas processing including the unit processes of separation, acid gas removal, 
dehydration, mercury removal, water treatment, CO2 injection and compression. 
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• Onshore natural gas liquefaction including the unit processes of liquefaction and LNG 
storage. 

• Natural gas marine transport through subsea pipelines. 
• Natural gas marine transport through LNG carriers including the unit processes of LNG 

loading, LNG marine transport and LNG unloading. 

Figure 9 shows the LCA system boundaries used in this research. 

 

Figure 9. Natural gas value chain and current research LCA system boundaries. 

When natural gas supply chains with offshore natural gas production are analysed, the LCA is 
performed from cradle to gate, as it would estimate emissions from natural gas production until its 
delivery to market with the ‘gate’ being the regasification terminal; these analyses are also referred 
to as well-to-market (cradle to gate) analysis. 

When natural gas supply chains with onshore natural gas production are analysed, the LCA is 
performed from ‘gate to gate’, with the first ‘gate’ set at the access to the onshore gas processing 
facility and the exit ‘gate’ set at the access to the regasification terminal or the onshore transmission 
pipeline. 

For the sake of completeness, estimates from the life cycle stages outside the defined system 
boundaries such as onshore natural gas production, regasification, transmission through onshore 
pipelines and use for power generation, are included alongside the LCA results to obtain well-to-
market (cradle to gate) and well-to-wire (cradle to grave) GHG footprints and compare them with 
equivalent literature values. Besides power generation no other natural gas uses were addressed by 
this research. 

Although the life cycle stage of exploration emits GHG emissions, it was not included in the analysis 
due to its highly uncertain emissions, which are also difficult to estimate due to data availability 
issues [63]. GHG emissions from facility construction have been reported to have a negligible 
contribution to natural gas well-to-market (cradle to gate) footprints [63]. This research, 
nevertheless, estimated facility construction emissions for the analysed supply chains to verify this 
assumption. 
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The GHG Protocol [128] additionally classifies GHG emissions from individual businesses into scopes: 

• Scope 1: Direct emissions from owned or controlled sources. 
• Scope 2: Indirect emissions related to the generation of energy purchased by the business. 
• Scope 3: All the other indirect emissions not included in Scope 2. 

The present research focuses in estimating GHG emissions from Scope 1 and 2 as shown in Table 11. 

Table 11. GHG emissions estimated in this research classified by the GHG protocol scopes [128]. 
GHG Protocol scope Emissions estimated in this research Emissions not estimated in this research 
Scope 1 Company facilities and vehicles - 
Scope 2 Purchased electricity, steam, heating and 

cooling 
- 

Scope 3 Marine transportation  Purchased goods and assets, capital goods, 
terrestrial transportation, generated waste, 
business travel, product use, investments, 
employee commuting, leased assets 

 

3.2.2.2 Temporal boundary 
The reference period for conducting the LCA analysis is one year. Depending on the characteristics of 
the particular chain, the life cycle temporal boundary is set as the longest lifetime of any of the 
individual facilities within the system boundary (Table 12).  

Table 12. Considered facilities’ lifetime. 
Facility Facility lifetime [years] Comments 
Production facilities 30-50 [63,65] Highly dependent on the reservoir 

characteristics 
Processing/liquefaction plant 50 [63,65]  
LNG tanker 25-40 [37,63]  
Regasification terminal 50 [63]  
Transmission pipelines 50 [63]  
Power station 30-50  
 

It is noted that the life cycle impact assessment is performed in this thesis assessing the impact of 
GHG emissions on global warming for a horizon of a 100 years following the practice of the US EPA 
[129]; this additionally facilitates comparison with available literature, which generally uses a 100 
years’ time span (section 2.2). A 20-years’ time span is sometimes used to prioritise the impact of 
gases that have shorter lifetimes; however, it is used much less frequently in the LCA literature. 

3.2.2.3 Quantified environmental flows 
This research focuses on quantifying the following GHG emissions  [130]: 

• Carbon dioxide – CO2 
• Methane – CH4 

Other greenhouse gases such as water vapour, ozone (O3) and chlorofluorocarbons (CFCs) are not 
emitted in substantial quantities from natural gas supply chain activities [5,130–132] and are, 
therefore, considered below the 1.5% cut-off for significant emissions for any individual natural gas 
chain element. 
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Produced natural gas normally contains negligible concentrations of N2O, however, such emissions 
are produced during hydrocarbon combustion processes across the natural gas supply chain [5,49]. 
The N2O natural gas combustion formation process was described by the EPA through the following 
three mechanisms[130]: 

1. Thermal mechanism: Occurs when nitrogen (N2) and oxygen (O2) molecules in the 
combustion air dissociate and react. It is affected by the following parameters within 
the combustor: (i) oxygen concentration, (ii) peak temperature and (iii) time of 
exposure at the peak temperature. This is considered to be the main mechanism of 
N2O formation. 

2. Prompt mechanism: Occurs during the early reaction of nitrogen (N2) in the 
combustion air with hydrocarbon radicals from the fuel. 

3. Fuel mechanism: Occurs when nitrogen (N2) and oxygen (O2) molecules contained in 
the fuel evolve and react. 

N2O emissions, however, have been estimated to contribute to less than 1% of natural gas 
combustion GHG emissions6 [130]. The described N2O formation mechanisms additionally are highly 
dependent on equipment and combustion conditions, requiring further mathematical modelling 
outside the current research’s aims to contribute beyond EPA’s derived N2O emission factors. 

CO2, on the other hand, can be found in molar concentrations higher than 5% in some natural gas 
deposits, and it is the main GHG product of hydrocarbon combustion processes. It is also reasonable 
to expect CH4, the main component of natural gas, to be present in natural gas vents and fugitives 
across the natural gas supply chain. 

1. Considering the above, N2O emissions are considered below the cut-off threshold 
considered for this research. 

Other non-greenhouse gas emissions associated to natural gas supply chain activities such as sulfur 
oxides (SOx), nitrogen oxides (NOx), carbon monoxide (CO) and Non-Methane Volatile Organic 
Compounds (NMVOC) are not assessed in this research. 

3.2.2.4 Functional unit 
When performing the Life Cycle Assessment, this research considered a functional unit of 1 [MJ] of 
natural gas delivered at the gate of the system; depending on the analysed natural gas chain, this 
could be: 

• 1 [MJ] of natural gas delivered at the access gate of the regasification facility. 
• 1 [MJ] of natural gas delivered at the access gate of the onshore transmission pipeline. 

In order to compare the obtained results with literature values, the obtained GHG emissions 
footprints were aggregated with footprints from life cycle stages not considered within the defined 
study system boundary and taken from the literature to compare with analogue well-to-market 
(cradle to gate) or well-to-wire (cradle to grave) GHG footprints available in the literature. In these 
cases, natural gas associated GHG footprints are additionally reported using the following functional 
units: 

                                                            
6 Aggregating all GHG emissions in terms of their GWP using IPCC AR4[19] weights for a 100 years-time span 
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• 1 [MJ] of natural gas delivered at the gate of the power station for well-to-market (cradle to 
gate) analyses. 

• 1 [MJ] of power generated at the power station for well-to-wire (cradle to grave) analyses. 

3.2.3 Life cycle inventory modelling 

3.2.3.1 Modularisation of the system 
Considering the numerous processes of different complexities present across a natural gas supply 
chain, this research breaks down each analysed life cycle stage into unit processes or subsystems. 
The modularisation procedure followed aims at facilitating the utilisation of inventory model 
elements in value chain representations customised to their actual engineering and physical 
characteristics, to support understanding of these processes and orienting the modelling efforts 
towards the research goals. 

Each unit process is modelled as what is considered a grey box model, or a simplification of the 
system that describes, through a mix of empirically derived and physical relations, how inputs are 
transformed into outputs. Grey models are a mix of what are known as white models, or models that 
describe precisely the physical processes transforming inputs to outputs, and black box models, or 
models where only the system’s inputs and outputs are known [133]. This choice was made 
considering the high number of natural gas chain life cycle stages and associated unit processes 
studied in this research. 

LCI modelling was then performed tracking all input, intermediate and product flows that might have 
relevant associated CO2 and CH4 emissions within the defined boundaries, particularly: 

• Energy flows: any form of heat or electricity entering or exiting the system or unit process 
boundaries. 

• Material flows: focusing on fuels, but also accounting for energy required to manage other 
flows, e.g. water, as well as CO2 that may be stored in geological formations. 

• CO2 and CH4 emissions to the atmosphere. 

Life cycle inventory models were developed per unit process accounting for the number and type of 
relevant equipment contained within them and estimating the relevant flows through them 
prioritising the use of material balance and engineering calculations for the following reasons: 

1. Provide higher flexibility to account for technical and geographical differences resulting in 
CO2 and CH4 emissions estimates of higher accuracy for individual natural gas chains. This is 
particularly important for chains located outside North America, which have been neglected 
in published literature. 

2. Identify high emission sources within natural gas chains, at a granularity of equipment or 
unit processes, providing valuable insights into where potential high GHG emissions 
abatement opportunities may be implemented. 

3.2.3.2 Accounting for technological differences across the natural gas supply chain 
Natural gas production has over 100 years of history; since its origin, different technological options 
have been developed to extract, process and deliver natural gas to the market. Furthermore, for 
each technological option, different equipment designs are available, which vary in cost, may have 
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different venting settings, performance parameters and leaking conditions, which, in turn, are likely 
to create differences between their associated GHG emissions. 

This research developed LCI models at unit process levels accounting for: 

• Equipment types, e.g. a facility may use either or both gas assisted pneumatic devices or 
instrument air, both serve the same purpose but are different equipment. 

• Equipment models, e.g. a facility may have high or low-bleed pneumatic devices. 
• Facility design, impacting on how natural gas is produced and transformed as well as how 

GHG emissions are dealt with. Example: A facility may be designed to capture the CO2 
stripped during the AGR process and send it to geological storage, while another could vent 
it directly to the atmosphere. 

• Operating procedures, impacting the facility’s operating hours, flaring, well testing and 
maintenance practices.  

This research aims at estimating NG supply chain GHG emissions in line with their individual 
operating settings rather than using coarse resolution emission factors. 

3.2.3.3 Accounting for individual natural gas supply chain characteristics  
As already discussed, most of the currently available studies addressing natural gas supply chain GHG 
emissions focus on chains located in the US or Canada. The few studies outside North America use 
coarse resolution emission factors determined mainly in the US, although it is reasonable to expect 
that differences in climate, cultural and in situ conditions can produce important differences in GHG 
emissions. 

The granularity used to develop the life cycle inventory models in this thesis allows to account for 
individual natural gas supply chains characteristics. These include:  

• Resource characteristics: Hydrocarbon resources are substantially different in different 
regions of the world, driven by different geological environments and processes influencing 
their formation. The reservoir characteristics will influence the hydrocarbon composition, 
flow, dictate the production and processing methods used and affect associated GHG 
emissions. 

• Environmental regulations: Several countries have more stringent environmental regulations, 
thus some equipment models, facility design settings and operational practices may be 
banned from operations within their territories. Countries with more flexible environmental 
regulations may allow operators to choose between equipment and operational practices 
that suit their shareholder’s environmental impact and profit targets. 

• Climate related parameters: Temperature is particularly important as it affects the 
performance of liquefaction processes [41,42,134] and may increase heating process energy 
demand. This research accounts for these impacts by using real energy demand data for each 
of the analysed natural gas supply chains. 

• Site constraints: They influence the type of equipment, facility designs and operational 
practices feasible to implement at facility level. Examples would be onshore versus offshore 
operation or whether a facility has access to a national power grid or not. 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

85 
 

• Distance to markets: The transportation distance to natural gas markets and the associated 
GHG emissions will greatly depend on where the natural gas is produced and how far it need 
be transported by given transport means.  

3.2.3.4 Data used for developing the life cycle inventory models 
In order to obtain the desired accuracy when assessing CO2 and CH4 emissions for individual NG 
chains, this research used of the following information: 

• Production flow characteristics 
a. Hydrocarbon composition 
b. Energy content 
c. Density 

• Hydrocarbon production forecast 
• Produced water forecast 
• Energy consumption 
• Historical flaring flows 
• Detailed equipment count, including number and type of equipment 
• Component count 
• GHG emissions monitoring data 

These data are scarce to be found in publicly available reports and especially for specific facilities.  
This research has greatly benefited from industry data provided by the operators of the facilities. 
These were also complemented with offshore and onshore facility construction activity factors taken 
from the Imperial College’s Life Cycle Inventory Model (ICLCA) database and literature data from:  

• Analogous operations 
• Publicly available equipment or component emission factors. 

Table 13 further details the sources of information used to develop the life cycle inventories for the 
different stages of the natural gas value analysed in this research.  

Table 13. Sources of information used to develop the life cycle inventories. 
Analysed life cycle stage Sources of data 
Facility construction Material use and vessel/vehicle activity taken from literature describing the specific 

case study or an analogue 
 Material GHG footprint taken from the EcoInvent database, referenced in each case 

study 
Offshore NG production 
and pre-processing 

Activity data, hydrocarbon composition, energy consumption and combustion and 
flaring data provided by the operating company 

 EFs taken from US EPA and API 
Onshore NG processing Activity data, hydrocarbon composition, energy consumption and combustion and 

flaring data provided by the operating company 
 EFs taken from US EPA and API 
Onshore NG liquefaction Activity data, hydrocarbon composition, energy consumption and combustion and 

flaring data provided by the operating company 
 EFs taken from US EPA and API 
Marine NG transportation 
as LNG 

Hydrocarbon composition, energy consumption and average speed provided by the 
operating company 

 Other activity factors taken from literature 
Marine NG transportation 
through offshore 
pipelines 

Hydrocarbon composition provided by the operating company 
Combustion, flaring and leak related data taken from literature specific to the value 
chain analysed 
EFs taken from US EPA and API 
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The above sources were dully acknowledged and referenced in the text when used. 

3.2.3.5 Estimating greenhouse gas emissions for the whole life time 
While developing the LCI models, operating companies provided detailed information corresponding 
to 1-3 years of operation. In order to estimate CO2 and CH4 emissions outside these periods and for 
the whole life of the facilities, the following procedure was used, depending on the type of emission 
(e.g. combustion, vented, fugitive) and the unit process considered, namely: 

• Equipment or component counts, which were projected to vary over the facility’s lifetime, in 
reasonable agreement with the expected hydrocarbon production forecast considering that 
the lifetime production peak is related to the maximum planned equipment count, and that 
an equipment count of zero relates to no production. 

• Fine resolution parameters, such as production flows or energy intensity, which were 
projected to increase or decrease over time in appropriate proportion to the most relevant 
flow. These were: 

o Processed natural gas, 
o Processed Natural gas liquids, 
o Processed produced water, and  
o Compressed CO2. 

3.2.3.6 Accounting for uncertainties in GHG emissions estimation  
As already discussed, one of the main limitations of the Life Cycle Assessment methodology is the 
uncertainty associated with the environmental impact estimates due to input data quality issues, 
modelling choices and life cycle impact assessment methodology choices. 

While uncertainties associated with modelling and LCA methodology are addressed by applying the 
same methods for all natural gas chains analysed in this research, when comparing the obtained 
results with literature values, care was taken to verify that their life cycle impact assessment choices, 
system boundaries, and functional units allow a fair comparison and make corrections for these 
where appropriate. 

Uncertainty in CO2 and CH4 emissions estimates due to input data quality was modelled using one of 
the following methods, depending on the information available and in order of preference (1 to 3) 
and a over b therein: 

1. If a emission source was modelled using material balance or engineering calculations,  
a. When the fine resolution input parameter was measured and its uncertainty was 

available, this was used directly. For example, this was the case for hydrocarbon 
composition where measurements and associated uncertainties were normally 
reported, 

b. When the fine resolution parameter was known to vary over time, a lower and upper 
uncertainty boundary was set using the minimum and maximum value observed for 
during the last 5 years of operation. For example, this method was used to define the 
energy intensity uncertainty range for particular processes. 
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2. If a emission source was modelled using emission factors, a lower and upper uncertainty 
boundary was defined using 

a. the uncertainty boundary reported for the given emission factor, 
b. Analogous emission factor uncertainty values from literature. 

3. If the emission source was estimated using material balance, engineering calculations or 
emission factors and only one observation is available in the literature, this parameter was 
used with a set uncertainty boundary of either 10 or 20%, chosen intuitively. 

Where independently monitored CO2 and CH4 levels were available, the bottom-up LCI models 
developed, with input data and uncertainty ranges defined for the value chain studied, were used to 
run Monte Carlo simulations and obtain the corresponding CO2 and CH4 emissions probability 
distribution curves to compare against monitoring data for verification.  

3.2.4 Life cycle impact analysis 
In addition to  estimating direct and indirect emissions for CO2 and CH4, estimates of the global 
warming indicator score are made by aggregating these emissions using IPCC AR4 and AR5 weights 
for a 100 years-time span [19] (Table 14). IPCC AR4 weights are used because they have been widely 
used in literature to allow direct comparisons.  

Table 14. IPCC weights for aggregating CH4 and CO2 emissions to estimate GWP. 
GHG gas AR4 [19] 100 years-time span  AR5 [20] 100 years-time span  
CO2 1 1 
CH4 25 28-34 

 

3.2.5 Emissions allocation for multiple products 
As natural gas is seldom produced alone, some natural gas supply chain unit processes will produce 
oil, condensate and Liquefied Petroleum Gas (LPG) co-products alongside natural gas. In these cases, 
the estimated GHG emissions were allocated among co-products as follows: 

o Combustion, vented and fugitive emissions attributable to individual unit processes were 
allocated to each product flow proportionally, based on their contribution to the total unit 
process energy throughput, based on the Lower Heating Value (LHV) of each product flow. 

o Flaring emissions: Were normally estimated at a facility level as little detail was obtained 
regarding how each unit process contributed to the overall facility flaring flows. Flaring 
emissions were then allocated to each facility co-product proportionally, based on their 
contribution to the facility’s energy throughput, based on each co-product’s LHV. 

3.3 Comparison of natural gas facilities GHG emissions abatement options 
This research is also focused on comparing CO2 and CH4 emissions reduction options applicable to 
currently operating natural gas supply chains, using the following procedure: 

1. Identified currently available CO2 and CH4 emissions reduction options applicable to 
natural gas supply chains using inputs obtained in a literature survey and from an Oil 
and Gas Climate Initiative (OGCI) workshop on energy efficiency and GHG emissions 
abatement technologies held in March 2019 [97], where expert opinions on the 
subject were discussed. 
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2. Selected a shortlist of facilities within different NG chains where analysis and filtering 
of applicable GHG emissions abatement options would offer novel insights, 
considering feasibility constraints. 

3. Estimated the CO2 and CH4 emissions reduction effect of implementing each GHG 
emissions abatement technology on the selected facilities. 

4. Estimated the economic impact of implementing each GHG emissions abatement 
technology on the selected facilities from the operating company’s perspective, thus 
assigning a negative impact if emissions abatement adds costs and positive impact if 
it adds revenues to the company. 

5. Calculated the ratio between GHG abatement effect and added economic value for 
each GHG emissions abatement option, to then rank and plot the negative value of 
this ratio in increasing order for all evaluated abatement options producing what is 
known as a MAC curve. Each selected facility was analysed separately to account for 
individual NG chain characteristics and constraints. 

6. Assessed the MAC curve’s sensitivity to the investment horizon by considering two 
additional investment horizons. 

3.3.1 Emissions abatement options economic impact estimation 
Commonly in literature, MAC curves rank GHG emission abatement options assuming they are 
implemented independently, allowing a straightforward visual examination, identifying those that 
provide the highest emissions reduction effects, and the options that have the lowest associated 
marginal abatement costs. In line with this, the economic impact of each GHG emissions abatement 
option was assessed by estimating its implementation Net Present Value (NPV) using Equation 3. 

𝑵𝑵𝑵𝑵𝑽𝑽𝒊𝒊 = 𝑵𝑵𝑵𝑵𝑽𝑽𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 − 𝑵𝑵𝑵𝑵𝑽𝑽𝑪𝑪𝑪𝑪𝑵𝑵𝑪𝑪𝑪𝑪 − 𝑵𝑵𝑵𝑵𝑽𝑽𝑶𝑶𝑵𝑵𝑪𝑪𝑪𝑪     Equation 3 

Where: 

o 𝑁𝑁𝑁𝑁𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 represents the NPV of the possible incremental revenues associated with the 
implementation of a given emissions abatement option. This research estimates these 
considering: 

o Increased saleable throughput effects, commonly considered by currently available 
MAC curves. 

o Reduced payable environmental taxes, currently disregarded by available MAC 
curves. 

o 𝑁𝑁𝑁𝑁𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  represents the NPV of the installation costs associated with the implementation 
of a given emissions abatement option. This research estimates these considering: 

o Owner’s cost, 
o Engineering costs, 
o Equipment purchase, 
o Bulk materials, and  
o Production throughput disruption during the installation process. 

Currently available MAC curves consider some or all of the previous CAPEX items depending 
on the study. 

o 𝑁𝑁𝑁𝑁𝑉𝑉𝑂𝑂𝐶𝐶𝐶𝐶𝐶𝐶 represents the NPV of the added operational costs associated with the 
implementation of a given emissions abatement option, which in currently available studies 
reporting MAC curves include: 
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o Added maintenance, 
o Added labour and needed supplies. 

NPVs were calculated using Equation 4. 

𝑵𝑵𝑵𝑵𝑽𝑽 = ∑ 𝑪𝑪𝑬𝑬𝑬𝑬𝑹𝑹𝑬𝑬𝑬𝑬𝒊𝒊𝑬𝑬 𝑭𝑭𝑭𝑭𝑬𝑬𝑭𝑭𝑹𝑹𝒕𝒕𝒕𝒕
(𝟏𝟏+𝒓𝒓)𝑻𝑻        Equation 4 

Where ‘𝑇𝑇’ represents the investment horizon, or period during which the implementation impacts 
are assessed, and ‘𝑟𝑟’ represents the interest rate at which the economic flows were discounted. All 
NPVs were estimated in US dollars [US$] with a nominal value equivalent to that in year 2020. 

Both, investment horizon and interest rate, were set independently for each individual facility 
analysed. Specifically, the investment horizons considered were defined evaluating the remaining 
operating life for the asset studied, which is facility specific. Interest rates were set equal to the 
operating company’s Weighted Average Cost of Capital (WACC). 

In many occasions, CAPEX and OPEX related costs were obtained from literature sources referring to 
years different from the nominal year under consideration (2020) or referring to operations taking 
place is countries different from the one under consideration, and which cannot be used directly. If 
costs from different years were to be used, the inflation effect would be disregarded; while if costs 
from different countries were to be used, factors such labour costs, equipment transport, number of 
available suppliers - likely to have a significant impact in costs - would not be considered. To address 
these concerns, the following scaling factors were used to adjust costs obtained from the literature 
when necessary: 

o Nelson-Farrar cost indexes: Oil and Gas Journal cost indexes related to the chemical and oil 
and gas industries that track how their associated material, labour and equipment costs have 
evolved since the year 1978. For simplicity, this research assumes that CAPEX and OPEX in 
2017 nominal monetary values are equivalent to 2020 values, as these are the latest indexes 
published to date. 

o Location factor: Indexes widely used to convert capital costs referring to a specific location or 
economic context, to equivalent costs in a different location. These are normally determined 
by calculating the ratio between comparable labour and capital costs from different 
countries on a determined base year. This research used the location factors determined by 
the Oxford Institute for Energy Studies [135] which estimated ratios for the natural gas 
industry relative to US costs. 

3.3.2 Estimation of GHG emissions abatement  
GHG emissions abatement was considered in comparison to the baseline levels estimated in this 
research for mature facilities within the NG supply chains. CO2, CH4 emissions and overall GHG 
emissions reduction effects were estimated per abatement option independently as the sum of the 
facility’s CO2 and CH4 emissions reduction effects for a period equal to the investment horizon 
selected.  

As a facility’s GHG emissions vary per year, this research used the LCI models developed to account 
for temporal variations in the CO2 and CH4 emissions reductions. The facility specific operating 
conditions, natural gas flow characteristics and design settings were also considered, as outlined in 
sections 3.2.3 and 3.2.4, using the LCI models developed. 
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3.4 Natural gas supply chain GHG emissions reduction through multi-
objective optimisation 
As discussed briefly before, MAC curves are not the most convenient tool for assessing: 

1. Advantages or drawbacks from postponing investment decisions. 
2. Emissions abatement effects when implementing options (i) targeting the same GHG 

emissions source or (ii) with joint implementation abatement synergies. 
3. Emissions abatement effects when implementing options with (i) mutually exclusive or (ii) 

complementary relations. 

After having identified possible abatement options for three specific facilities and developed their 
corresponding MAC curves; this research selected the following GHG abatement options to further 
analyse their potential environmental and economic effects on offshore natural gas platforms: 

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.  

The previous options were analysed when implemented to the upstream parts of the natural gas 
supply chain, given that there is a gap in knowledge with most of the published optimisation studies 
considering environmental and economic objectives focused in the downstream elements of 
hydrocarbon value chains. 

As option (i) requires a network of offshore platforms and option (ii) has the potential to further 
increase its environmental benefits when implemented in an offshore platform network, the above 
options were analysed in the context of offshore platform networks rather than in individual 
platforms.  

The optimisation technique was selected to perform the above analysis as it allows to 
mathematically model the set scenario and obtain the best possible decision set through analytical 
methods. Although simulation modelling, another decision science quantitative method, may also 
serve this purpose, it is heavily realiant in detailed uncertainty functions which have not been yet 
developed (section 2.4).  

3.4.1 Optimisation modelling choices 

3.4.1.1 Multi-objective optimisation 
Optimisation problems with more than one objective function are addressed differently if the 
optimisation objectives are considered independent or conflicting. In the first case, the optimisation 
objectives can be optimised independently as in a single objective optimisation process; while in the 
second, the optimisation objectives have to be optimised simultaneously in order to account for their 
mutual limitations in a multi-objective optimisation context. 

The selected abatement options where modelled to optimise the following environmental and 
economic objectives: 

1. Maximising greenhouse gas emissions reduction. 
2. Minimising the analysed abatement options’ implementation costs NPV. 
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The first objective is equivalent to minimising the facility’s baseline emissions (‘𝐸𝐸0’) minus the 
emissions reduction effects (‘𝐸𝐸𝑅𝑅𝑖𝑖’) as shown in Equation 5. The second objective can be expressed 
mathematically as shown in Equation 6, where ‘𝑁𝑁𝑁𝑁𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖’, ‘𝑁𝑁𝑁𝑁𝑉𝑉𝑂𝑂𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖’ and ‘𝑁𝑁𝑁𝑁𝑉𝑉𝑅𝑅𝐶𝐶𝑉𝑉𝑖𝑖’ refer to the 
NPV of the Capital Expenditure (CAPEX), Operational Expenditure (OPEX) and increased revenues 
associated to the implementation of each emissions abatement option. 

𝑴𝑴𝒊𝒊𝑹𝑹 (𝑪𝑪𝟎𝟎 − ∑ 𝑪𝑪𝑹𝑹𝒊𝒊𝒊𝒊 )        Equation 5 

𝑴𝑴𝒊𝒊𝑹𝑹∑ �𝑵𝑵𝑵𝑵𝑽𝑽𝑪𝑪𝑪𝑪𝑵𝑵𝑪𝑪𝑪𝑪𝒊𝒊 + 𝑵𝑵𝑵𝑵𝑽𝑽𝑶𝑶𝑵𝑵𝑪𝑪𝑪𝑪𝒊𝒊 − 𝑵𝑵𝑵𝑵𝑽𝑽𝑹𝑹𝑪𝑪𝑽𝑽𝒊𝒊�𝒊𝒊      Equation 6 

Authors like Sahebi et al. [14], Azadeh et al. [13,112] and Riboldi and Nord [18] have found that 
minimising a hydrocarbon project’s associated costs and minimising its associated GHG emissions are 
conflicting objectives; implying that cheaper options tend to emit more GHG emissions, while pricier 
options tend to emit less GHG emissions. Although this is not necessarily true for all GHG emissions 
reduction options, this research considers that the defined objectives can be generally considered 
conflicting, and therefore, a multiobjective optimisation approach was chosen. In this context, this 
research aimed to mathematically obtain, for the modelled problem, a solution set of variables 
whose function images fall within what is referred to as a Pareto front, which owes its name to 
Vilfredo Pareto, who defined the Pareto optimum based on the principle that “the optimum 
allocation of the resources of a society is not attained so long as it is possible to make at least one 
individual better off in his own estimation, while keeping others as well off as before in their own 
estimation” [136].  

Given a minimisation multi-objective problem as defined as in Equation 7: 

𝑴𝑴𝒊𝒊𝑹𝑹𝒙𝒙∈Ω 𝑭𝑭(𝒙𝒙) = [𝒇𝒇𝟏𝟏, … ,𝒇𝒇𝑹𝑹]       Equation 7 

Where ‘𝑥𝑥’ represent the decision variables, ‘Ω’ the feasible domain defined by mathematical 
constraints relating each variable, and ‘𝑓𝑓𝑖𝑖’ the objective functions under consideration; the Pareto 
front can be defined as the image of the Pareto-optimal solutions, being the latter any decision 
vector ‘𝑥𝑥𝑖𝑖’ that belongs to the set ‘Ω’, or is feasible, that doesn’t have any other vector in ‘Ω’ that 
dominates it. Dominance of a decision vector ‘𝑥𝑥’ over another vector ‘𝑥𝑥�’ can be defined if at least one 
component of ‘𝐹𝐹(𝑥𝑥)’ is strictly less than the corresponding one of ‘𝐹𝐹(𝑥𝑥�)’ when a minimisation multi-
objective problem is assessed. 

Following the schematic representation of Figure 10, the Pareto front of this research’s set bi-
objective optimisation problem will be the set of associated optimal costs and GHG emissions such 
that it is not possible to improve one value without making worse the other. 
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Figure 10. Schematic representation of a Pareto Front for bi-objective multi-objective optimisation problem. 

3.4.1.2 Mixed integer optimisation  
The set optimisation problem considered the following type of variables: 

• Real: Including any real number with the possibility of including or not negative values and 
zero. 

• Binary: Including only {0,1}; which were used to model implementation decisions. 

Depending on the chosen type of variables and the nature of the mathematical expressions that 
relate them in the problem constraints and objectives, optimisation problems can be classified into: 

• Linear Programming (LP): Including real variables with only linear relations within the 
problem’s constraints and objectives. 

• Non-Linear Programming (NLP): Including real variables and linear and non-linear relations 
within the problem’s constraints and objectives.  

• Mixed Integer Linear Programming (MILP): Including real, integer and binary variables and 
only linear relations within the problem’s constraints and objectives. 

• Mixed Integer Non-Linear Programming (MINLP): Including real, integer and binary variables 
as well as linear and non-linear relations within the problem’s constraints and objectives. 

As the set problem considered binary as well as real variables, the chosen modelling approach was 
Mixed Integer Programming.  

Considering that linear programming has generally associated less computationally expensive 
solution methods, and that both, the considered objective functions and constraints, would not have 
increased significantly the model accuracy for the given problem; this research opted to take the 
simplest modelling approach and selected linear programming. 

3.4.2 Dealing with uncertainty 
As reviewed in section 2.4, uncertainty has not been analysed in the context of environmental and 
economic optimisation of the implementation of the chosen abatement options in offshore natural 
gas networks. 

Although this research focused in the optimisation modelling stage; uncertainty was considered in 
the following optimisation key parameters: 
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1. Cable costs, 
2. NG price, 
3. Offshore wind price, 
4. Individual platform power demand, 
5. NG GHG emissions. 

Upper and lower bounds were set for the previous parameters using literature and observed 
historical values relevant to the analysed case study. 

The multi-objective optimisation problem was then solved for the base case and for each uncertainty 
scenario by varying one parameter at the time; like this, a set of Pareto optimal fronts were obtained 
for each possible scenario allowing to explore the effect that different uncertainties can have in the 
obtained optimum. 

3.4.3 Chosen multi-objective optimisation solution method 
Excluding meta-heuristic approaches, the 𝜖𝜖-constraint and the weighted sum methods are the most 
popular for multi objective optimisation solution generation. However, the later fails to produce 
unsupported efficient solutions with Mixed Integer Programming problems, while the 𝜖𝜖-constraint 
method obtains those solutions [137,138].  

The present research used the augmented 𝜖𝜖-constraint method defined by Mavrotas [139] which, 
compared to the original 𝜖𝜖-constraint, further focus the computational resources in generating 
optimal solutions in the Pareto front by, firstly, generating a pay-off table through lexicographic 
optimisation which secures Pareto optimality in the individual optima and, secondly, generating a set 
of efficient solutions within the defined pay-off table range.  

3.4.4 Chosen case study 
For the testing of the multi-objective optimisation modelling part of this research, a real offshore 
hydrocarbon platform network in the UK southern North Sea was selected. The potential electrical 
connection between platforms and connection with a neighbouring offshore wind farm were 
optimised for a horizon of 10 years in order to achieve the highest possible GHG emissions reduction 
in the network, while maintaining the implementation costs as low as possible. 

The chosen network was selected in the North Sea as it is an hydrocarbon production area where 
there are a high number of projects reaching their end of life with consequent generation efficiency 
losses; the previous has motivated policy makers and the industry to accelerate the research of 
options that may help reducing GHG emissions from these facilities. Although a specific UK chain was 
chosen to test the model proposed in this part of the research, the model could be easily applied to 
different offshore NG platform networks located globally. 

3.4.4.1 Estimating offshore platform’s energy consumption 
The chosen UK offshore hydrocarbon platform network’s energy demand forecast was not publicly 
available at the time of this research. For the previous, each plaform’s energy demand forecast 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 [140] and each field’s historical hydrocarbon production [141]. 
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• Second, the historical and future energy demand per field was estimated by multiplying 
each field’s hydrocarbon production profile with Vanner’s [142] UK offshore gas fields 
energy intensity profile. 

• Third, each field’s energy demand was allocated to different offshore platforms considering 
the network information made available by UK Oil & Gas Authority [141] 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 field’s energy demand for simplicity.   

 

The following chapters will further detail how the methodology outlined in this chapter was applied 
to specific case studies to then present and discuss the obtained results.  
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4 Life cycle modelling of offshore natural gas production and 
processing  

4.1 Introduction 
Excluding exploration, NG offshore production and processing are commonly referred to as the first 
life cycle stage of NG supply chains including offshore elements (Figure 11).  

This chapter first presents the detailed LCI models developed to estimate CO2 and CH4 emissions 
associated with the construction, operation and decommissioning of offshore natural gas production 
and processing facilities, including associated uncertainties.  

 

Figure 11. Schematic representation of the offshore production and processing life cycle stage within natural gas supply 
chains. 

The developed LCI models are tested and validated using industry data and then used to estimate the 
whole life CO2 and CH4 emissions associated with offshore production and processing activities for 
three industry case studies: 

1. Complex A: Located in the UK part of the North Sea under a temperate oceanic climate, 
comprises three platforms that have been in operation since the early 1990s and control the 
production and processing of natural gas and condensate from three offshore fields. 

2. Complex B: Located in the south eastern part of the Viking Graben, North Sea, under a 
temperate oceanic climate, comprises of a complex set of platforms operating since the early 
1990s that control the production and processing of natural gas and condensate from seven 
offshore fields. The offshore facilities include Acid Gas Removal and injection of CO2 stripped 
from the natural gas stream into an aquifer formation for permanent geological storage. 

3. Complex C: Located in Barents Sea under a Sub-Arctic climate, this remotely controlled 
offshore hydrocarbon production facility is in operation since late 2000s and also facilitates 
CO2 injection and geological storage. All its hydrocarbon production flows through multi-
phase pipelines to the onshore processing and liquefaction facility. 
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4.2 Development of individual unit process life cycle inventory models  

4.2.1 Construction 
The following facilities are assessed for CO2 and CH4 emissions from their construction and assembly: 

• Offshore wells 
• Platform jackets or bases 
• Platform topsides. 

Emissions associated with the construction materials used in these infrastructures are assessed 
considering the infrastructure materials intensity, estimated for the facility given its design and using 
values taken from the literature or provided by the operating company. The construction materials 
CO2 and CH4 emissions burden is taken from the Ecoinvent database version 3.5 [143]. 

Emissions from infrastructure assembly are estimated considering the fuel use parameters shown in 
Table 15-Table 21. The fuel combustion emissions estimation procedure (Equation 8) is implemented 
for the following offshore infrastructure installations: 

• Platform construction 
• Drilling 
• Offshore pipeline installation 
• Platform installation 

𝑪𝑪𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵 × 𝑪𝑪𝑭𝑭 × 𝑪𝑪𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒       Equation 8 

Where: 
• 𝐸𝐸𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/ CH4 mass emission rate to the atmosphere associated with a specific mobile 

equipment or material assembly activity, expressed in [tonne CO2 or CH4/time]. 
• 𝑁𝑁: Number of a determined mobile equipment used in the construction phase. 
• 𝐴𝐴𝐹𝐹: Determined mobile equipment associated fuel consumption rate, expressed in [mass 

fuel/time]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/CH4 emissions associated with the combustion of a determined fuel, 

expressed in [mass CO2 or CH4/mass fuel]. 

Table 15. Platform construction fuel intensity parameters [144]. 
Activity Fuel intensity Units Fuel 
Topside yard  130 [tonnes/month] Diesel 
Topside yard 40 [tonnes/month] Gasoline 
Jacket yard 206 [tonnes/month] Diesel 
Jacket yard 40 [tonnes/month] Gasoline 
Drilling module yard 206 [tonnes/month] Diesel 
Drilling module yard 40 [tonnes/month] Gasoline 
Drilling module commissioning temporary generators 
assembly 

6 [tonnes/day] Diesel 

Platform main generators assembly 8 [tonnes/hour] Diesel 
Platform crane assembly 25 [tonnes/hour] Diesel 
Platform emergency generator assembly 0.1 [tonnes/hour] Diesel 
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Table 16. Platform construction activity factors [144]. 
Activity Assembly time per unit Units 
Topside yard 31 Months/unit 
Jacket yard 23 Months/unit 
Drilling module yard 17 Months/unit 
Drilling module commissioning 
temporary generator 

8 Months/unit 

Platform main generator 56 Hours/unit 
Platform cranes generators 6 Months/unit 
Platform emergency generator 2 Weeks/unit 

 

Table 17. Offshore drilling fuel intensity parameters [144]. 
Activity Fuel intensity Units Fuel 
Drill rig fuel use 2,950 [tonnes/well] Diesel 
Standby vessel fuel use 590 [tonnes/well] Diesel 
Supply vessel fuel use 2,360 [tonnes/well] Diesel 
Small anchor vessel fuel use 140 [tonnes/well] Diesel 
Large anchor vessel fuel use 150 [tonnes/well] Diesel 
Fracturing vessel fuel use 480 [tonnes/well] Diesel 

 

Table 18. Offshore pipeline installation fuel intensity parameters [144]. 
Activity Fuel intensity Units Fuel 
Anchor handling vessel fuel use 14 [tonnes/day] Diesel 
Pipe-lay barge generator fuel use 15 [tonnes/day] Diesel 
Pipe-haul barge fuel use 15 [tonnes/day] Diesel 
Tugs fuel use 14 [tonnes/day] Diesel 
Survey vessel fuel use 14 [tonnes/day] Diesel 
Diving support vessel fuel use 14 [tonnes/day] Diesel 
Commissioning support vessel fuel use 14 [tonnes/day] Diesel 
Rock installation vessel fuel use 29 [tonnes/day] Diesel 

 

Table 19. Offshore pipeline installation activity factors [144]. 
Activity  Time use per unit Units 
Survey vessel 90 Days/Project 
Anchor handling vessel use 20 Days/Project 
Pipe haul barge use 20 Days/Project 
Pipe lay barge use 20 Days/Project 
Tug use 20 Days/Project 
Diving support vessel use 20 Days/Project 
Commissioning support vessel 100 Days/Project 

 

Table 20. Offshore platform installation fuel intensity parameters [144]. 
Activity Fuel intensity Units Fuel 
Jacket installation support vessel 14 [tonnes/day] Diesel 
Jacket installation transport and installation vessel 14 [tonnes/day] Diesel 
Jacket installation derrick barge 15 [tonnes/day] Diesel 
Jacket installation dive support vessel 15 [tonnes/day] Diesel 
Topside installation support vessel 14 [tonnes/day] Diesel 
Topside installation transport and installation barge 14 [tonnes/day] Diesel 
Topside installation derrick barge 15 [tonnes/day] Diesel 
Platform commission support vessel 9 [tonnes/day] Diesel 
Platform commission derrick barge 9 [tonnes/day] Diesel 
Platform commission dive support vessel 9 [tonnes/day] Diesel 
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Table 21. Offshore platform installation activity factors [144]. 
Activity  Time use per unit Units 
Jacket installation - support vessel  15 Days/project 
Jacket installation - transport and installation barge 10 Days/project 
Jacket installation - derrick barge 10 Days/project 
Jacket installation - Dive support vessel 1 Days/project 
Topside installation - support vessel 8 Days/project 
Topside installation - transport & installation barge 2 Days/project 
Topside installation - derrick barge 2 Days/project 
Platform commission - support vessel 100 Days/project 
Platform commission - derrick barge 15 Days/project 
Platform commission - dive support vessel 50 Days/project 
 

After drilling the wells, well tests are carried out to study the reservoir characteristics and study each 
well’s individual state. During these tests, the wells are let producing to measure pressure and 
production rate parameters while the produced flow is normally flared. Well testing CO2 and CH4 
emissions were estimated using Equation 9 and Equation 10 and the parameters in Table 22. 

𝑪𝑪𝑪𝑪𝑶𝑶𝟐𝟐 = 𝑵𝑵 × 𝑯𝑯𝑪𝑪 × �𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑭𝑭𝑭𝑭𝒓𝒓𝒊𝒊𝑹𝑹𝑭𝑭 × �𝟒𝟒𝟒𝟒
𝟏𝟏𝟐𝟐
� + 𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐�     Equation 9 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵 × 𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 × (𝟏𝟏 − 𝑪𝑪𝑭𝑭𝑭𝑭𝑭𝑭𝒓𝒓𝒊𝒊𝑹𝑹𝑭𝑭) × �𝟏𝟏𝟏𝟏
𝟏𝟏𝟐𝟐
�     Equation 10 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2: CO2 mass emission rate to the atmosphere, expressed in [tonneCO2/time]. 
• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere, expressed in [tonneCH4/time].  
• 𝐻𝐻𝐻𝐻: Well test production rate, expressed in [tonne NG/time]. 
• 𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑅𝑅𝐹𝐹: Flaring carbon combustion efficiency, it refers to the percentage of carbon 

molecules that will react and convert into CO2 during the flaring process.  
• 𝐻𝐻𝐹𝐹𝐻𝐻𝐶𝐶: Natural gas feed carbon content, expressed as [% of the total].  
• 𝑤𝑤𝐶𝐶𝑂𝑂2: Natural gas feed CO2 weight content, expressed in [% of total weight]. 
• 𝐻𝐻𝐶𝐶𝐻𝐻4: Natural gas feed methane carbon weight content, expressed as [% of the total weight]. 

• �44
12
� and �16

12�: Stoichiometric adjustment factors to consider the molar mass differences 

between reactant and products. 

Table 22. Offshore natural gas production facilities start-up associated well test parameters. 
Parameter Value Units 
Well test duration 12 hours/well 
Gas rate during well test 59,000 sm3/hour 

4.2.2 Operation  
The operation of the offshore NG production and processing life cycle stage is modelled through the 
unit processes shown in Figure 12 and Figure 13. 

The schematic representation in Figure 12 shows a generic natural gas offshore production platform 
with its associated unit processes and production flows. As many of these platforms produce liquid 
hydrocarbons alongside natural gas, this representation distinguishes produced hydrocarbon, natural 
gas, produced water, CO2 for injection and condensate flows; where natural gas and condensate are 
the saleable products. 
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Figure 12. Offshore platform unit processes schematic representation. 

At the same time, this diagram also indicates whether each unit process is related to the production 
and processing of both saleable products, or is exclusively related to condensate or natural gas. 
While the water management and CO2 compression for geological storage unit processes do not 
physically deal with condensate or natural gas flows, they deal with production flows attributable to 
their production activities.  

From Figure 12 it is also possible to visualise that each of the modelled unit processes have 
associated combustion, vented, fugitive and flaring emissions. As different unit processes can process 
natural gas, condensate or both product flows, once estimated, these emissions were allocated to 
each product using an allocation procedure based on energy content (presented in section 3.2.5). 

Although liquid hydrocarbon spills into the ocean can occur, their high associated security risks, 
current environmental regulations and associated loss of saleable production strongly urges offshore 
operators to minimise them, which is why they are not accounted for in this research. 

Figure 13, shows in a schematic representation offshore natural gas production through subsea 
templates. This method operates by mixing the hydrocarbon production flow with inhibitors and 
chemicals, that will assure their pipeline flow, once they exit the wellhead and transporting them 
directly through subsea pipelines to an onshore facility for further processing. Specifically: 

 

Figure 13. Subsea templates unit processes schematic representation. 
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o As the reservoir pressure is used to push the hydrocarbon production flow through the 
subsea pipelines to the onshore facility, no major power generation needs are modelled for 
this production method. 

o As the hydrocarbon production flow comes out of the well and is immediately directed to the 
onshore facility through carefully pressurised pipelines, no significant leaks are considered. 

This research assessed offshore NG production and processing operating emissions by developing 
Life Cycle Inventories for each of the natural gas related unit processes presented in Figure 12 and 
Figure 13, which allow to estimate the combustion, flaring, vented and fugitive CO2 and CH4 
emissions for one year of operation using operational data. 

The following sections describe how these LCIs were developed and how these emissions referring to 
one year of operation were then extrapolated to estimate the emissions for the rest of the asset’s 
operating lifetime. 

4.2.2.1 Combustion emissions 
Offshore natural production and processing energy demand can be provided by the options outlined 
in Table 23. 

Table 23. Natural gas offshore production and processing power source options. 
 Source Emissions scope Use 
Onsite natural gas combustion Scope 1 Widely used as main power source 
Onsite diesel combustion Scope 1 Widely used as support 
Power from shore Scope 2 Less than 10 operations worldwide 
Connection to offshore renewables Scope 2 Less than 5 operations worldwide 
Batteries Scope 2 Research & Development stage 

 

Currently, combusting the produced natural gas is the most popular option to provide power to 
offshore operations. It is the most cost effective option, given that operating companies do not incur 
additional costs when using their own production flows, while they do incur in costs when purchasing 
energy from external sources and transporting it to the offshore facility. The use of batteries is still in 
the research and development stage as improvements in energy storage efficiency for batteries are 
needed to make this option more economical. 

Aiming to capture each operation’s characteristics, this research preferably uses operational data to 
estimate combustion emissions. As most of combustion and energy demand information were 
provided for this research at a facility level (offshore platform), these emissions were estimated per 
facility and allocated to each unit process depending on their contribution to the facility’s energy 
demand. 

4.2.2.1.1 Emissions from natural gas combustion onsite 
Offshore power generation through natural gas combustion is performed using natural gas turbines. 
These, available for range power output ranges between 300 to 268,000 horsepower (hp)[130], 
combust mainly natural gas. Although some can combust distillate fuel oil, this research will focuses 
on natural gas combustion as offshore operating companies prefer to combust their own production 
flows. 

Natural gas turbines function through three major components: 
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• Compressor: Captures ambient air and compresses it up to 30 times its pressure to then 
direct it into the combustor section. 

• Combustor: Fuel is introduced, mixed with the compressed ambient air, ignited and 
combusted. The resulting hot exhaust gases are directed into the power turbine section. 

• Power turbine: Receives the hot exhaust gases diluted with additional compressed ambient 
air and uses them to expand the turbine and recover their energy in the form of power. 

Natural gas turbines can be classified into the following types depending on how they deal with the 
generated hot exhaust gases: 

• Simple cycle: The hot exhaust gases exiting the gas turbine are released into the atmosphere. 
This is the most common turbine. Its efficiency ranges between 15 and 42% depending on 
the model and operating conditions [130]. 

• Regenerative cycle: The hot exhaust gases are recovered and used to pre-heat the 
combustion air entering the combustor through a heat exchanger. It has an efficiency of 35% 
[130]. 

• Cogeneration: The hot exhaust gases are recovered with a heat recovery steam generator to 
raise steam that is used in other thermal processes of the operation. 

• Combined cycle: The hot exhaust gases are recovered with a heat recovery steam generator 
and used into a steam turbine Rankine cycle to generate additional power. This method has 
the highest efficiency, ranging between 38 and 60%, but also one of the highest CAPEX costs 
[130]. 

When combusting natural gas, the GHG emissions are: 

• CO2: Related to the CO2 compound already present in the natural gas feed and to the carbon 
molecules combusted during the process. 

• CH4: Believed to be associated with the unburned portion of natural gas [130]. 
• N2O: Formed through a complex set of reactions, but minimised if the combustion 

temperature is below 1,4750F [130]. As the N2O emissions during this process are negligible 
[130] and the estimation of this greenhouse gas is below the current research cut-off, it is 
not estimated in this analysis. 

Natural gas turbine emission control technologies such as water injection, dry controls and catalytic 
reduction systems are not addressed in the present modelling as they target controlling the turbine’s 
NOx and CO emissions, although the energy they consume is considered. 

CO2 and CH4 emissions from power generation using this process in offshore operations are 
estimated using material balance (Equation 11 and Equation 12) in order to capture accurate 
operation specific characteristics. 

𝑪𝑪𝑪𝑪𝑶𝑶𝟐𝟐 = 𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑬𝑬𝑬𝑬𝑬𝑬𝒄𝒄𝑹𝑹𝑹𝑹𝒕𝒕𝒊𝒊𝑬𝑬𝑹𝑹 × �𝟒𝟒𝟒𝟒
𝟏𝟏𝟐𝟐
� + 𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐      Equation 11 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 × (𝟏𝟏 − 𝑪𝑪𝑬𝑬𝑬𝑬𝑬𝑬𝒄𝒄𝑹𝑹𝑹𝑹𝒕𝒕𝒊𝒊𝑬𝑬𝑹𝑹) × �𝟏𝟏𝟏𝟏
𝟏𝟏𝟐𝟐
�     Equation 12 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2: CO2 mass emission rate to the atmosphere in [tonneCO2/time]. 
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• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere in [tonneCH4/time].  
• 𝐻𝐻𝐻𝐻: Natural gas feed consumption rate in [tonne NG/time]. 
• 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅𝑅𝑅𝑐𝑐𝑖𝑖𝑐𝑐𝑅𝑅: Carbon combustion efficiency, also referred to as oxidation efficiency, it refers 

to the percentage of carbon molecules that will react and convert into CO2 during the 
combustion process.  

• 𝐻𝐻𝐹𝐹𝐻𝐻𝐶𝐶: Natural gas feed carbon content, expressed as [% of the total].  
• 𝑚𝑚𝐶𝐶𝑂𝑂2 : Associated natural gas feed CO2 rate in [tonneCO2/time]. 
• 𝐻𝐻𝐶𝐶𝐻𝐻4: Natural gas feed methane’s carbon content, expressed as [% of the total]. 

• �44
12
� and �16

12�: Stoichiometric adjustment factors to consider the molar mass differences 

between the reactive and products. 

Where 𝐻𝐻𝐹𝐹𝐻𝐻𝐶𝐶  and 𝐻𝐻𝐶𝐶𝐻𝐻4  are estimated as in Equation 13 and Equation 14: 

𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 = ∑ 𝑾𝑾𝑪𝑪𝒊𝒊𝒊𝒊

𝑴𝑴𝑾𝑾𝑻𝑻𝑬𝑬𝒕𝒕
         Equation 13 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 =
𝑾𝑾𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒
∑ 𝑾𝑾𝑪𝑪𝒊𝒊𝒊𝒊

        Equation 14 

where 𝑖𝑖 refers to the hydrocarbon compounds present in the combusted natural gas feed and: 

• 𝑊𝑊𝐻𝐻𝑖𝑖: Carbon mass associated to the hydrocarbon compound 𝑖𝑖 in the combusted natural gas 
feed, expressed in [gr/mol]. 

• 𝑀𝑀𝑊𝑊𝑇𝑇𝑐𝑐𝑐𝑐: Combusted natural gas feed molar mass, expressed in [gr/mol]. 
• 𝑊𝑊𝐻𝐻𝐶𝐶𝐻𝐻4: Carbon mass associated with the methane molecules in the natural gas feed 

combusted, expressed in [gr/mol]. 

In order to use this procedure, the combusted natural gas hydrocarbon composition and flow is 
needed for the studied facility and period. 

Estimating CO2 and CH4 emissions using this procedure implies associated uncertainties related to the 
following parameters used in the above equations: 

1. Combusted natural gas hydrocarbon composition: Either due to: 
a. Uncertainties in the hydrocarbon composition sampling and laboratory 

measurement procedure. 
b. Variability across the hydrocarbon reservoir: Differences in pressure gradients 

among the hydrocarbon components acting over long geological times produce what 
is known as compositional segmentation in hydrocarbon reservoirs. 

2. Combusted natural gas flow requirement (𝐻𝐻𝐻𝐻): Related to the facility’s energy demand 
estimation uncertainty. 

3. Carbon combustion efficiency: Although it is normally set as 99.9% and many inventories 
assume it constant at 100%, such as the US EPA GHG emissions inventory; there is evidence 
this efficiency might take lower values at substandard operation conditions such as when 
operating turbines at lower loads [130]. 

As different operations produce different natural gas qualities, this procedure allows to capture the 
impact that different hydrocarbon compositions have on each operation’s combustion GHG 
footprint. 
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4.2.2.1.2 Emissions from onsite diesel combustion 
Offshore operations powered by natural gas combustion turbines normally operate alongside 
reciprocating internal combustion engines powered by diesel. As the diesel used to power these 
engines needs to be purchased onshore and transported into the offshore operation, its use is 
minimised and limited to supporting the operation during: 

o Operation start-ups 
o Gas turbines start-ups 
o Maintenance activities 
o Emergencies 

Reciprocating internal combustion engines generate power by first compressing the fuel mix in a 
small volume between the head of a piston and its surrounding cylinder; then igniting the fuel 
generating high-pressure combustion gases that push the piston through the cylinder and creating a 
linear movement that is converted into rotary motion by a crankshaft; and finally, by returning the 
piston to its original position, pushing out the exhaust gases and repeating the cycle all over again. 

Among this engine’s main gaseous emissions are components such as NOx, Particulate Material, CO, 
Total Organic Compounds and SOx [130]. Considering that their use is minimised in offshore 
operations and that their emissions are related to the combustion of standardised diesel products 
and engine models available for all operations, the major emission differences among operations will 
be related to the amount of diesel each operation combusts. Therefore, this research modelled 
associated CO2 and CH4 emissions using the standardised diesel stationary combustion emission 
factors presented in Table 24. 

Table 24. Stationary diesel combustion associated CO2 and CH4 emission factors [49,145]. 
Greenhouse gas Emission factor 

[tonnes/106Btu] (LHV) [49] 
Emission factor 
[tonnes/106Btu] (HHV) [49] 

Reported uncertainty [145] 

CO2 7.81×10-2 7.42×10-2 Negligible ≈ 0 
CH4 3.17×10-6 3.01×10-6 50-150% 
 

Similarly to the natural gas combustion process, this research estimated emissions from diesel 
combustion using the diesel combustion flows provided by the operating company for their facilities 
in order to capture each operation’s design characteristics and operational practices. 

Finally, when estimating these CO2 and CH4 emissions, the following uncertainty sources were 
considered: 

1. Emission factor uncertainty: As defined in Table 24. 
2. Combusted diesel flow: Related to the facility’s energy demand estimation uncertainty. 

4.2.2.1.3 Emissions from power from shore, offshore renewables or batteries 
Whether energy is imported to the offshore operation from an onshore power grid, an offshore 
renewable project or through batteries, the imported energy GHG footprint will depend on the way 
the energy was generated, transported to the operation, and stored if needed. Specifically, the 
following factors affect the GHG emissions footprint: 

o Importing energy from onshore grids: 
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o Onshore power grid GHG footprint 
o Power cables installation 

o Importing energy from offshore projects:  
o Offshore renewable energy generation GHG footprint 
o Power cables installation 

o Using energy stored in batteries:  
o Energy source GHG footprint 
o Energy transport to the offshore operation 
o Battery manufacturing and recycling process 

Although the electrification of offshore platforms is being discussed at policy levels; there are very 
few operating offshore platforms currently importing power from onshore grids, offshore renewable 
projects, or use batteries; which is why these options were not modelled in this research.   

4.2.2.2 Flaring emissions 
Flaring is a high temperature oxidation process used to burn unused or waste hydrocarbon products. 
Through this process, instead of the original burned hydrocarbons, the flaring produced gases are 
liberated into the atmosphere. 

A flare system will be typically comprise [131]: 

o Gas collection system: Including a header and the necessary piping to collect the 
waste/unused natural gas from the different unit processes within a facility. 

o Knockout drum: Used to store the collected natural gas flows and remove condensable and 
entrained liquids. 

o Seal: to prevent flash-backs 
o Single or multiple burner units 
o Flare stack 
o Gas pilots and an igniter to ignite the waste gas 
o External momentum force, if smokeless flare is required. 

The flaring process is performed using the collected waste gas as combustible, ambient air as 
oxidising agent and a pilot flame as the igniter.  

The main gaseous emissions associated with the flaring process are [131]: 

o CO2 
o Unburned hydrocarbons 
o CO 
o NOx 
o SO2 
o Water 

As flaring’s main objective is to convert most of the hydrocarbons in the waste gas into CO2, the 
flaring carbon combustion efficiency 𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑅𝑅𝐹𝐹 is defined as the percentage of the hydrocarbon in the 
flare gas that is completely converted into CO2 and water vapour. 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

105 
 

Considering that waste gas flows can vary considerably, even by a factor of 103 between regular and 
major upset conditions [131], and the non-stationary nature of the waste gas generation process 
within the different considered unit processes, this research estimated flaring emissions at a facility 
level using the facility’s waste gas flows sent to flare and allocated the obtained flaring GHG footprint 
to the facility’s products following the allocation procedure per energy content detailed in section 
3.2.5. 

Specifically, CO2 and CH4 related flaring emissions were estimated using a material balance approach 
through Equation 15 and Equation 16. 

𝑪𝑪𝑪𝑪𝑶𝑶𝟐𝟐 = 𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑭𝑭𝑭𝑭𝒓𝒓𝒊𝒊𝑹𝑹𝑭𝑭 × �𝟒𝟒𝟒𝟒
𝟏𝟏𝟐𝟐
� + 𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐       Equation 15 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 × (𝟏𝟏 − 𝑪𝑪𝑭𝑭𝑭𝑭𝑭𝑭𝒓𝒓𝒊𝒊𝑹𝑹𝑭𝑭) × �𝟏𝟏𝟏𝟏
𝟏𝟏𝟐𝟐
�     Equation 16  

Where, similarly to the parameters defined for combustion emissions: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2: CO2 mass emission rate to the atmosphere, expressed in [mass CO2/time]. 
• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere, expressed in [mass CH4/time].  
• 𝐻𝐻𝐻𝐻: Natural gas feed flaring rate, expressed in [mass NG/time]. 
• 𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑖𝑖𝑅𝑅𝐹𝐹: Flaring carbon combustion efficiency, referring to the percentage of carbon 

molecules that will react and convert into CO2 during the flaring process. It is normally lower 
than the combustion process carbon combustion efficiency. 

• 𝐻𝐻𝐹𝐹𝐻𝐻𝐶𝐶: Natural gas feed carbon content, expressed as [% of the total].  
• 𝑚𝑚𝐶𝐶𝑂𝑂2 : Associated natural gas feed CO2 rate in [mass CO2/time]. 
• 𝐻𝐻𝐶𝐶𝐻𝐻4: Natural gas feed carbon content, expressed as [% of the total]. 

• �44
12
� and �16

12�: Stoichiometric adjustment factors to consider the molar mass differences 

between the reactants and products. 

While the 𝐻𝐻𝐹𝐹𝐻𝐻𝐶𝐶  and 𝐻𝐻𝐶𝐶𝐻𝐻4  parameters are estimated as defined in Equation 13 and Equation 14 
respectively. 

Similarly to the combustion emissions estimation procedure, this research prioritised the use of 
operation specific data to estimate flaring emissions, for which it used the flaring flows provided by 
the operating companies.  

Estimating flaring CO2 and CH4 associated emissions through this procedure implies the following 
uncertainties: 

1. Flaring gas hydrocarbon composition: Either due to: 
a. Uncertainties in the hydrocarbon composition sampling and laboratory 

measurement procedure; which are normally higher than in the combustion process, 
as flared gas is sampled less frequently. 

b. Variability across the hydrocarbon reservoir. The previously discussed compositional 
segmentation in hydrocarbon reservoirs also generates variability in the flared 
natural gas composition over time. 

2. Flared natural gas flow (𝐻𝐻𝐻𝐻): At locations where flaring is allowed only for security reasons, 
flaring flows are minimised and will only be significant during operation upsets difficult to 
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predict. Particularly, this research modelled uncertainty from this source by the defining as 
lower and upper uncertainty boundaries the minimum and maximum observed ratio 
between natural gas sent to flare and natural gas entering the facility. 

3. Carbon combustion efficiency: Although it is normally set as 98%, depending where the 
operations are located, this efficiency may range between 95 and 99.5% and was provided by 
the company operating for the facilities studied. 

As different operations produce different natural gas qualities, this procedure allows to capture the 
impact that different hydrocarbon compositions have on each operation’s flaring GHG footprint. 

4.2.2.3 Vented emissions 
Vented emissions were modelled by unit process through one or more estimation procedures to 
provide flexibility in the estimation depending on the level of information available when assessing 
individual natural gas chains. 

4.2.2.3.1 Offshore natural gas well operation 
Offshore natural gas production can be directly operated from an offshore platform, or remotely 
controlled by an offshore platform or onshore facility. In both cases, once leaving the offshore well, 
the production fluids are directed through pressurised subsea flow lines to the offshore platform or 
the onshore processing facility. 

As leaks in offshore wellheads and subsea pipelines pose a severe risk to their integrity due to the 
marine pressure surrounding them, offshore natural gas production is performed under sealed and 
pressurised conditions, for which no vents were modelled. 

4.2.2.3.2 Separation 
As this unit process objective is to separate the production flow into hydrocarbon liquids, natural gas 
and produced water and direct these three flows into other unit processes for further processing, in 
principle, no significant natural gas flows are removed from the throughput. Therefore, no significant 
CO2 and CH4 vents are generated during this process. This choice is in line with the US EPA [5] and API 
[49] emissions inventories. 

However, separator equipment may be supported by a number of gas assisted pneumatic devices, 
which produce natural gas vents. Such CO2 and CH4 vents were modelled for the separation unit 
process depending on whether the used separators have associated gas assisted pneumatic devices 
and using the engineering derived Equation 17 [29], or by using emission factors through Equation 
18. 

𝑪𝑪𝑵𝑵𝑵𝑵 = 𝟏𝟏𝟏𝟏,𝟑𝟑𝟑𝟑𝟎𝟎 × �𝟏𝟏 + �𝒅𝒅
𝑫𝑫
�
𝟒𝟒
� × 𝒅𝒅𝟐𝟐 × �𝑯𝑯 × [𝟐𝟐𝟐𝟐.𝟑𝟑𝟐𝟐 + (𝟎𝟎.𝟑𝟑 × 𝑯𝑯)] × �

𝟓𝟓𝟐𝟐𝟎𝟎
𝟒𝟒𝟏𝟏𝟎𝟎+𝑻𝑻𝒇𝒇

× �𝟏𝟏
𝑵𝑵

  Equation 17 

Where: 

• 𝐸𝐸𝑁𝑁𝑁𝑁: Natural gas volume vent in [scf/day]. 
• 𝑑𝑑: Pneumatic device orifice diameter, expressed in [inches]. 
• 𝐷𝐷: Internal pipe or tubing diameter, expressed in [inches]. 
• 𝐻𝐻: Natural gas flow pressure, expressed in [mm Hg]. 
• 𝑇𝑇𝑓𝑓: Natural gas temperature, expressed in [0R]. 
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• 𝑁𝑁:  Natural gas specific gravity at 600F. 

𝑪𝑪𝑵𝑵𝑵𝑵 = 𝑵𝑵𝒊𝒊 × 𝑪𝑪𝑭𝑭𝑵𝑵𝑵𝑵,𝒊𝒊 × 𝝆𝝆𝑵𝑵𝑵𝑵       Equation 18 

Where: 

• 𝐸𝐸𝑁𝑁𝑁𝑁: CO2 mass emission vent rate to the atmosphere in [mass NG/time].  
• 𝑁𝑁𝑖𝑖: The number of gas assisted pneumatic devices operating within the separation process; 

while 𝑖𝑖 refers to the type of gas assisted pneumatic device used in the operation, being either 
high-flow or low-flow pneumatic devices. 

• 𝐸𝐸𝐹𝐹𝑁𝑁𝑁𝑁,𝑖𝑖: Pneumatic device type 𝑖𝑖  associated natural gas emission factor, expressed in 
[volume NG/time/pneumatic device units]. 

• 𝜌𝜌𝑁𝑁𝑁𝑁  : Natural gas density, expressed in [mass NG/volume NG]. 

Both previous estimation methodologies render the rate at which natural gas is vented into the 
atmosphere, for which the CO2 and CH4 vent rates where estimated by multiplying the obtained 
natural gas vent rate with the natural gas CO2 and CH4 weight component respectively. 

When estimating vented emissions through the engineering derived relation, uncertainties would be 
related to the accuracy with which this relation represents reality, which was not addressed by GPSA. 
Will also depend on the uncertainty related to the natural gas flow temperature, pressure and 
specific gravity, which could be addressed by defining as minimum and maximum uncertainty 
boundaries. In this research these boundaries have been set as the minimum and maximum 
observed values in the last 5 years of operation. Although this relation was coded in the life cycle 
inventory model developed, this research did not have access to all the required information to apply 
this methodology when assessing individual case studies; thus, instead, the emission factors 
approach was used. Table 25 presents the gas assisted pneumatic devices emission factors used for 
this purpose. 

Table 25. Pneumatic devices emission factors and associated uncertainties as reported by Allen et al. [146]. 
Pneumatic device type Emission Factor [scf NG/hour] Uncertainty 
Intermittent 2.2 Not reported 
Continuous 24.1 Not reported 

 

Allen et al. [146] didn’t report uncertainty boundaries for pneumatic device vent EFs differentiating 
by pneumatic device type, but they did report a 95% confidence interval for an aggregated 
pneumatic device vent EF associated with both pneumatic device types, as 80 and 131% of the EF 
value. This research therefore assumed that the EFs reported in Table 25 can vary within this range. 

4.2.2.3.3 Acid gas removal (AGR) 
Acid gas removal needs to be used when CO2 or H2S is present in the production flow. This research 
focused on estimating the CO2 stripped in this unit process using the material balance Equation 19. 

𝑪𝑪𝑪𝑪𝑶𝑶𝟐𝟐 = 𝑸𝑸𝑵𝑵𝑵𝑵,𝒊𝒊 × 𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐, −𝑸𝑸𝑵𝑵𝑵𝑵,𝒇𝒇 × 𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐,𝒇𝒇     Equation 19 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2: CO2 mass flow stripped off the natural gas production throughput, expressed in [mass 
CO2/time]. 
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• 𝑄𝑄𝑁𝑁𝑁𝑁,𝑖𝑖: Natural gas mass flow entering the AGR process, expressed in [mass NG/time]. 
• 𝑄𝑄𝑁𝑁𝑁𝑁,𝑓𝑓: Natural gas mass flow leaving the AGR process, expressed in [mass NG/time]. 
• 𝑤𝑤𝐶𝐶𝑂𝑂2,𝑖𝑖: CO2 weight content in the Natural gas flow entering the AGR process, expressed in 

[%]. 
• 𝑤𝑤𝐶𝐶𝑂𝑂2,𝑓𝑓: CO2 weight content in the Natural gas flow leaving the AGR process, expressed in [%]. 

Once CO2 is stripped off the natural gas throughput, the amines used to remove the CO2 are then 
taken into a regeneration process where most of the CO2 is removed and, depending on the facility’s 
design it is either: 

1. Vented to the atmosphere 
2. Directed to flaring 
3. Directed into CO2 geological storage or other uses. In these cases, CO2 vents are estimated as 

the stripped CO2 amount multiplied by the percentage of the operating time when the CO2 
management process does not operate due to planned or unplanned maintenance. 

The variabilities and uncertainties associated with the CO2 vent estimation methodology are: 

• Variability in the 𝑤𝑤𝐶𝐶𝑂𝑂2,𝑖𝑖 value, associated with the variability of the hydrocarbon 
composition. This research addressed this aspect by setting the minimum and maximum 
observed values in the last 5 years of operation as variability boundaries for this parameter. 

• Uncertainty of the 𝑤𝑤𝐶𝐶𝑂𝑂2,𝑓𝑓, related to the AGR process efficiency; as this process is carefully 
monitored to meet the natural gas sales specification, this uncertainty was deemed as 
negligible in this research. 

• Uncertainty associated with the CO2 management process non-operating time: as operation 
upsets and unplanned disruptions are difficult to estimate, this research used the observed 
minimum and maximum values in the last 5 years of operation as the likely minimum and 
maximum uncertainty boundaries for this parameter. 

The amines used to remove the CO2 or H2S can also absorb a small quantity of CH4 which will end up 
alongside the stripped CO2 to vent, sent to flare or sent to geological storage. In the absence of 
precise operational temperature information or amine composition type, this research estimated 
AGR CH4 vent emissions using the EF and associated uncertainty presented in Table 26. 

Table 26. AGR CH4 emission factors and associated uncertainties estimated by Myers [147]. 
Emission factor Emission Factor [scf CH4/106 scf treated NG] Uncertainty 
AGR vent 965 119% 

 

4.2.2.3.4 Dehydration 
Figure 14 shows a schematic representation of the glycol dehydration process [147]. Once wet 
natural gas flow enters the absorber and contacts the glycol, besides water, small amounts of CH4 are 
also absorbed and directed along with the glycol to the regeneration process where these flows are 
heated, evaporated and normally vented into the atmosphere.  

All glycol dehydrators have pumps to circulate the glycol within the dehydration system, these can be 
either electric or gas assisted; gas assisted glycol pumps, however, have associated CH4 vents in their 
functioning while electric glycol pumps don’t. 
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Glycol dehydrators can additionally have a flash tank in between the absorber and regenerator, in 
this tank the wet glycol pressure is reduced causing most of the light hydrocarbons to flash; the 
separated gases can then be directed into the regenerator and used as fuel. This configuration can 
cause the dehydration system to emit considerably less CH4 emissions [148]. 

 

Figure 14. Glycol dehydration process schematic representation, after Myers [147]. 

Another factor than can affect CH4 emissions in glycol dehydrators is the use of strip gas. Some 
circuits use stripping gas in the regenerator to help strip water and other absorbed compounds out 
of the glycol by increasing the vapour flow rate in the reboiler still. Using stripping gas increases the 
flow of CH4 into the regenerator increasing also its associated CH4 vent emissions [49]. 

The CH4 emissions by the glycol dehydrators can be estimated using Equation 20 from GPSA [29]. 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑺𝑺𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑹𝑹𝑹𝑹𝑭𝑭𝑭𝑭𝒈𝒈𝑬𝑬𝑬𝑬𝑭𝑭 𝒑𝒑𝑹𝑹𝑬𝑬𝒑𝒑 × 𝑾𝑾𝑹𝑹 × 𝑸𝑸𝑵𝑵𝑵𝑵 × 𝟏𝟏
𝝆𝝆𝑵𝑵𝑵𝑵

     Equation 20 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass vent rate, assumed equal to the CH4 mass rate absorbed by the glycol and 
expressed in [mass CH4/time]. 

• 𝑆𝑆𝐶𝐶𝐻𝐻4: CH4 solubility in the glycol at absorber conditions, expressed in [volume CH4/volume 
glycol].  

• 𝑅𝑅𝑅𝑅𝐹𝐹𝐹𝐹𝑔𝑔𝑐𝑐𝑐𝑐𝐹𝐹 𝑝𝑝𝑅𝑅𝑐𝑐𝑝𝑝: Glycol re-circulation ratio, expressed in [volume glycol/volume water]. 
• 𝑊𝑊𝑅𝑅: Removed water, expressed in [volume water/volume NG] 
• 𝑄𝑄𝑁𝑁𝑁𝑁: Natural gas mass flow entering the AGR process, expressed in [mass NG/time]. 
• 𝜌𝜌𝑁𝑁𝑁𝑁: Natural gas density, expressed in [mass NG/volume NG]. 

However, 𝑆𝑆𝐶𝐶𝐻𝐻4  is a dynamic factor that depends on the equipment design and operating conditions 
and is normally modelled through process simulators. Furthermore, the absorbed CH4 would need to 
further account for the effects of the flash tank and stripping gas use to estimate CH4 vents. 
Therefore, if insufficient information is available to model the glycol dehydration process through 
process simulators, CH4 vent emissions can be estimated using the EFs presented in Table 27 and 
Table 28. 
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Table 27. Glycol dehydration CH4 emission factors and associated uncertainties estimated by Myers [147]. 
Glycol dehydration configuration CH4 emission factor  

[scf CH4/106scf treated NG] 
Reported uncertainty 

Glycol dehydrator with flash tank 3.57 -58%/+102% 
Glycol dehydrator without flash tank 175.10 -50%/+101% 
Incremental emission by using stripping gas 670 -60%/+40% 

 

Table 28. Gas assisted pump CH4 emission factors and associated uncertainties estimated by EPA [149]. 
Glycol dehydration 
configuration 

CH4 emission factor  
[million scf NG/ year/ 
pump] 

CH4 content used for the 
emission factor [mol%] 

Reported uncertainty 

Gas glycol pump  2.453 Unreported Unreported 
 

Along with CH4, it has been reported that CO2 can also be absorbed by the glycol in an amount 
possible to estimate with material balance relations analogue to Equation 20. However, as the 
dehydration unit process is placed after the AGR process, the amount of CO2 in the natural gas 
stream at this stage is considerably lower than that of the CH4. For this reason, the US EPA [5] and 
API [49] GHG emissions inventories omit the estimation of CO2 vents associated with dehydration. 
This research does not estimate them either and considers them negligible. 

With desiccant dehydrators, as the dehydration occurs in a fully enclosed environment, its associated 
vented emissions are related to the opening of the vessels to change the desiccant tablets. 
Therefore, the volume of gas vented by this dehydrator can be estimated by Equation 21. 

𝑸𝑸𝑵𝑵𝑵𝑵 = 𝑯𝑯×𝑫𝑫𝟐𝟐×𝝅𝝅×𝑵𝑵𝟐𝟐×𝑵𝑵×𝑵𝑵 
𝟒𝟒×𝑵𝑵𝟏𝟏

      Equation 21 

Where: 

• 𝑄𝑄𝑁𝑁𝑁𝑁: Natural gas vent rate, expressed in [volume NG/time]. 
• 𝐻𝐻: Dehydrator vessel height, expressed in [longitude units]. 
• 𝐷𝐷: Dehydrator vessel internal diameter, expressed in [longitude units]. 
• 𝑁𝑁1: Atmospheric pressure, expressed in [pressure units]. 
• 𝑁𝑁2: Dehydrator pressure, expressed in [pressure units]. 
• 𝑁𝑁: Fraction of packed vessel volume that is gas. 
• 𝑁𝑁: Number of dessicant changes per period, expressed in [Number events/time]. 

The previous vented gas volume can be easily converted into CO2 and CH4 vent mass rate using 
Equation 22 and Equation 23. 

𝑪𝑪𝑪𝑪𝑶𝑶𝟐𝟐 = 𝑸𝑸𝑵𝑵𝑵𝑵 × 𝝆𝝆𝑵𝑵𝑵𝑵 × 𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐       Equation 22 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑸𝑸𝑵𝑵𝑵𝑵 × 𝝆𝝆𝑵𝑵𝑵𝑵 × 𝑭𝑭𝑪𝑪𝑯𝑯𝟒𝟒       Equation 23 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2: CO2 mass emission rate to the atmosphere, expressed in [mass CO2/time]. 
• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere, expressed in [mass CH4/time]. 
• 𝜌𝜌𝑁𝑁𝑁𝑁: Natural gas density, expressed in [mass NG/volume NG]. 
• 𝑤𝑤𝐶𝐶𝑂𝑂2: CO2 weight content in the natural gas flow entering the dehydration process, 

expressed in [%]. 
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• 𝑤𝑤𝐶𝐶𝐻𝐻4: CH4 weight content in the natural gas flow entering the dehydration process, 
expressed in [%]. 

Estimating vents from desiccant dehydration with the previous procedure implies the following 
uncertainties: 

• Uncertainty in the treated natural gas characteristics, due to variability in the natural gas 
quality or uncertainty in the sampling and laboratory hydrocarbon composition 
measurements. This research addressed these uncertainties by using the minimum and 
maximum observed 𝜌𝜌𝑁𝑁𝑁𝑁 , 𝑤𝑤𝐶𝐶𝑂𝑂2  and 𝑤𝑤𝐶𝐶𝐻𝐻4  values in the last 5 years of operation to set the 
respective uncertainty boundaries. 

• Uncertainty in the desiccant change frequency: Natural gas containing more or less water will 
impact this value. This was addressed by setting the minimum and maximum observed 
frequencies in the last 5 years of operation as the uncertainty boundaries for this parameter. 

4.2.2.3.5 Natural gas compression 
The natural gas compression unit process does not intend to remove or separate any part of the 
natural gas flow. Its objective is to increase the pressure of the natural gas stream so it can flow 
through a pipeline and reach its destination.  

However, the compressor equipment used in this unit process may have associated natural gas vents 
related to normal operation and depending on compressor equipment design. These vents have 
been addressed in the literature mainly through emission factors. 

This research modelled compression CH4 and CO2 vents using equipment specific emission factors 
defining the number and type of compressors used in a particular operation based on its design 
specifications. 

A compressor can be started using an electric motor starter or a starter expansion turbine employing 
compressed air, nitrogen or natural gas. Compressors using a starter expansion turbine with 
compressed natural gas, after initiating the startup of the engine, vent the used natural gas. Several 
startup attempts are needed to have one successful startup. Vents associated with this practice can 
be estimated using Equation 24. 

𝑪𝑪 = 𝑵𝑵 × 𝑪𝑪𝑭𝑭𝑵𝑵𝑵𝑵 × 𝝆𝝆𝑵𝑵𝑵𝑵 × 𝒇𝒇𝟏𝟏 × 𝒇𝒇𝟐𝟐 × 𝑭𝑭     Equation 24 

Where: 

• 𝐸𝐸: Compound (CO2 or CH4) mass emission rate to the atmosphere, expressed in [mass /time]. 
• 𝑁𝑁: Number of compressors in the compression unit process. 
• 𝐸𝐸𝐹𝐹𝑁𝑁𝑁𝑁: Natural gas vented to the atmosphere associated with each compressor startup event, 

expressed in [volume NG/attempt]. 
• 𝜌𝜌𝑁𝑁𝑁𝑁: Natural gas density, expressed in [mass NG/volume NG]. 
• 𝑓𝑓1: Number of startup attempts per successful startup, expressed in [attempts/startup]. 
• 𝑓𝑓2: Number of compressor startup events in the analysed period, expressed in [startup/time]. 
• 𝑤𝑤: Compound (CO2 or CH4) weight content in the natural gas flow entering the compression 

process, expressed in [%]. 
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The used compressor startup EF and activity factors are presented in Table 29. 

Table 29. Gas assisted compressor startup associated emission factors as estimated by EPA [150]. 
Parameter Units Value Uncertainty range 
Gas assisted compressor startup vent emissions [scf NG/attempts] 2,500 1,000 – 5,000 
Number of attempts per successful startup [number attempts/startup] 10 Not reported 
Number of compressor startups per year [Number startup/year] 10 Not reported 
 

After startup, a compressor may also vent natural gas during normal operation depending on its 
design: 

• Centrifugal compressors: Have associated seals on the rotating shafts that prevent high-
pressure natural gas from escaping the compressor casing. Seals are classified into ‘wet’ or 
‘dry’. The former uses oil circulated at high pressure around the compressor shaft to avoid 
the high-pressure gas from leaking, however, when in contact with the gas, it absorbs small 
amounts of it that are later vented to the atmosphere. The later uses high pressure natural 
gas to mechanically operate the seal under an opposing force created by hydrodynamic 
grooves and static force. ‘Dry’ seals have considerably lower natural gas vents than ‘wet’ 
seals [151]. 

• Reciprocating compressors: Its associated packing system, a series of flexible rings fitted 
around the shaft creating a seal against leakage of the compressed gas, leaks natural gas 
from its case, cups and rings during normal operation [152].  

CH4 and CO2 compression vents were estimated in this research by first differentiating whether a 
particular operation uses reciprocating, centrifugal with wet seals or centrifugal with dry seals 
compressors, and using Equation 25. 

𝑪𝑪 = 𝑵𝑵 × 𝑪𝑪𝑭𝑭𝑵𝑵𝑵𝑵 × 𝝆𝝆𝑵𝑵𝑵𝑵 × 𝑭𝑭       Equation 25 

Where: 

• 𝐸𝐸: Compound (CO2 or CH4) mass emission rate to the atmosphere, expressed in [mass /time]. 
• 𝑵𝑵: Number of compressors in the compression unit process. 
• 𝐸𝐸𝐹𝐹𝑁𝑁𝑁𝑁: Natural gas vented to the atmosphere associated to each compressor rodpack/seal 

vent, expressed in [volume NG/time]. 
• 𝜌𝜌𝑁𝑁𝑁𝑁: Natural gas density, expressed in [mass NG/volume NG]. 
• 𝑤𝑤: Compound (CO2 or CH4) weight content in the natural gas flow entering the compression 

process, expressed in [%]. 

The used compressor rodpack and wet/dry seal EF and activity factors are presented in Table 30. 

Table 30. Gas assisted compressor rodpack/seal associated emission factors as estimated by EPA [151,152]. 
Parameter NG emission factor  

[scf NG/minute] 
Reported Uncertainty 

Dry seal vent – centrifugal compressor 3 1-6 
Wet seal vent – centrifugal compressor 120 40-200 
Rod packing system – reciprocating compressor (4 rod packs) 0.76 Not reported 
 

Compressors must be periodically taken off-line for maintenance, operational stand-by or emergency 
shutdown. When taken off-line, the high-pressure gas contained within the compressor and its 
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associated pipelines may be vented into the atmosphere or directed to flare. If vented to the 
atmosphere, compressor blowdown vents can be estimated using Equation 26 and the parameters 
defined in Table 31. 

 𝑪𝑪 = 𝑵𝑵 × 𝒇𝒇 × 𝑪𝑪𝑭𝑭𝑵𝑵𝑵𝑵 × 𝝆𝝆𝑵𝑵𝑵𝑵 × 𝑭𝑭       Equation 26 

Where: 

• 𝐸𝐸: Compound (CO2 or CH4) mass emission rate to the atmosphere, expressed in [mass /time]. 
• 𝑁𝑁: Number of compressors in the compression unit process. 
• 𝑓𝑓: Compressor blowdown vent frequency in a determined period, expressed in [number 

events/time].  
• 𝐸𝐸𝐹𝐹𝑁𝑁𝑁𝑁: Natural gas vented to the atmosphere during each blowdown event, expressed in 

[volume NG/event]. 
• 𝜌𝜌𝑁𝑁𝑁𝑁: Natural gas density, expressed in [mass NG/volume NG]. 
• 𝑤𝑤: Compound (CO2 or CH4) weight content in the natural gas flow entering the compression 

process, expressed in [%]. 

Table 31. Gas assisted compressor startup associated emission factors as estimated by EPA [153]. 
Parameter Units Value Reported Uncertainty 
Compressor blowdown vent emissions [scf NG/event] 15,000 Not reported 
Compressor blowdown frequency [events/year] 52 Not reported 
 

As no uncertainty was reported for the compressor blowdown EFs, this research estimated the 
blowdown CO2 and CH4 uncertainty range by defining the lowest and highest observed compressor 
blowdown frequency in the past 5 years of operation as uncertainty boundaries for this parameter. 

4.2.2.3.6 CO2 compression 
CO2 compression is normally performed when CO2 geological storage is intended. The CO2 removed 
from the natural gas flow in the AGR process is normally mixed with small amounts of CH4 and other 
contents and sent to this unit process where they are compressed using compressors. Therefore, the 
same emissions modelled for the compression unit process apply, differentiating whether the vents 
are related to the natural gas product stream, or to an external natural gas flow used to operate the 
compressor. 

Regarding natural gas assisted compressor starts, these vents are associated with the natural gas 
used in the starter expansion turbine. These are external to the compressed gas flow, therefore, the 
same emissions estimation procedure detailed for the compression unit process apply to this activity. 

Operating emissions from centrifugal wet and dry seals are related to the emissions linked with the 
oil or natural gas used as seal, which are external to the compressed gas flow. Although wet seals 
owe part of their emissions to the compressed gas flow the oil absorbs and later vents, since there 
are no measurements regarding CO2 compression associated seal vents, this research uses the same 
emission factor and estimation procedure detailed in Equation 25 for estimating centrifugal 
compressor vents during CO2 compression. 

On the other hand, operating emissions from reciprocating rod packing systems are due to 
compressed gas leaked through the rod pack nose gasket, cups, and space between rings and shaft 
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[152]. Therefore, if 𝑤𝑤𝐶𝐶𝑂𝑂2and 𝑤𝑤𝐶𝐶𝐻𝐻4  represents respectively the CO2 and CH4 weight content of the 
flow compressed in this unit process, Equation 25 can be used to estimate the rate of CO2 and CH4 
vented to the atmosphere due to rod packing vents in the CO2 compression process.  

As blowdown emissions are due to the liberation of the gas contained within the compressor and its 
related pipelines, Equation 26 can be used to estimate the volume of the compressed gas vented 
during the blowdown of the CO2 compressors, which can then be converted into CO2 and CH4 vents, 
if the 𝑤𝑤𝐶𝐶𝑂𝑂2  and 𝑤𝑤𝐶𝐶𝐻𝐻4  parameters are known. 

Uncertainties were addressed as modelled in the natural gas compression unit process. 

4.2.2.3.7 Water management 
The water management process in offshore operations include the operation of sea water pumps, if 
sea water is injected into the reservoir, the processing of the produced natural water, and the 
storage of the produced natural water. Therefore, vents are associated with the produced water 
storage tanks [49] and can be estimated through Equation 27 and the emission factors developed by 
EPA [154] using the Aspen Plus process simulator software (Table 32). 

 𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵 × 𝑪𝑪𝑭𝑭𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑸𝑸𝑭𝑭       Equation 27 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere, expressed in [CH4 mass/time]. 
• 𝑵𝑵: Number of water storage tanks in the water management unit process. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝐻𝐻4: CH4 absorbed by the produced water and vented to the atmosphere in the water 

storage tanks, expressed in [CH4 mass/volume produced water]. 
• 𝑄𝑄𝑤𝑤: Produced water flow entering the water management process, expressed in [volume 

produced water/time]. 

Table 32. Gas assisted compressor startup associated emission factors as estimated by EPA [154]. 
Separator pressure [psi] Produced water salt 

content [%] 
CH4 vent emission rate [tonnes 
CH4/103m3 produced water] 

Reported uncertainty 

50 20 9.1850×10-3 Not reported 
250 20 6.2000×10-2 Not reported 
250 10 9.4140×10-2 Not reported 
250 2 1.1137×10-1 Not reported 
1,000 20 2.2273×10-1 Not reported 
1,000 10 3.3697×10-1 Not reported 
1,000 2 3.9896×10-1 Not reported 
 

The water storage tank vent EFs reported by the EPA were derived assuming that a 100% of the 
processed gas is CH4. This assumption is reasonable considering that NG is mainly composed by CH4, 
and that CH4 vents from this process are very small. Therefore, vents due to produced water CO2 
absorption are considered negligible. 

Uncertainty associated with the CH4 vent estimation can stem from: 

• Uncertainty related to the representativeness of the used emission factor. These EFs, 
however, are not reported with uncertainty boundaries. 
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• Variability in the produced natural water salt content. This research used the EF 
corresponding to CH4 vents for different produced water salt content to define theoretical 
upper and lower uncertainty boundaries for these vents. 

As the CH4 carried with the produced water stream can vaporise and accumulate within the water 
storage tanks and mix with oxygen from the air forming an explosive gaseous mix, some operators fill 
the vapour section of the tank with a natural gas blanket [155]. As the tank fills and empties water, it 
emits natural gas through the roof vent. In absence of detailed produced water tank operation data 
to perform a simulation analysis, emissions from NG blankets in water storage tanks were estimated 
considering EPA’s EF of 2×106 [CH4ft3/year/tank][155]. 

4.2.2.4 Fugitive emissions 
Fugitive emissions refer to unintentional equipment leaks which can be prevented or reduced 
through maintenance. Due to their nature, their estimation is highly uncertain and depends greatly 
on the leaking equipment condition. 

Fugitives can be estimated through engineering calculations or emissions factors. Although the 
former provides a more accurate estimation, it uses relations that are highly specific to the 
equipment models and requires design characteristics and detailed operational information, which 
was not available when assessing individual natural gas operations during this research. For this 
reason emission factors were used instead. 

Among the available emission factors approaches to estimate fugitive emissions are the following, 
listed in increasing order of estimation accuracy: 

• Facility level emission factors 
• Equipment level emission factors 
• Component level average emission factors 
• Component level leak/no-leak average emission factors 
• Component level EPA correlation approach 

Methods with higher estimation accuracy also have higher data requirements. This research used 
equipment and component level emission factors, selecting the highest possible accuracy method 
depending on the information available when analysing each natural gas operation. 

As natural gas is composed mostly by methane, normally above 80% of molar composition, and CO2 
is very rarely present at molar composition higher than 2%, CO2 fugitives are estimated to represent 
less than 5% of a facility’s fugitive emissions, and therefore considered as negligible. This explains 
why fugitive emission factors are normally reported in terms of CH4 emissions. This research also 
assumed that CO2 fugitive emissions are negligible, except in unit processes that deal with flows 
composed mainly by CO2, (e.g. the CO2 compression unit process) where literature reported CH4 
fugitive EFs were converted into CO2 emissions. 

4.2.2.4.1 Equipment level average emission factor approach 
Equipment level average emission factors can be used to estimate a facility’s fugitive emissions using 
Equation 28 and the parameters defined in Table 33. This method requires having the equipment 
count for the studied unit process. 
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𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑪𝑪𝑭𝑭𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑵𝑵 ×
𝑬𝑬𝑬𝑬,𝑪𝑪𝑯𝑯𝟒𝟒
𝑬𝑬𝑪𝑪𝑭𝑭,𝑪𝑪𝑯𝑯𝟒𝟒

      Equation 28 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass fugitive emission rate to the atmosphere, expressed in [CH4 mass/time]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝐻𝐻4: Equipment level average CH4 fugitive emission factor, expressed in [CH4 

mass/equipment/time]. 
• 𝑁𝑁: Number of the analysed equipment in the unit process. 
• 𝑚𝑚𝐶𝐶𝐹𝐹,𝐶𝐶𝐻𝐻4: CH4 mole content used to estimate the used equipment fugitive EF, expressed in 

[mole%]. 
• 𝑚𝑚𝑐𝑐,𝐶𝐶𝐻𝐻4: Processed natural gas CH4 mole content, expressed in [mole%]. 

Table 33. Average equipment level fugitive emission factors used for offshore production and processing. 
Parameter Units Value Reported 

Uncertainty 
Default CH4 content 
in NG [mole%] 

Reciprocating 
compressor[46,156] 

[tonneCH4/compressor/hour] 8.95×10-2 ±95.2 86.8 

Centrifugal 
compressor[46,156] 

[tonneCH4/compressor/hour] 1.70×10-2 ±51.8 86.8 

Separator[46,49] [tonneCH4/separator/hour] 4.42×10-5 ±87.9 78.8 
Gas heater[46,49] [tonneCH4/heater/hour] 4.60×10-5 ±173.0 78.8 
Dehydrator[46,49] [tonneCH4/dehydrator/hour] 7.13×10-5 ±45.1 78.8 
 

This research estimated CO2 fugitive emissions from the CO2 compression unit process by converting 
the compressor CH4 mass fugitive EF (𝐸𝐸𝐹𝐹𝑪𝑪𝑯𝑯𝟒𝟒) into volume of leaked gas and assuming that gas is CO2 
as shown in Equation 29.  

𝑪𝑪𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐 =
𝑪𝑪𝑭𝑭𝑪𝑪𝑯𝑯𝟒𝟒
𝝆𝝆𝑪𝑪𝑯𝑯𝟒𝟒

× 𝝆𝝆𝑪𝑪𝑶𝑶𝟐𝟐       Equation 29 

Where: 

• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2: Equipment level CO2 fugitive emission factor, expressed in [CO2 mass/equipment/ 
time]. 

• 𝐸𝐸𝐹𝐹𝐶𝐶𝐻𝐻4: Equipment level CH4 fugitive emission factor, expressed in [CH4 mass/equipment/ 
time]. 

• 𝜌𝜌𝐶𝐶𝐻𝐻4: CH4 density, expressed in [mass CH4/ volume CH4]. 
• 𝜌𝜌𝐶𝐶𝑂𝑂2: CO2 density, expressed in [mass CO2/ volume CO2]. 

4.2.2.4.2 Component level average emission factor approach 
Fugitive emissions from offshore natural gas production and processing activities can be estimated 
using the average component EFs developed by the American Petroleum Institute (API) for offshore 
platforms (Table 34) and Equation 30. This method requires having the component count for the 
studied unit process and the average CH4 weight fraction of the processed natural gas, as these EFs 
are reported in units of Total Organic Compound (TOC). 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑪𝑪𝑭𝑭𝑻𝑻𝑶𝑶𝑪𝑪 × 𝑵𝑵 × 𝑭𝑭𝑪𝑪𝑯𝑯𝟒𝟒        Equation 30 

Where: 
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• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass fugitive emission rate to the atmosphere, expressed in [CH4 mass/time]. 
• 𝐸𝐸𝐹𝐹𝑇𝑇𝑂𝑂𝐶𝐶: Component level average CH4 fugitive emission factor, expressed in [TOC mass/ 

component/time]. 
• 𝑁𝑁: Number of the analysed component in the unit process. 
• 𝑭𝑭𝑪𝑪𝑯𝑯𝟒𝟒: Processed natural gas CH4 weight fraction, expressed as [% of the TOC]. 

As uncertainty ranges were not reported for these EFs, it was not possible to assess the uncertainty 
associated to fugitive emissions estimates obtained through this procedure. 

 

Table 34. Average component level fugitive emission factors used for offshore production and processing GHG emissions 
estimations as reported by API [157]. 

Component Emission factor value [tonne 
TOC/component/hour][157] 

Reported uncertainty 

Valves 5.14×10-7 Not reported 
Pump seals 1.95×10-7 Not reported 
Connectors 1.08×10-7 Not reported 
Flanges 1.97×10-7 Not reported 
Open-ended lines 1.01×10-6 Not reported 
Others7 6.94×10-6 Not reported 

 

4.2.2.5 Mobile equipment operating emissions 
CO2 and CH4 emissions associated with the operation of mobile equipment used in offshore natural 
gas production and processing activities were estimated through Equation 31 and the parameters 
presented in Table 35 and Table 36. 

 𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒/𝑪𝑪𝑶𝑶𝟐𝟐 = 𝑵𝑵 × 𝑪𝑪𝑭𝑭 × 𝑪𝑪𝑭𝑭𝑪𝑪𝑯𝑯𝟒𝟒/𝑪𝑪𝑶𝑶𝟐𝟐      Equation 31 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4/𝐶𝐶𝑂𝑂2 : CH4/ CO2 mass emission rate to the atmosphere associated to the use of 
determined mobile equipment, expressed in [CH4 or CO2 mass/time]. 

• 𝑁𝑁: Number of mobile equipment used. 
• 𝐴𝐴𝐹𝐹: Mobile equipment’s fuel use, expressed in [fuel mass/time]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝐻𝐻4/𝐶𝐶𝑂𝑂2: CH4/ CO2 emissions associated to the combustion of the mobile equipment’s fuel, 

expressed in [CH4 or CO2 mass/combusted fuel mass]. 

This research particularly considered the use of helicopters, supply and support vessels associated 
with offshore natural gas production and processing. 

Table 35. Offshore Natural gas production and processing associated mobile equipment emission factors [145]. 
Mobile equipment Fuel used Fuel use Units 
Helicopter Jet kerosene 0.24 [tonnes/hour] 
Standby vessel Diesel 3.00 [tonnes/day] 
Support vessel Diesel 6.00 [tonnes/day] 
Well server Diesel 32.80 [tonnes/day] 

 

                                                            
7 Including diaphrams, drains, dump arms, hatches, instruments, meters, pressure relief valves, polished rods, 
relief valves, and vents 
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Table 36. Mobile equipment fuel combustion emission factors [49,145]. 
Fuel Greenhouse gas Emission factor [kg/1012 J fuel] (LHV) Reported uncertainty [145] 
Jet kerosene CO2 7.15×104 [6.97-7.44]×104 
Jet kerosene CH4 3.00 50-150% 
Diesel CO2 7.41×104 [7.26-7.48]×104 
Diesel CH4 3.00 50-150% 

4.2.2.6 Principles for extrapolating operating emissions 
As operating companies provided the detailed operational information required to estimate 
emissions for a period of 2-3 operating years, this research estimated CO2 and CH4 emissions 
associated with offshore natural gas production and processing for that period and extrapolated 
these estimates for the rest of the operating life of the asset depending on whether these were 
estimated using equipment or component level emission factors, or material balance and 
engineering calculations. 

If emissions were estimated using component or equipment level emission factors, the component 
and equipment count was forecasted for the rest of the asset’s operating life proportionally to the 
asset’s production forecast. While, if emissions were estimated based on material balance or 
engineering calculations; emissions estimates were first associated to relevant flows, as shown in 
Table 37, and then extrapolated to increase or decrease in the same proportion as their associated 
relevant flow for the rest of the asset’s operating life; which is expressed mathematically in Equation 
32. 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒/𝑪𝑪𝑶𝑶𝟐𝟐,𝒕𝒕 = 𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒/𝑪𝑪𝑶𝑶𝟐𝟐,𝟎𝟎 × 𝑭𝑭𝟏𝟏
𝑭𝑭𝟎𝟎

      Equation 32 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4/𝐶𝐶𝑂𝑂2,𝑐𝑐: CH4/ CO2 mass emission rate to the atmosphere associated to a determined 
emission type in the year  , expressed in [CH4 or CO2 mass/year]. 

• 𝐸𝐸𝐶𝐶𝐻𝐻4/𝐶𝐶𝑂𝑂2,0: CH4/ CO2 mass emission rate to the atmosphere associated to a determined 
emission type in the year 𝑡𝑡=0, estimated in detail using operational data provided by the 
operating company, expressed in [CH4 or CO2 mass/year]. 

• 𝐹𝐹0: Emission type associated relevant flow value for the year 𝑡𝑡, expressed in [relevant flow 
volume/year]. 

• 𝐹𝐹1: Emission type associated relevant flow value for the year 𝑡𝑡=0, where its associated 
emissions were estimated in detail using operational data, expressed in [relevant flow 
volume/year]. 

Table 37. Emission types and relevant flows used for emissions extrapolation. 
Emission type Relevant flows  
Flaring, all combustion emissions except from water management Produced natural gas 
Water management combustion emissions Produced water 

 

4.2.3 Decommissioning 
The decommissioning of offshore facilities is performed following set steps: 

1. Reservoir isolation 
2. Facilities dismantling 
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3. Transporting dismantled facilities to shore 
4. Recycling 

This research estimated the CO2 and CH4 emissions related to each of these steps. 

Reservoir isolation was modelled through the well plugging procedure, the most popular method 
currently. A well is plugged by first filling it with high density drilling fluids and installing a flowback 
package. Next, a deep set mechanical plug is installed along with two independent barrier plugs [158] 
and an openhole-to-surface plug, also called “environmental barrier”. Finally, the well head and 
conductor are removed [159]. 

If the well if still pressurised, the flowback package captures the well production fluids and directs 
them to flaring [159]. However, this research assumes that well plugging will be performed at the 
reservoir end of life where the wells will no longer be pressurised and that the drill fluids filling will 
effectively kill well pressure, for which reason no production fluids were considered to leak or be 
directed to flare during this process. 

Well plugs are commonly made using cement. After plugging, studies have shown that a well may 
leak through the cement plug itself, or around the plug in the cement-casing interphase through 
micro annuli formed during cement shrinkage or poor mud removal [160–162]. Considering modern 
well plugging methods are much more efficient than those implemented decades ago, this research, 
assumes that cement plugs of sufficient quality, to be installed in the future, will act as a barrier 
isolating the reservoir, for which reasons no well leaks were modelled after well plugging. 

Well plugging may be performed using vessels or drilling rigs [163], this research models 
decommissioning using drilling rigs considering a use of 15.1 [days/well][163] with a diesel 
consumption of 5 MW [144]. 

As the cement mass used during plugging is very small compared to the mass of other materials 
considered during construction, its materials associated footprint was assumed below the cut-off 
used in this research and thus negligible.  

Dismantling activities are related to the separation of the topside and/or jacket and their 
dismantlement to allow their transport to shore. These were assumed to take place during the 
drilling rig operation, for which their associated emissions are accounted within the drilling rig use. 

Once dismantled, the topside and/or jacket are loaded into barges and transported onshore for 
recycling. Emissions from transport were assessed considering the transport distance for each case, 
the barge’s fuel consumption parameter in Table 20, and a maximum barge’s load of 2,800 tonnes 
per trip [164].  

Based on the recycling performed on the North West Hutton [164], Brent and Bravo [165] platforms 
jackets and topsides, this research considered that 97% of the topside and jacket’s materials are 
recycled; for which, these materials’ associated CO2 equivalent footprint is then considered as a 
credit in the project’s lifecycle emissions. 
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4.3 Case studies 

4.3.1 Complex A case study 
The Complex A is located north east of Aberdeen in the UK sector of the North Sea and comprises 
three oil and gas fields (Figure 15) 

o Field B: Discovered in the 1970s, commenced production in the early 1990s. 
o Field K: Tied-back to the Field B complex. 
o Field R: Tied-back to the Field B complex. 

The complex is operated through the following bridge-linked platforms: 

o Production, Utilities and Quarters platform (PUQ): Holds an accommodation module for 168 
people and a helideck, besides the flare tower and all the processing, conditioning and 
export facilities associated to the natural gas, condensate and oil flows[166]. 

o Compression and Reception platform (CR): Hosts the reception and compression facilities.  
o Drilling platform (D): Contains drilling and well bay facilities. 

The produced natural gas flows are exported via the Frigg pipeline to the St Fergus terminal in the 
UK, while the hydrocarbon liquid flows are exported via the Forties pipeline system. 

 

Figure 15. Complex A schematic representation. Taken from the current operating company’s website. 

4.3.1.1 Complex A – Construction parameters 
The materials used in the construction of Complex A platforms are presented in Table 38. 

Table 38. Complex A platforms subsurface infrastructure [167]. 
Platform Infrastructure Main material Mass [tonnes] 
B-PUQ Jacket Steel 9,400 
B-PUQ Topside – Cellar deck Steel 8,000 
B-PUQ Topside – Production 

module 
Steel 7,800 

B-PUQ Topside – Accommodation 
module 

Steel 2,500 

B-D Jacket Steel 7,300 
B-D Topside Steel 9,400 
B-CR Jacket Steel 3,200 
B-CR Topside Steel 2,750 
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The material assembly emissions were estimated considering the equipment count presented in 
Table 39, well drilling schedule presented in Table 40 and well testing plan presented in Table 41. 
These calculations considered that the jackets from the B-PUQ and B-D platforms were installed in 
1992, while their 26 associated wells were considered drilled between 1990 and 1997. Later, phase II 
of the Complex A project resulted in the installation of jacket B-CR in 1998 and the drilling of 8 wells 
connected through manifolds between 1998 and 1999 [167]. 

Table 39. Complex A platforms infrastructure count. 
Component Number units 
Topside yard generators and engines 2 
Jacket yard generators and engines 2 
Drilling module yard generators and engines 1 
Drilling module commissioning temporary generator 1 
Platform main generator 2 
Platform cranes generator 2 
Platform emergency generator 2 

 

Table 40. Complex A drilling schedule 
Year 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 
Wells drilled 4 4 4 4 4 2 2 2 4 4 
 

Table 41. Complex A project start-up well test schedule. 
Year 1992 1993 1994 
Number wells tested 3 3 2 

 

Table 37-Table 41 were used to estimate Complex A construction emissions following the procedure 
outlined in section 4.2.1. The estimated emissions were then allocated to each MJ of product 
expected to be exported by the Complex A platforms throughout their entire lifetime, the resulting 
emissions footprint were: 

• Platforms complex construction: 4.15×10-1 [gCO2e/MJ NG exported] 
• Platforms complex associated materials: 1.62×10-2 [gCO2e/MJ NG exported] 
• Well testing: 3.60×10-3 [gCO2e/MJ NG exported] 

4.3.1.2 Complex A – Operation parameters 
The operation of the Complex A platforms was modelled through the unit processes detailed in 
Figure 16. As these platforms process both, natural gas and hydrocarbon liquid flows, this diagram 
representation indicates which unit processes were considered related to the processing of both 
flows; production, separation, water management and energy generation; hydrocarbon 
liquids/condensate flows only; condensate storage and pumping; and of natural gas flows only; 
dehydration and natural gas compression; as indicated in Table 42. This classification was used to 
allocate vented, fugitive and combustion related emissions to each production flow as explained in 
section 3.2.5. 

Operation emissions were estimated in detail for complex A for the years 2014-2018 using diesel 
combustion, natural gas combustion and natural gas flaring information provided by the operating 
company (Table 43). 
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Figure 16. Schematic representation of unit processes in Complex A . 

 

 
Table 42. Complex A platforms unit process classification for emissions’ allocation. 

Unit Process Associated production flows 
Production Natural gas + Hydrocarbon liquids 
Separation Natural gas + Hydrocarbon liquids 
Water management Natural gas + Hydrocarbon liquids 
Condensate storage Hydrocarbon liquids 
Pumping Hydrocarbon liquids 
Dehydration Natural gas 
Natural Gas compression Natural gas 
Energy generation Natural gas + Hydrocarbon liquids 
Mobile equipment use Natural gas + Hydrocarbon liquids 

 

Table 43. Observed (2014-2016) and estimated (2017-2018) Complex A platforms energy consumption and flaring 
parameters. 

Parameter Units 2014 2015 2016 2017 2018 
Combusted NG [tonnes/year] 57,428.5 74,308.1 79,900.5 85,222.2 73,488.9 
Combusted NG 
density 

[kg/m3] 8.776×10-1 8.445×10-1 8.547x10-1   

Combusted NG 
energy content 

[MJ/kg] 45.9778 44.083 44.278   

Flared NG [tonnes/year] 15,713.5 12,475.1 15,570.0 17,136.1 17,869.7 
Flared NG density [kg/m3] 8.776×10-1 8.445×10-1 8.547×10-1   
Flared NG energy 
content 

[MJ/kg] 45.948 44.103 44.156   

Combusted Diesel [tonnes/year] 5,197.3 2,302.9 3,044.8   
Combusted Diesel 
energy content 

[MJ/Kg] 46.347 46.347 43.022   

Purchased electricity [MJ/year] - - -   
 

Emissions associated to the combustion of fuel used by mobile equipment use were estimated using 
the activity factors presented in Table 44. 
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Table 44. Complex A platforms associated mobile equipment use. 
Mobile equipment  Use Units 
Helicopter 319 [hours/year] 
Supply vessel 221 [days/year] 
Standby vessel 15 [days/year] 

 

Combustion emissions were estimated for the Complex A platforms for the years 2014-2016 using 
the natural gas and diesel combustion volumes reported by the operating company (Table 45), the 
material balance procedure detailed in section 4.2.2.1 and considering a carbon combustion 
efficiency of 99.9% indicated by the operating company. 

Combustion emissions from the years 2017 and 2018 were estimated using the same material 
balance procedure and natural gas combustion flows predicted by the operating companies for those 
years, but also using the average combusted natural gas hydrocarbon composition and diesel 
consumption between 2014 and 2016. 

Flaring emissions were estimated between 2014 and 2016 using the material balance procedure 
detailed in section 4.2.2.2, considering a carbon combustion efficiency for flaring of 98% indicated by 
the operating company and assuming that flared gas had the same hydrocarbon composition as 
combusted gas, as no hydrocarbon composition was provided for flared gas.  

Similar to combustion emissions, flaring emissions for the year 2017 and 2018 were estimated using 
the flaring volumes predicted by the operating company for those years, and using the average 
hydrocarbon composition between 2014 and 2016. 

Table 45. Complex A combusted natural gas annual average hydrocarbon composition. 
 Combusted Natural gas 
Component 2014 2015 2016 
CH4 (methane) 81.543 85.235 84.740 
C2H6 (ethane) 8.190 5.221 5.404 
C3H8 (propane) 3.988 2.424 2.558 
C4H10 (i-butane) 0.539 0.360 0.378 
C4H10 (n-butane) 1.273 0.778 0.841 
C5H12 (i-pentane) 0.336 0.236 0.256 
C5H12 (n-pentane) 0.417 0.273 0.308 
C5H12 (neo-pentane) 0.001 0.001 0.002 
C6H12 (mc pentane) 0.000 0.000 0.000 
C6H12 (cyclohexane) 0.000 0.000 0.000 
C6H14 (hexane) 0.483 0.401 0.495 
C6H6 (benzene) 0.000 0.000 0.000 
C7H14 (mc hexane) 0.000 0.000 0.000 
C7H16 (heptane) 0.118 0.137 0.207 
C7H8 (toluene) 0.000 0.000 0.000 
C8H10 (ethylbenzene) 0.000 0.000 0.000 
C8H10 (mp xylene) 0.000 0.000 0.000 
C8H10 (o xylene) 0.000 0.000 0.000 
C8H18 (octane) 0.014 0.018 0.033 
C9H20 (nonane) 0.013 0.008 0.017 
C10H22 (decane) 0.012 0.003 0.007 
C11 (undecane) 0.000 0.000 0.000 
CO2 2.537 4.580 4.443 
H2 0.000 0.000 0.000 
H2O 0.000 0.000 0.000 
H2S 0.000 0.000 0.000 
N2 0.536 0.326 0.310 
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The operating company additionally provided a breakdown of the Complex A platforms energy 
consumption per unit process for the year 2016 (Table 46). Although this information didn’t classify 
12.2% of the total complex consumption, it was used to allocate natural gas and diesel combustion 
emissions to each of the modelled unit processes. 

Table 46. Complex A platforms energy consumption per unit process. 
Unit process Energy consumption 

[% of Platform’s total] 
Energy generation 1.7 
Production 0.0 
Separation 0.0 
Oil Storage and export 6.1 
Dehydration 2.0 
Acid Gas Removal 0.0 
Gas Compression 66.0 
Water management 11.9 
Living quarters 0.0 
Safety Systems 0.0 
Other/not specified 12.2 

 

Once combustion and flaring emissions were estimated for the years 2014-2018, they were 
extrapolated for the rest of the asset’s operating life using the procedure detailed in section 4.2.2.6 
and the associated fields’ production forecasts (Table 47). While water management associated 
combustion emissions were extrapolated to change in time proportionally to the produced water 
flow, combustion emissions associated to all the other modelled unit process and the complex’s 
associated flaring emissions were extrapolated to change in time proportionally to the natural gas 
production flow. 

Table 47. Fields B, R and K combined production. Obtained from the UK Oil & Gas authority [141] between 1993-2016, 
and forecasted by the operating company between 2017-2023.  

 Combined production 
Year Natural gas 

[106m3/year] 
Condensate 
[106m3/year] 

Produced water 
[106m3/year] 

1993 1,809.1  1.1  0.01  
1994 4,516.2  2.7  0.04  
1995 5,299.3  2.3  0.13  
1996 6,643.6  2.3  0.17  
1997 5,683.5  1.7  0.40  
1998 5,052.4  1.2  0.33  
1999 5,824.2  2.5  0.10  
2000 6,053.1  2.2  0.08  
2001 7,005.4  1.9  0.09  
2002 7,016.8  1.8  0.11  
2003 6,577.8  1.6  0.15  
2004 5,035.1  1.0  0.14  
2005 4,664.8  0.9  0.10  
2006 3,516.9  0.6  0.11  
2007 2,584.0  0.5  0.15  
2008 1,838.5  0.4  0.07  
2009 1,206.5  0.3  0.06  
2010 1,426.9  0.3  0.08  
2011 996.9  0.2  0.04  
2012 541.3  0.1  0.01  
2013 997.6  0.2  0.04  
2014 699.4  0.1  0.04  
2015 783.7  0.1  0.06  
2016 782.4  0.1  0.07  
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2017    
2018    
2019    
2020    
2021    
2022    
2023    
Note: Data beyond 2017 was provided by the operating company and used 
in the emissions estimation but not illustrated due to confidentiality. 

 

Regarding the Complex A exports, the operating company provided the natural gas and hydrocarbon 
liquid export flows for the years 2014-2016; these are presented in terms of their contribution to the 
total energy export flow in Table 48. 

Table 48. Complex A energy exports. 
 2014 2015 2016 
NG export [% total energy exports] 87 85 85 
Hydrocarbon liquids exports [% 
total energy exports] 

13 15 15 

 

Vented emissions were estimated by unit process as detailed in section 4.2.2.3. 

Dehydration associated vents were assessed by considering that the complex operates with a glycol 
dehydration system integrated with a flash tank and electric pumps. 

Gas compression associated vents were estimated considering that the complex operates three 
centrifugal compressors with dry seals; emissions were therefore considered for dry seal emissions 
and gas assisted compressor starts assuming that maintenance every five years and the number of 
compressor starts increasing from year one to year five (maintenance) as shown in Table 49. 

Table 49. Number of centrifugal compressor starts per year assuming maintenance every 5 years. 
Year 1 2 3 4 5 
Number compressor starts/year 8 8 9 9 10 

 

Water management associated vents were estimated using the detailed EF factor approach 
depending on produced water throughput considering that the last separator operates at 50 [psia]. 

No gas assisted pneumatic or chemical pumps were assessed as these are not used in complex A. 

As only equipment counts (Table 50) but no component count or screening data was available, 
fugitive emissions were estimated using the equipment count emission factor approach considering 
that the complex operates 8,000 [hours/year]. 

Table 50. Complex A equipment count. 
Equipment Count 
Separator 5 
Dehydration absorber 3 
Centrifugal compressor 3 
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4.3.1.3 Complex A – Decommissioning considerations 
Decommissioning was assumed to be performed by plugging the wells with cement of sufficient 
quality to prevent the wells to leak after abandonment. 

Given that the three Complex A platforms use steel jackets as support, this research considered that 
the three jackets and their associated topsides will be dismantled and transported to the St Fergus 
terminal for recycling. 

When allocating the estimated decommissioning emissions to each MJ of product expected to be 
exported by the Complex A project throughout its entire lifetime, the resulting emissions footprint 
were: 

• Platforms complex decommissioning: -1.16×10-2 [gCO2e/MJ NG exported] 

4.3.1.4 Complex A – Estimated Life cycle CO2 and CH4 emissions 
Figure 17 presents the Complex A whole lifecycle estimated GHG emissions including the following 
life cycle stages: 

• Construction: 1990-1993 
• Operation: 1993-2023 
• Decommissioning: 2024 

The figure clearly shows the construction related emissions and the emissions credit effect at the end 
of the asset lifetime produced by the recycling of the complex jackets and topsides. 

Life time emissions are dominated by combustion emissions followed by flaring emissions 
representing 81 and 18% of the CO2 equivalent life cycle emissions of the complex respectively.  
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Figure 17. Complex A life cycle GHG emissions. Note: ‘reported CO2 eq emissions’ refer to the GHG emissions estimated 
by the operating company using their inhouse estimation models. 

The contribution of each unit process to the complex’ annual CO2 and CH4 emissions are shown in 
Figure 18 and Figure 19, illustrating that the natural gas compression unit process stands out as the 
main emission source for both gases representing more than 60 and 90% of the CO2 and CH4 
emissions respectively. The water management and hydrocarbon liquids and pumping follow in 
importance but in a much more minor scale.  

 

Figure 18. Complex A annual estimated combustion, vented and fugitive CO2 emissions distribution by unit process in 
2014. 
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Figure 19. Complex A annual estimated combustion, vented and fugitive CH4 emissions distribution by unit process in 
2014. 

Table 51, Table 52 and Table 53 show the annual CO2 and CH4 emissions for the complex, estimated 
by this research and as reported by the operating company for the years 2014, 2015 and 2016; while 
CO2 emissions present differences in the range 3-23%, the main differences were obtained in the CH4 
emissions estimation which ranged between 16-30%. These differences can be explained by the fact 
that the operating company estimated its emissions using a facility level emission factor, while the 
present research used an approach using material balance and equipment specific emission factors 
that allowed to better capture the variability associated with these emissions. 

Table 51. Complex A operation GHG emissions in 2014. 
 Reported Estimated 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 171,755 - 176,721 37 
Flared 41,569 - 41,654 198 
Vented - 545 - 79 
Fugitive - 28 - 140 
Total 213,324 573 218,375 453 
 

Table 52. Complex A operation GHG emissions in 2015. 
 Reported Estimated 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 219,170 - 205,598 51 
Flared 39,905 - 31,881 170 
Vented - 545 - 81 
Fugitive - 28 - 140 
Total 259,076 573 237,480 442 
 

Table 53. Complex A operation GHG emissions 2016. 
 Reported Estimated 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 171,755 - 222,894 54 
Flared 41,569 - 39,987 209 
Vented - 545 - 82 
Fugitive - 28 - 140 
Total 213,324 573 262,880 484 
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Table 54 presents GHG emissions key performance indicators for the years 2014-2016 highlighting 
that vented and fugitive CH4 emissions estimated by this research represent 0.02% of the complex 
natural gas throughput, while the operating company was estimating them at a higher value when 
using a facility level fixed emission factor. 

Table 54. Complex A key GHG performance indicators. 
 2014 2015 2016 

Reported Calculated Reported Calculated Reported Calculated 
Total CO2 and CH4 emissions 
[tonnes CO2eq/year] -
AR4[54] 

227,649 229,712 247,368 248,530 273,401 274,986 

Natural gas GHG footprint 
[gCO2eq/MJ] -AR4[54] 

- 2.43 - 1.17 - 1.32 

Vented & Fugitive CH4 
[Million sm3/year] 

0.87 0.33 0.87 0.34 0.87 0.34 

Vented & Fugitive CH4 [% 
Platform’s throughput] 

0.12 0.05 0.05 0.02 0.06 0.02 

 

The emissions estimation by unit process and subsequent allocation per production stream also 
allowed this research to estimate the GHG footprint associated to the natural gas production for the 
years 2014, 2015 and 2016 which was 2.43, 1.17 and 1.32 [gCO2e/MJ natural gas exported] 
respectively.  

The fact that the 2014 natural gas GHG footprint was 107% higher than the footprint of the same 
product on the following year can be explained by considering that 2014 was a year with an unusual 
number of operation upsets and unplanned events which increased the flows sent to flare and the 
consumption of diesel in the emergency generators. This observation highlights the effect that 
unplanned events and operational conditions can have on the product’s associated GHG footprint 
even between consequent years and when no major infrastructure changes have taken place. 

As the estimated emissions were extrapolated for the complex’ operating lifetime between 1993-
2023, the natural gas associated GHG footprint was obtained for this period along with its upper and 
lower uncertainty boundaries as shown in Figure 20. While between 2013-2016 the uncertainty 
boundary was low due to the level of information available for that time; this figure allows to 
observe that the produced natural gas GHG footprint is maintained stable during the Complex’s 
lifetime at around 1.40 [gCO2e/MJ natural gas produced] with an approximate uncertainty boundary 
of [-24,+46]%. 
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Figure 20. Complex A natural gas associated GHG footprint variation over the asset’s lifetime. 

4.3.2 Complex B case study 
The Complex B, located south west of Stavanger, in the South Eastern part of the Viking Graben 
(North Sea, has associated the following gas and condensate fields [168]: 

• Complex B East: Discovered in the early 1980s, had its development plan approved six years 
later, and production commenced in 1993. The East field is currently produced by pressure 
depletion and was originally developed associated to the Complex B platform A [168]. 

• Complex B West:  Located at a water depth of 110 metres, it was discovered in the 1970s, 
had its development plan approved is the early 1990s and commenced production in a few 
years later. The field was developed with the Complex B production and wellhead platform B, 
which is remotely operated from the Complex B platform A. It is being produced by pressure 
depletion [168]. 

• Complex B Alpha Nord: A satellite field of Complex B West. Had its development plan 
approved in early 2000s, it commenced production soon after, operated through a subsea 
template connected to the Complex B  platform T [169].  

• Complex B G: A satellite field of Complex B East; discovered in the 1980s and commenced 
production in mid 1990s [169] tied-back to the Complex B platform A. 

• Complex B S: Located 12 km southeast of the Complex B East field; was discovered in the 
early 1980s, had its development plan approved in early 2000, and started production in very 
soon after that tied-back to the Complex B platform A. It is produced by pressure depletion, 
its production is currently in the tail phase; however, gas injection is being evaluated to 
increase its recovery [168]. 

The area was developed through the following platforms [169]: 

• Complex B platform A. 
• Complex B platform R: Riser platform with a flaring stack connected to Complex B platform 

A. 
• Complex B platform T: Treatment platform where CO2 removal takes place. 
• Complex B platform B: Production and wellhead platform, developed to operate the Complex 

B West field. 
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Besides receiving natural gas, condensate and produced water flows from the mentioned fields; the 
Complex B platforms also exchange production flows with the following external platforms: 

• Platform V: Located 5 km north of the Complex B East field, it started production in 2008 and 
since then it sends its natural gas production to the Complex B East field for processing. 

• Platform G: Started production in 2014 and since then it sends its condensate and natural gas 
production to the Complex B platform A for further processing. It also receives electricity 
from the Complex B platform A. 

Due to the high CO2 content present in the natural gas, the project was developed so as to strip CO2 
from the production flow and inject it back into a deeper formation at a depth of 900 m [170]. Since 
1996, the project has safely sequestered more than 16 million tonnes of CO2 [169]. 

Natural gas production from the Complex B is directed via pipeline to Europe, while condensate 
production is transported via a subsea pipeline to an oil terminal in Norway [168]. 

4.3.2.1 Complex B– Construction parameters 
The complex B is composed by three platforms: 

• Complex B platform A: Condeep type with a concrete hull and steel topsides. Holds 
production and drilling equipment besides the quarters. 

• Complex B platform T: Jacket platform. Holds treatment equipment and the flare stack. 
• Complex B platform B: Steel wellhead platform without processing equipment.  

The materials associated to these platforms are presented in Table 55. 

Table 55. Complex B platforms subsurface infrastructure. 
Platform Infrastructure Main material Mass [tonnes] 
Complex B platform A Hull Concrete 208,000 [171] 
Complex B platform A Topside Steel 57,000 
Bridge Complex B 
platform A & T 

Bridge Steel 1,000 [172] 

Complex B platform T Jacket Steel 7,500 [172] 
Complex B platform T Topside – Module 1 Steel 8,300 [172] 
Complex B platform T Topside – Module 2 Steel 9,200 [172] 
Complex B platform B Wellhead Topside Steel 3,200 [173] 
 

Material assembly emissions were estimated considering the equipment count detailed in Table 56, 
the well drilling schedule presented in Table 57 and the well testing plan presented in Table 58, 
considering additionally that Complex B platform A was installed in 1992, while Complex B platform T 
and B were installed in 1996. 

Table 56. Complex B infrastructure count. 
Component Number units 
Topside yard 3 
Jacket yard 3 
Drilling module yard 2 
Drilling module commissioning temporary generator 2 
Platform main generator 3 
Platform cranes 2 
Platform emergency generator 3 
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Table 57. Complex B area drilling schedule [174]. 
Year 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 
Wells drilled 5 7 9 6 3 3 2 4 2 5 
Year 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 
Wells drilled 3 0 2 0 1 2 4 3 1 0 
Year 2013 2014 2015 2016 2017      
Wells drilled 0 0 0 1 1      
 

Table 58. Complex B platforms start-up well test schedule. 
Year 1993 1994 1995 1996 1997 
Number wells tested 5 1 3 3 3 

 

When allocating the estimated construction emissions to each MJ of product expected to be 
exported by the complex B platforms throughout their entire lifetime, the resulting emissions 
footprint were: 

• Platforms complex construction: 8.88×10-2 [gCO2e/MJ NG exported] 
• Platforms complex associated materials: : 9.25×10-3 [gCO2e/MJ NG exported] 
• Well testing: 1.99×10-3 [gCO2e/MJ NG exported] 

4.3.2.2 Complex B – Operation parameters 
The operation of the Complex B platforms was modelled per unit processes as presented in Figure 
21. As these platforms process both, natural gas and hydrocarbon liquid flows, this figure indicates 
which unit processes were considered related to the processing of both flows; production, 
separation, water management, energy generation and CO2 compression; hydrocarbon 
liquids/condensate flows only; blending, condensate storage and pumping; and natural gas flows 
only; acid gas removal, dehydration and natural gas compression; as indicated in Table 59. This 
classification was used to allocate vented, fugitive and combustion related emissions to each 
production flow as explained in section 3.2.5. 
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Figure 21. Schematic representation of unit processes for the Complex B platforms. 

Table 59. Complex B platforms unit process classification for emissions’ allocation. 
Unit process Associated production flows 
Energy generation Natural gas + Hydrocarbon liquids 
Production Natural gas + Hydrocarbon liquids 
Separation Natural gas + Hydrocarbon liquids 
Blending Hydrocarbon liquids 
HC Storage  Hydrocarbon liquids 
Pumping Hydrocarbon liquids 
Acid Gas Removal Natural gas 
Dehydration Natural gas 
Gas compression Natural gas 
CO2 injection Natural gas + Hydrocarbon liquids 
Water Management Natural gas + Hydrocarbon liquids 
Living quarters Natural gas + Hydrocarbon liquids 
Safety Systems Natural gas + Hydrocarbon liquids 
Mobile Equipment use Natural gas + Hydrocarbon liquids 

From Figure 21 it is also possible to note that Complex B receives hydrocarbon liquid flows from the 
platform V, as well as hydrocarbon liquids and natural gas flows from the platform G. In addition, 
electricity generated in the Complex B platform A is sent to the platform G. While the production 
flows sent from platforms V and G will mix with the production flows associated with the Complex B 
fields increasing the complex production flows throughput, this research considered that the GHG 
emissions associated with the power generated in Complex B platform A and sent to the platform G 
has to be allocated to the platform G and not to the Complex B production flows. 

Operation emissions were estimated in detail for the Complex B for the years 2013-2016 using diesel 
combustion, natural gas combustion and natural gas flaring information provided by the operating 
company (Table 60 and Table 61). Emissions associated with mobile equipment fuel combustion 
were estimated using the activity factors presented in Table 62. 
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Table 60. Measured Complex B platform A energy consumption and flaring parameters. 
Parameter Units 2013 2014 2015 2016 
Combusted NG [tonnes/year] 159,748 161,671 188,760 166,943 
Combusted NG density [kg/m3] n/a n/a n/a 9.572×10-1 
Combusted NG energy 
content 

[MJ/m3] n/a n/a n/a 28.56 

Flared NG [tonnes/year] 8,130 7,979 6,100 6,110 
Flared NG density [kg/m3] n/a n/a n/a n/a 
Flared NG energy content [MJ/kg] n/a n/a n/a n/a 
Combusted Diesel [tonnes/year] 1,165 1,819 1,462 1,890 
Combusted Diesel energy 
content 

[MJ/Kg] n/a n/a n/a n/a 

Purchased electricity [MJ/year] - - - - 
 

Table 61. Measured Complex B platform T & B energy consumption and flaring parameters. 
Parameter Units 2013 2014 2015 2016 
Combusted NG [tonnes/year] 100,983 94.322 99,954 95,171 
Combusted NG density [kg/m3] n/a n/a n/a 8.153×10-1 
Combusted NG energy 
content 

[MJ/ m3] n/a n/a n/a 27.382 

Flared NG [tonnes/year] 6,455 6,117 6,023 5,133 
Flared NG density [kg/m3] n/a n/a n/a n/a 
Flared NG energy content [MJ/kg] n/a n/a n/a n/a 
Combusted Diesel [tonnes/year] 19 - 30 23 
Combusted Diesel energy 
content 

[MJ/Kg] n/a n/a n/a n/a 

Purchased electricity [MJ/year] - - - - 
 

Table 62. Complex B associated mobile equipment use. 
Mobile equipment Use Units 
Helicopter 480 [hours/year] 
Supply vessel 166 [days/year] 
Standby vessel 15 [days/year] 

 

Combustion emissions were estimated for the years 2013-2016 using the natural gas and diesel 
combustion volumes reported by the operating company (Table 60 and Table 61), the material 
balance procedure detailed in section 4.2.2.1, the combusted natural gas hydrocarbon composition 
presented in Table 63, and a carbon combustion efficiency of 99.9% indicated by the operating 
company. As combusted natural gas density, energy content and hydrocarbon composition were 
provided only for the year 2016, this research considered this value as constant for the whole asset 
lifetime. 

Flaring emissions were estimated between 2013 and 2016 using the material balance procedure 
detailed in section 4.2.2.2 and a carbon combustion efficiency for flaring of 99% indicated by the 
operating company. As no flared natural gas hydrocarbon composition, density or energy content 
were available for this research, it was assumed that these parameters were equal and constant 
through the asset’s lifetime to the equivalent combusted natural gas parameters reported for 2016.  
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Table 63. Complex B processed natural gas average hydrocarbon composition in 2016. 
Component Complex B platform A Complex B platform T 
CH4 (methane) 70.792 82.452 
C2H6 (ethane) 12.357 8.841 
C3H8 (propane) 5.558 3.227 
C4H10 (i-butane) 0.551 0.271 
C4H10 (n-butane) 1.029 0.371 
C5H12 (i-pentane) 0.169 0.050 
C5H12 (n-pentane) 0.156 0.036 
C5H12 (neo-pentane) 0.000 0.000 
C6H12 (mc pentane) 0.000 0.000 
C6H12 (cyclohexane) 0.000 0.000 
C6H14 (hexane) 0.097 0.024 
C6H6 (benzene) 0.000 0.000 
C7H14 (mc hexane) 0.000 0.000 
C7H16 (heptane) 0.000 0.000 
C7H8 (toluene) 0.000 0.000 
C8H10 (ethylbenzene) 0.000 0.000 
C8H10 (mp xylene) 0.000 0.000 
C8H10 (o xylene) 0.000 0.000 
C8H18 (octane) 0.000 0.000 
C9H20 (nonane) 0.000 0.000 
C10H22 (decane) 0.000 0.000 
C11 (undecane) 0.000 0.000 
CO2 8.481 3.148 
H2 0.000 0.000 
H2O 0.000 0.000 
H2S 0.000 0.000 
N2 0.800 0.725 

 

The operating company additionally provided a breakdown of the Complex B platforms energy 
consumption per unit process for the year 2016 (Table 64) which was used to allocate natural gas 
and diesel combustion emissions to each of the modelled unit processes. 

Once combustion and flaring emissions were estimated for the years 2013-2016, these were 
extrapolated for the rest of the asset’s operating life using the procedure detailed in section 4.2.2.6 
and the associated fields’ production forecasts (Table 65 and Table 66), specifically: 

• Water management associated combustion emissions were extrapolated proportionally to 
the produced water flows. 

• Liquid hydrocarbon storage and blending combustion emissions were extrapolated 
proportionally to the condensate flows. 

• Platform G associated combustion emissions were extrapolated proportionally to this 
platform’s natural gas production flows. 

Table 64. Complex B platforms energy consumption per unit process in 2016. 
Unit process Energy consumption [% of 

Platform’s total] 
Energy generation - 
Production (SLB compression) 7.4 
Separation - 
Blending - 
HC Storage  - 
Pumping 1.3 
Acid Gas Removal 11.3 
Dehydration - 
Gas compression Complex B platform A 32.9 
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Gas compression Complex B platform T 24.7 
CO2 injection 9.1 
Water Management 0.4 
Living quarters n/a 
Safety Systems n/a 
Mobile Equipment use - 
Other/Not specified 5.9 
Platform G 7.1 

 

Table 65. Complex B platform A hydrocarbon production flows. Obtained from the Norwegian Petroleum Directorate 
[175]  between 1993-2016, and forecasted by the operating company between 2017-2026.  

 Combined production 
Year Natural gas 

[106m3/year] 
Hydrocarbon liquids 
[106m3/year] 

Produced water 
[106m3/year] 

1993 926.6 0.8  0.02 
1994 4,747.5 4.3  0.05 
1995 7,034.2 6.0  0.10 
1996 7,822.8 6.3  0.11 
1997 8,037.2 6.1  0.08 
1998 7,643.4 5.5  0.06 
1999 8,041.9 5.5  0.06 
2000 7,603.9 4.6  0.05 
2001 8,248.5 4.4  0.08 
2002 7,927.7 4.1  0.11 
2003 8,098.7 4.9  0.10 
2004 7,793.3 4.3  0.12 
2005 7,998.9 3.9  0.19 
2006 6,824.8 3.1  0.36 
2007 6,529.4 2.8  0.39 
2008 5,589.1 2.4  0.35 
2009 3,750.2 1.9  0.25 
2010 2,538.5 1.4  0.25 
2011 2,017.6 1.3  0.26 
2012 1,490.6 1.1  0.23 
2013 1,192.5 0.8  0.17 
2014 1,713.5 0.8  0.15 
2015 2,586.3 4.0  0.17 
2016 2,635.3 4.5  0.14 
2017    
2018    
2019    
2020    
2021    
2022    
2023    
2024    
2025    
2026    
Note: Data beyond 2017 was provided by the operating company and used 
in the emissions estimation but not illustrated due to confidentiality. 

• The remaining unit processes associated combustion emissions were extrapolated 
proportionally to the asset’s natural gas production flows. 

• Complex B flaring emissions were extrapolated proportionally to the asset’s natural gas 
production flows. 
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Table 66. Complex B platform T hydrocarbon production flows. Obtained from the Norwegian Petroleum Directorate 
[175]  between 1993-2016, and forecasted by the operating company between 2017-2026.  

 Combined production 
Year Natural gas 

[106m3/year] 
Hydrocarbon liquids 
[106m3/year] 

Produced water 
[106m3/year] 

1993 -    -    -    
1994 -    -    -    
1995 -    -    -    
1996 1,559.0  0.7  0.01  
1997 6,832.4  2.9  0.02  
1998 6,988.4  3.1  0.07  
1999 7,550.1  3.5  0.08  
2000 7,654.2  3.5  0.09  
2001 8,192.9  3.6  0.12  
2002 7,962.8  3.3  0.10  
2003 7,783.4  3.0  0.13  
2004 6,573.7  2.5  0.15  
2005 7,920.1  2.9  0.16  
2006 7,731.4  2.6  0.21  
2007 8,264.8  2.6  0.24  
2008 7,245.3  2.1  0.15  
2009 7,781.2  2.3  0.14  
2010 6,808.3  2.0  0.13  
2011 7,364.7  2.6  0.16  
2012 6,499.7  2.4  0.22  
2013 5,701.2  2.0  0.22  
2014 4,766.1  1.6  0.18  
2015 4,595.5  1.5  0.36  
2016 4,081.9  1.3  0.28  
2017    
2018    
2019    
2020    
2021    
2022    
2023    
2024    
2025    
2026    
Note: Data beyond 2017 was provided by the operating company and used 
in the emissions estimation but not illustrated due to confidentiality. 

 

Complex B platforms’ A and T natural gas and hydrocarbon liquid export flows were estimated 
considering: 

• Each platform’s associated fields’ production flows. 
• Each platform’s natural gas combustion; as this was only provided for the years 2013-2016, 

the average rate of natural gas combusted over natural gas produced was used for the rest 
of the platform’s lifetime. 

• Each platform’s natural gas flaring; as this was only provided for the years 2013-2016, the 
average rate of natural gas flared over natural gas produced was used for the rest of the 
platform’s lifetime. 

Table 67 presents Complex B platforms T and A natural gas and liquid hydrocarbon production flows 
for the years 2013-2016 in terms of their contribution to the total energy export. 
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Table 67. Complex B platforms Energy exports. 
 2013 2014 2015 2016 
Complex B platform T - NG 
export [% total energy exports] 

95 95 95 95 

Complex B platform T - 
Hydrocarbon liquids exports [% 
total energy exports] 

5 5 5 5 

Complex B platform A - NG 
export [% total energy exports] 

94 94 89 87 

Complex B platform A - 
Hydrocarbon liquids exports [% 
total energy exports] 

6 6 11 13 

 

Vented emissions were estimated by unit process as detailed in section 4.2.2.3 and considering that 
the complex operates 8,472 [hours/year]. 

Dehydration associated vents were assessed considering that the complex operates with a glycol 
dehydration system integrated with electric pumps and that all associated regenerator vents are 
recovered, thus no CH4 vents were modelled for this unit process. 

Gas compression associated vents were estimated considering that the complex operates 6 
centrifugal compressors with dry seals; emissions were therefore considered for dry seal emissions 
and gas assisted compressor starts assuming that maintenance every five years and the number of 
compressor starts increasing from year one to year five (maintenance) as shown in Table 68. 

Table 68. Complex B modelled number of centrifugal compressor starts per year assuming maintenance every 5 years. 
Year 1 2 3 4 5 
Number compressor 
starts/year 

8 8 9 9 10 

 

CO2 compression associated vents were estimated proportionally to natural gas compression vents 
considering that 6 dry seal centrifugal compressors are used by this process. Therefore, gas assisted 
starts and dry seal vents were estimated using the EF approach detailed in section 4.2.2.3.6 and the 
parameters in Table 68. 

Water management associated vents were estimated using 9.19×10-3 [tonnes CH4/103m3 water 
produced] EF factor. 

Acid gas removal regeneration vents are captured and sent to geological storage. However, when the 
CO2 injection system is non-operative, these vents are liberated into the atmosphere. Therefore, 
vents from this unit process were estimated using material balance considering that: 

• The produced natural gas flow has a constant CO2 content of 8% mole content throughout 
the asset’s lifetime which has to be reduced to 2.5% by the AGR unit process. 

• 1.4% of the captured CO2, the observed 1998-2004 average ratio between CO2 vents and CO2 
injected (captured) [176], will be vented into the atmosphere due to CO2 injection equipment 
failures. 

• CH4 vented into the atmosphere due to CO2 injection equipment failures is negligible 
considering that failures in this equipment are below 2% of their total operative time and 
that the affinity of the CH4 to the AGR amines is much lower than that of the CO2. 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

139 
 

No gas assisted pneumatic or chemical pumps were assessed as these are not used in the complex. 

Fugitive emissions were estimated using the equipment EF factor approach and the equipment count 
presented in Table 69. 

Table 69. Complex B platform equipment count. 
Equipment Count 
Separator 6 
Dehydration absorber 1 
Gas heater 2 
Centrifugal compressor – NG 6 
Centrifugal compressor – CO2 6 

 

4.3.2.3 Complex B – Decommissioning considerations 
Decommissioning was assumed to be performed through cement plugging with sufficient quality to 
prevent the wells to leak after abandonment. 

Complex B platforms T and B’s jacket and topsides were assumed to be completely dismantled and 
sent to Stavanger for recycling. 

As Complex B platform A is a condeep type of platform, its concrete hull was considered to be left 
onsite. Although some operating companies and the Norwegian government have concluded that it 
is feasible to lift the concrete hulls and transport them to shore [177], due to the number of 
associated uncertainties this study assumed that the concrete base will be left onsite analogously to 
the Brent decommissioning project. Complex B platform A’s topside, on the other hand, was 
considered to be separated from the hull and transported to Stavanger for recycling. 

When allocating the estimated decommissioning emissions to each MJ of product expected to be 
exported by the Complex B platforms throughout its entire lifetime, the resulting emissions footprint 
were: 

• Platforms decommissioning:  -6.88×10-3 [gCO2e/MJ NG exported] 

4.3.2.4 Complex B – Estimated life cycle CO2 and CH4 emissions 
Figure 22 presents the Complex B whole life cycle estimated GHG emissions including the following 
life cycle stages: 

• Construction: 1990-1996 
• Operation: 1993-2027 
• Decommissioning: 2028 

From the figure it is possible to see that the construction and decommissioning related emissions are 
very minor compared to the operating emissions. Additionally, life cycle emissions are dominated by 
combustion and flaring emissions which represent 90 and 2% respectively of the whole life cycle 
emissions in CO2 equivalent.  
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Figure 22. Estimated lifecycle GHG emissions for Complex B. Note: ‘reported CO2 eq emissions’ refer to the GHG 
emissions estimated by the operating company using their inhouse estimation methods. 

The contribution of each unit process to the complex’ annual CO2 and CH4 emissions are presented in 
Figure 23 and Figure 24. The natural gas compression unit process stands out as the main CO2 and 
CH4 emission source representing more than 60% of the complex’ CO2 and CH4 emissions. The acid 
gas removal combustion related emissions and CO2 injection system failures associated vents follow 
as important CO2 emission sources and the condensate storage unit process vents follow as an 
important CH4 emission source. 

 

Figure 23. Complex B estimated combustion, vented and fugitive CO2 emissions, distributed by unit process in 2016. 
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Figure 24. Complex B estimated combustion, vented and fugitive CH4 emissions distributed by unit process in 2016. 

Table 70 shows the CO2 and CH4 emissions estimated by this research and those reported by the 
operating company for the year 2016. While CO2 emissions presented differences of only 3%, CH4 
emissions presented differences of 37% which can be explained by the fact that the operating 
company estimated these emissions using facility level coarse resolution emission factors which 
suggest they were overestimated. By analysing vents at a unit process resolution level this research 
concluded that no source could be attributed to vent this amount of CH4. 

Table 70. Complex B 2016 estimated GHG emissions. 
 Reported by operating company Estimated by this research 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 694,058 267 678,177 149 
Flared 40,456 3 28,564 65 
Vented - - 7,608 420 
Fugitive - 1,159 1 258 
Total 734,514 1,429 714,350 891 
 

Table 71 presents the GHG emissions key performance indicators for Complex B in 2016. Although 
the operating company reported for that year CH4 vents and fugitives 71% higher than those 
estimated by this research, when compared to the complex’ natural gas throughput, this difference is 
very small.  

Considering that Complex B West flows are treated in the Complex B platform T and later in the 
Complex B platform A, while all the other fields’ production flows are treated directly in the Complex 
B platform A, the GHG footprint associated with the use of Complex B platform T was allocated to 
the Complex B West flows only. The GHG footprint associated with the use of Complex B platform A 
was allocated between all the production flows including that of the Complex B West field. Following 
the allocation procedure per energy content detailed in section 3.2.5, the estimated footprints were 
then allocated to the natural gas flows depending on the field they were produced as shown in Table 
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72. Therefore, natural gas flows from the Complex B West field had a higher associated footprint 
than natural gas flows from the other fields. 

Table 71. Complex B platforms key performance indicators. 
 2016 

Reported Estimated 
Total CO2 and CH4 emissions [tonnes CO2eq/year] -AR4[54] 770,239 808,447 
Vented & Fugitive CH4 [Million sm3/year] 1.76 1.03 
Vented & Fugitive CH4 [% Platform’s throughput] 0.03 0.02 

 
 

Table 72. Complex B platforms key performance indicators. 
 Platform specific allocated gas footprint Natural gas GHG footprint 
Field Complex B platform B Complex B platform T Complex B platform A  [gCO2eq/MJ] -AR4[54] 
Complex B West X X X 4.73 
Complex B East, 
Complex B G, 
Complex B S 

  X 2.06 

Platform V and 
Platform G 

  X 2.06 

 

Even though Complex B West and Complex B East are neighbouring fields, their associated natural 
gas GHG emissions footprint are different by 133% for the year 2016 based mainly on the 
configuration used to operate these fields. This highlights the impact that different field production 
and processing configurations can have on natural gas GHG footprints associated with different fields 
even when they are located within the same country and basin. 

Figure 25, Figure 26 and Figure 27 show Complex B West, Complex B East, Complex B platform S, 
Complex B platform G, platforms V and G natural gas GHG footprint associated with the use of the 
Complex B platforms throughout their whole lifetime. While Complex B West’s NG GHG footprint 
presented an uncertainty boundary of approximately [-14,+33]%, Complex B East’s NG GHG footprint 
presented an approximate uncertainty boundary of [-14,+17]%. These figures indicate that the fields 
producing during the beginning and end of the Complex B platforms’ operations presented high NG 
GHG emissions footprints at those times due to the low natural gas production rates and high GHG 
emissions footprints associated with those periods. Such was the case for the Complex B West, 
platform G and S fields. 
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Figure 25. Complex B West natural gas GHG footprint during the lifetime of the field. 
 

It is important to highlight that the estimated GHG footprints are only associated with the production 
and processing activities of natural gas streams in the Complex B platforms. The natural gas streams 
from fields V and G will have additional footprints from their production and processing activities, 
undertaken before arriving to Complex B, which were not assessed by this research. 

 

Figure 26. Complex B East natural gas GHG footprint during the lifetime of the field. 
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Figure 27. Fields S and G, and platforms V and G natural gas GHG footprint related to the use of Complex B during their 
entire lifetime. 

4.3.3 Complex C case study 
The Complex C field is located 150 km northwest off the Norwegian coast in the Barents Sea. 
Discovered in the 1980s, by early 2000s it had its production and development plan approved by the 
Norwegian authorities and by late 2000s it commenced production [178]. As its hydrocarbon 
composition contained originally between 5-8% CO2 mole composition, stripping and venting this 
content meant originally that Norway would increase its national CO2 emissions by 2% [179].  

Considering stringent regulations and environmental concerns, the Complex C project was developed 
so as to re-inject the stripped CO2 back into the reservoir. The CO2 injection activities commenced in 
April 2008 [179]. 

The development area comprises the Complex C St, As and Ad fields which are planned to be 
developed through 21 production wells and one CO2 injection well. The development has been 
planned in stages. The first included drilling 8 production wells in Complex C St and As and one CO2 
injection well between 2004 and 2006 [180]. Currently, three other wells are due to be drilled in the 
Ad field in 2020, while the rest are planned to come in stream so as to achieve the desired 
production throughput. 

Although the project associated fields and production wells are located offshore Norway, the project 
was designed such that a subsea development is remotely operated from an onshore control room 
located onshore; thus there are no offshore surface installations. The project, however, has 
associated subsea equipment, such as wellheads, flow lines and the Pipeline End Modules (PLEM) 
that connect the flow lines coming from the well heads to the 140 km multiphase pipeline that 
delivers production to an onshore processing and liquefaction facility.  
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The fields are produced by pressure relief, for which no compression is required. At the well head the 
produced flow is mixed with MEG and corrosion inhibiting chemicals to prevent hydrate formation 
and corrosion along the pipeline. At the onshore processing facility, the produced flow is stripped 
from its CO2 content, which is then sent back via subsea pipelines to the field for geological storage. 
Along with CO2, the onshore facility also sends to the offshore fields MEG, corrosion inhibitor, 
chemicals, power and communication through optical fibre cables and high power electrical and 
hydraulic lines inside umbilical [181,182]. 

4.3.3.1 Complex C – Construction parameters 
Table 73 shows the drilling schedule at the time that this thesis was written. Although 21 wells are 
planned for this development, 9 were drilled between 2004 and 2006 and three are planned to be 
drilled soon. Future drilling activities have not been made publicly available.  

Table 73, Table 74 and the procedure of section 4.2.1 were used to estimate drilling and well test 
flaring emissions for the offshore facilities construction.  

Table 73. Complex C area drilling schedule [180]. 
Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 
Wells drilled 0 0 3 4 2 0 0 0 0 0 
Year 2012 2013 2014 2015 2016 2017 2018 2019 2020 
Wells drilled 0 0 0 0 0 0 0 0 3 
 

Table 74. Complex C project start-up well test schedule. 
Year 2006 
Number wells tested 9 

 

Although the operation of Complex C St, As, Ad and CO2 injection activities are planned to have two, 
one, three and one PLEMs respectively [183], as these structures and their associated flow lines are 
very minor compared to the 140 km multiphase pipeline and onshore processing facility, their 
associated installation activities and materials GHG footprint were considered negligible by this 
research. 

By allocating the estimated construction emissions to the expected Complex C area lifetime 
production, the resulting construction emissions footprint allocated to NG was: 

• 0.04 [gCO2e/MJ LNG plant LNG output] 

4.3.3.2 Complex C – Operation parameters 
As the production fluids flow from the wellheads into the onshore facility through sealed and 
pressurised pipelines, while the CO2 and MEG flows from the onshore processing facility into the 
reservoir, no production flow leaks were considered for the offshore production activities. 

However, according to information provided by the operating company a well server is used 9 
[days/year] and no helicopters or supply vessels are used in this remotely controlled offshore 
operation. 

Therefore, operation emissions from this activity are only related to the use of the well server, which 
would be equivalent to: 
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• 405 [tonnes CO2/year] 
• 0.02 [tonnes CH4/year] 

By allocating these emissions in terms of CO2 equivalent the 2015 LNG plant products, the NG GHG 
footprint for that year resulted: 

• 1.93×10-3 [gCO2e/MJ LNG output LNG plant] 

4.3.3.3 Complex C – Decommissioning considerations 
Decommissioning activities were estimated considering that the project’s current 9 wells will be 
plugged effectively with cement through the procedure described in section 4.2.3.  

Emissions associated to the removal of the PLEMs were considered as negligible, same was for the 
GHG emissions credit from their reuse, in line with the assumptions made for construction emissions 
estimation. 

By allocating the estimated decommissioning emissions to the expected Complex C area lifetime 
production, the resulting construction emissions footprint allocated to NG was: 

• 6.98×10-4 [gCO2e/MJ LNG plant LNG output] 

4.3.3.4 Complex C – Estimated life cycle CO2 and CH4 emissions 
Figure 28 shows the GHG emissions estimated to the offshore production activities taking place in 
the Complex C area; as production flows are taken in a closed circuit to the onshore processing 
facility and no combustion or flaring activities take place in the offshore operation area, these 
emissions are associated only to the drilling and decommissioning activities.  

As no offshore surface facilities are placed in the offshore operation area and the PLEMs have 
materials of negligible significance, compared to the pipeline and onshore processing plant elements, 
no GHG emissions credit were considered for the decommissioning stage of the offshore operation 
activities.

 

Figure 28. Complex C production activities lifecycle GHG emissions. 
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4.4 Conclusions 
This section presented the LCI models developed to estimate life cycle CO2 and CH4 emissions 
associated with offshore natural gas production and pre-processing and how these were applied to 
estimate emissions associated to the three production Complexes with different characteristics 
operating in the UK and Norway.  

In this section this research has proven for the first time that there can be significant differences in 
GHG performance between neighbouring NG facilities, or within the same facility in consecutive 
years. Specifically, differences of 107% were observed in the GHG footprint of NG exported by 
Complex A platforms between consecutive years. These differences were due to operational issues 
that created higher emergency flaring flows and diesel consumption rates and highlight the impact 
that operational practices and unplanned events may have in a GHG emissions footprint of products 
from different fields. 

Differences of 129% were also observed in the GHG footprint of NG exported by the Complex B 
platforms, although these are neighbouring fields. These differences were explained due to platform 
configurations that resulted in Complex B West natural gas using an additional platform in its 
associated processes. This finding highlights that important differences in embodied GHG emissions 
can be found between NG products originated even in the same country or basin. 

By comparing the GHG emissions profile of NG produced offshore through offshore platforms, such 
as the Complexes A and B, or remotely controlled such as the NG produced from Complex C, this 
research found that the remotely controlled subsea method has considerably lower GHG emissions 
for production, which are almost negligible, since the absence of surface facilities cuts down the 
combustion, flaring, vented and fugitive associated emissions to zero.  
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5 Life cycle modelling of onshore natural gas processing and 
liquefaction  

5.1 Introduction 
After production, natural gas is processed to remove impurities and meet required quality guidelines 
(Figure 29). Depending on whether natural gas will be transported via pipelines or liquefied and 
transported in LNG carriers, natural gas might undergo different processing routes. This chapter 
describes the development of the LCIs used to estimate CO2 and CH4 emissions associated with the 
operation, construction and decommissioning of the facilities involved in the stage of onshore 
natural gas processing and liquefaction, while also assessing the uncertainties associated with their 
estimation. 

 

Figure 29. Schematic representation of the onshore processing and liquefaction as a stage in the natural gas supply chain. 

This chapter later explains how the developed LCI models were applied to estimate the life cycle CO2 
and CH4 emissions associated to onshore processing and liquefaction activities from the following 
three case studies: 

4. Gas processing and liquefaction Complex K: Located onshore in Northern Norway under a 
sub-Arctic climate, it receives the production stream from the Complex C discussed in the 
previous chapter. It separates the natural gas from the hydrocarbon liquid, water and CO2 
flows, and liquefies it to later allow exporting via LNG carriers. 

5. Gas processing and liquefaction Complex L: Located onshore in North Eastern Australia under 
a humid sub-tropical climate, it is composed by 6 natural gas processing, three water 
treatment and one LNG plant. The complex processes and liquefies natural gas produced 
from Coal Bed Methane resources. 

6. Processing Complex M: Located onshore in Southern Bolivia under a sub-tropical climate; it 
separates hydrocarbon flows produced conventionally into a condensate and natural gas 
flow. After processing, it compresses and exports the natural gas flow via transmission 
pipelines to local and international customers. 
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5.2 Life cycle inventory modelling for onshore natural gas processing and 
liquefaction 

5.2.1 Construction 
CO2 and CH4 emissions were estimated considering the footprint of the materials used to build the 
facilities used in this life cycle stage, as well as the footprint associated to these facilities’ assembly 
and construction activities. Emissions associated with the construction materials were assessed 
considering: 

• The infrastructure material intensity in [material mass/plant NG mass export capacity] (Table 
75); estimated using literature values reported by Strømman et al. [65] for a natural gas 
processing and liquefaction plant in Norway. 

• The construction materials’ CO2 and CH4 emissions burden, taken from the Ecoinvent 
database version 3.5 [143]. 

Table 75. Natural gas processing & liquefaction plant material intensity. Derived from Strømman et al. [65]. 

Facility Concrete 
[kg/MTPA]8 

Steel  
[kg/MTPA] 

Sulphuric acid   
[kg/MTPA] 

Mineral wool  
[kg/MTPA] 

PE  
[kg/MTPA] 

NG processing & 
liquefaction(a) 

6.60×105 3.44×106 1.26×105 1.99×105 2.96×104 

 

Following the procedure of Tamura et al. [63], emissions from the facility material assembly and 
construction activities were estimated as 20% of the materials footprint. 

5.2.2 Operation  
The operation of the onshore NG processing and liquefaction life cycle stage was modelled through 
the unit processes shown in Figure 30 and Figure 31. 

 

Figure 30. Onshore NG processing unit processes modelled. 

                                                            
8 Assuming a constant density of 2,300 kg/m3  



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

150 
 

 

 

Figure 31. Onshore NG processing and liquefaction unit processes modelled. 

As illustrated in these schematics it is possible to visualise that onshore natural gas processing and 
liquefaction activities may produce natural gas/LNG, hydrocarbon liquids, LPG and that the different 
unit processes contained within this life cycle stage may deal with all or some of these flows. 

The following sections describe the LCI models developed which estimate combustion, vented and 
fugitive emissions per unit process, as well as flaring associated emissions at a facility level, while also 
assessing associated uncertainties. As these estimations require detailed information, commonly 
available for a limited number of years only, this research also developed a procedure to extrapolate 
these emissions for the whole lifetime of the facilities analysed. 

As emissions are estimated per unit process and onshore natural gas processing and liquefaction deal 
with several production flows, the estimated emissions are allocated to each production flow per 
unit process, for the combustion, vented and fugitive emissions; and at facility level, for flaring 
emissions. The allocation procedure followed is as described in section 3.2.5 

5.2.2.1 Combustion emissions 
The energy requirement for onshore natural processing and liquefaction can be supplied by a 
number of options (Table 76), which result in GHG emissions under Scope 1 or 2. 

Table 76. Energy source options for natural gas onshore processing and liquefaction . 
Source Emissions scope Comments 

Onsite natural gas combustion Scope 1 Widely used as main power source 

Onsite diesel combustion Scope 1 Widely used as support 

Power from the grid Scope 2 Used as backup due to costs 

Direct connection to renewable sources Scope 2  
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Currently, combusting the natural gas treated on site is the cheapest and most popular option to 
power onshore operations. Diesel is normally used as a backup during production start-up, 
maintenance and emergency situations, but its use is minimised due to purchasing costs. Using 
energy from the local grid is also considered expensive as the operating company has to buy the 
electricity. 

However, due to the current environmental and climate concerns, the possibility to power onshore 
processing facilities with renewables and from power grids that have a lower CO2 footprint is gaining 
popularity. 

Aiming to account accurately each operation’s characteristics, this research prioritised the use of 
operational data when estimating combustion emissions. As most of combustion and energy demand 
information were provided for this research at a facility level, these emissions were estimated per 
facility and allocated to each unit process proportionally to their contribution to the facility’s total 
energy demand. 

5.2.2.1.1 Emissions from onsite natural gas combustion 
When combusting natural gas for onsite power generation, CO2 and CH4 emissions from natural gas 
combustion in turbines is estimated using a material balance approach (Equation 33 and Equation 
34) in line with the approach presented in section 4.2.2.1.1. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐 = 𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 × 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 × �𝟒𝟒𝟒𝟒
𝟏𝟏𝟐𝟐
� + 𝒄𝒄𝑪𝑪𝑶𝑶𝟐𝟐      Equation 33 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 × 𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 × (𝟏𝟏 − 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄) × �𝟏𝟏𝟏𝟏
𝟏𝟏𝟐𝟐
�     Equation 34 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2: CO2 mass emission rate to the atmosphere in [mass CO2/time]. 
• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere in [mass CH4/time].  
• 𝐻𝐻𝐻𝐻: Natural gas feed consumption rate in [mass NG/time]. 
• 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Carbon combustion efficiency also referred to as oxidation efficiency. It refers 

to the percentage of carbon molecules that will react and convert into CO2 during the 
combustion process.  

• 𝐻𝐻𝐹𝐹𝐻𝐻𝐶𝐶: Natural gas feed carbon content, expressed as [% of the total].  
• 𝑚𝑚𝐶𝐶𝑂𝑂2 : Associated natural gas feed CO2 rate in [mass CO2/time]. 
• 𝐻𝐻𝐶𝐶𝐻𝐻4: Natural gas feed methane’s carbon content, expressed as [% of the total]. 

• �44
12
� and �16

12�: Stoichiometric adjustment factors to consider the molar mass differences 

between the reactive and products. 

𝐻𝐻𝐹𝐹𝐻𝐻𝐶𝐶  and 𝐻𝐻𝐶𝐶𝐻𝐻4  are respectively calculated as in Equation 35 and Equation 36: 

𝑪𝑪𝑭𝑭𝑯𝑯𝑪𝑪 = ∑ 𝑾𝑾𝑪𝑪𝒄𝒄𝒄𝒄

𝑴𝑴𝑾𝑾𝑻𝑻𝒄𝒄𝒄𝒄
         Equation 35 

𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒 =
𝑾𝑾𝑪𝑪𝑪𝑪𝑯𝑯𝟒𝟒
∑ 𝑾𝑾𝑪𝑪𝒄𝒄𝒄𝒄

        Equation 36 

Where 𝑖𝑖 stands for the hydrocarbon compounds present in the combusted natural gas feed and: 
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• 𝑊𝑊𝐻𝐻𝑐𝑐: Carbon mass associated with the hydrocarbon compound 𝑖𝑖 in the combusted natural 
gas feed, expressed in [gr/mole]. 

• 𝑀𝑀𝑊𝑊𝑇𝑇𝑐𝑐𝑐𝑐: Combusted natural gas feed molar mass, expressed in [gr/mole]. 
• 𝑊𝑊𝐻𝐻𝐶𝐶𝐻𝐻4: Carbon mass associated with the methane molecules in the combusted natural gas 

feed, expressed in [gr/mole]. 

CO2 and CH4 emissions estimation using this procedure is only possible when the combusted natural 
gas hydrocarbon composition and combusted natural gas volume is available for the facility and 
period studied. 

As the uncertainties associated with this estimation procedure were the same as for offshore natural 
gas combustion (described in section 4.2.2.1.1), they were addressed in the same way. 

5.2.2.1.2 Emissions from onsite diesel combustion 
Similar to offshore operations, where onshore processing and liquefaction operations are powered 
by natural gas combustion turbines, reciprocating internal combustion engines fuelled by diesel are 
used to support the operation during: 

o Operation start-ups 
o Gas turbines start-ups 
o Maintenance activities 
o Emergencies 

As diesel consumption is comparatively lower than natural gas combustion in NG processing and 
liquefaction plants, its combustion CO2 and CH4 emissions are estimated using the EF approach 
detailed in section 4.2.2.1.2. The uncertainty associated with this estimation is also carried out as 
detailed in that section. 

5.2.2.1.3 Emissions from power purchased from the grid 
In cases where the onshore natural gas processing and liquefaction activities take place close to a 
national grid network, the facility could install the necessary power lines to connect with that grid. 
However, due to commonly higher costs, this is not widespread. 

In countries where the power grid benefits from high renewable penetration, such power may have a 
low carbon footprint, which might be attractive from an environmental standpoint. 

CO2 and CH4 emissions associated from importing power from a national power grid were estimated 
using an EF approach and using the country’s average power grid CO2 equivalent footprint as shown 
in Equation 37. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒆𝒆 = 𝑷𝑷 × 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐𝒆𝒆      Equation 37 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑒𝑒: CO2 and CH4 mass emission rate to the atmosphere, expressed in [mass CO2e/time]. 
• 𝑃𝑃: Power imported from the national grid to the NG processing facility, expressed in 

[energy/time] 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2𝑒𝑒: National grid power associated CO2 and CH4 footprint, expressed in [mass 

CO2e/energy] 
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The uncertainties and variabilities associated with this estimation methodology are: 

• EF associated uncertainty: if not defined by the EF derivation methodology, this research set 
as minimum and maximum uncertainty boundaries the minimum and maximum observed EF 
values over the last 5 years. 

• Imported power requirement variability: as it is not the main power source for the plant, 
power will be imported depending on the plant’s emergencies, unplanned events, and 
others; and therefore will be variable over time. This variability was addressed by setting as 
minimum and maximum boundary the minimum and maximum observed ratios of imported 
power over natural gas throughput over the last 5 years of operation. 

5.2.2.1.4 Emissions from power from renewable sources 
With the objective of lowering the NG processing and liquefaction carbon footprint, several projects 
have been evaluating financing or purchasing power directly from renewable power generation 
projects such as wind farms, hydroelectric and solar projects, among others. 

The CO2 and CH4 emissions associated with such options were evaluated using an EF approach 
analogue to the one presented in Equation 37. The related uncertainties were addressed as detailed 
in section 5.2.2.1.3. 

5.2.2.2 Flaring emissions 
Onshore flaring associated with NG processing and liquefaction occurs under similar circumstances 
as its offshore counterpart.  

For the purpose of this research, onshore and offshore flaring associated equipment and emissions 
were considered along the same lines for CO2 and CH4 emissions estimation and uncertainty 
assessment (see section 4.2.2.2). 

5.2.2.3 Vented emissions 
Vented emissions are modelled by unit process through one or more estimation procedures 
depending on the level of detail of the information available. 

5.2.2.3.1 Separation 
The Separation unit process operates with the same purpose and equivalent equipment as in 
offshore settings (described in section 4.2.2.3.2) so associated vents were modelled following the 
same procedure. 

5.2.2.3.2 Acid gas removal (AGR) 
For the Acid Gas Removal unit process, operations and equipment are equivalent as in offshore 
settings (section 4.2.2.3.3), thus such vents were modelled following the same procedure. 

5.2.2.3.3 Dehydration 
The Dehydration unit process too operates with the same purpose and equivalent equipment as in 
offshore setting (section 4.2.2.3.4), so associated vents were modelled following the same 
procedure. 

5.2.2.3.4 Mercury removal 
In regenerative and non-regenerative mercury removal methods, the pellets or beads used to adsorb 
the mercury are placed within beds inside vessels. Although their normal operation does not include 
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any gas releases into the atmosphere, when these beds have to be maintained and changed, the 
opening of the vessels may result in the release of the gas volume contained within them. This 
research assessed emissions from opening mercury removal vessels by estimating first the gas 
volume released when opening these vessels through Equation 38. 

𝑸𝑸𝑵𝑵𝑵𝑵 = 𝑯𝑯×𝑫𝑫𝟐𝟐×𝝅𝝅×𝑷𝑷𝟐𝟐×𝑵𝑵×𝑵𝑵 
𝟒𝟒×𝑷𝑷𝟏𝟏

      Equation 38 

Where, assuming that the mercury removal vessel has a volume equivalent to a cylinder: 

• 𝑄𝑄𝑁𝑁𝑁𝑁: Natural gas vent rate, expressed in [volume NG/time]. 
• 𝐻𝐻: Mercury removal vessel height, expressed in [longitude units]. 
• 𝐷𝐷: Mercury removal vessel internal diameter, expressed in [longitude units]. 
• 𝑃𝑃1: Atmospheric pressure, expressed in [pressure units]. 
• 𝑃𝑃2: Mercury removal vessel pressure, expressed in [pressure units]. 
• 𝐺𝐺: Fraction of packed vessel volume that is gas. 
• 𝑁𝑁: Number of bed changes per period, expressed in [Number events/time]. 

The vented gas volume can then be easily converted into CO2 and CH4 vent mass rate using Equation 
39 and Equation 40. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐 = 𝑸𝑸𝑵𝑵𝑵𝑵 × 𝝆𝝆𝑵𝑵𝑵𝑵 × 𝒘𝒘𝑪𝑪𝑶𝑶𝟐𝟐       Equation 39 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑸𝑸𝑵𝑵𝑵𝑵 × 𝝆𝝆𝑵𝑵𝑵𝑵 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒       Equation 40 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2: CO2 mass emission rate to the atmosphere, expressed in [mass CO2/time]. 
• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere, expressed in [mass CH4/time]. 
• 𝜌𝜌𝑁𝑁𝑁𝑁: Natural gas density, expressed in [mass NG/volume NG]. 
• 𝑤𝑤𝐶𝐶𝑂𝑂2: CO2 weight content in the natural gas flow entering the mercury removal process, 

expressed in [%]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: CH4 weight content in the natural gas flow entering the mercury removal process, 

expressed in [%]. 

Estimating vents from the mercury removal process as above, is subject to the following 
uncertainties: 

• Uncertainty in the treated natural gas characteristics: due to variability in the natural gas 
quality or uncertainty in the sampling and laboratory hydrocarbon composition 
measurements. This research addressed these uncertainties by using the minimum and 
maximum observed 𝜌𝜌𝑁𝑁𝑁𝑁 , 𝑤𝑤𝐶𝐶𝑂𝑂2  and 𝑤𝑤𝐶𝐶𝐻𝐻4  values in the last 5 years of operation to set their 
uncertainty boundaries. 

• Uncertainty in the mercury removal beds change frequency: Addressed by setting the 
minimum and maximum observed frequencies in the last 5 years of operation as the 
uncertainty boundaries for this parameter. 
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5.2.2.3.5 Natural gas compression 
The natural gas compression unit process operates with the same purpose and equivalent equipment 
as the offshore systems described in section 4.2.2.3.5. Such vents were modelled following the same 
procedure. 

5.2.2.3.6 CO2 compression 
Similarly the CO2 compression unit process operates with the same purpose and equivalent 
equipment as in offshore situations (section 4.2.2.3.6), and associated vents were modelled in the 
same way. 

5.2.2.3.7 Natural gas liquefaction 
There are few widely utilised methods for natural gas liquefaction.  Depending on the choice of 
method, GHG emissions accounting has been tailored to their specifics. 

Conoco Phillips optimised Cascade: 

 

Figure 32. Conoco Phillips optimised cascade liquefaction process diagram. Taken from Lim et al. [184].  

Figure 32, illustrates the key elements of this liquefaction process that uses three refrigeration cycles 
to liquefy the natural gas stream: 

1. Propane circuit: Closed refrigeration loop that uses propane as a refrigerant to chill the gas 
prior liquefaction, condense the ethylene refrigerant and de-super-heat methane gas. The 
propane stream is compressed through compressor gas turbines that recycle each discharge 
using anti-surge control valves [185]. As this stream is mainly composed by propane and this 
circuit is a close refrigeration loop, its compressor vents were assumed to be negligible and 
were not assessed. 

2. Ethylene circuit: Closed loop refrigeration circuit that uses ethylene as the refrigerant to cool 
and condense the feed gas and the methane gas. The ethylene stream is compressed 
through compressor gas turbines that recycle each discharge using anti-surge control valves 
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[185]. For the same reasons as for the propane circuit, compressor vents were not assessed 
and it is assumed that no important vents are linked with this circuit. 

3. Methane circuit and Nitrogen Rejection Unit (NRU): Providing the final stage to the feed gas 
liquefaction, this stage liquefies condensed feed gas arriving from the ethylene circuit at 
atmospheric pressure. Using the same feed gas as a refrigerant, this stage is different from 
the previous, as it is not a closed-loop circuit. Using a compressor to liquefy methane, its 
associated methane vents were assessed by this research. This was similarly to the vents 
from the natural gas compression unit process (section 5.2.2.3.5), emissions estimation 
considers if the compressor starts are gas assisted, whether the compressors are reciprocal 
or centrifugal, with dry or wet seal vents for the first case, and rod pack vents for the 
second. 

The methane refrigeration circuit is associated a Nitrogen Rejection Unit (NRU) which - using the fact 
that methane liquefies at higher temperatures than nitrogen - removes the gaseous nitrogen from 
the flow and vents it to the atmosphere. Depending on the NRU, small amounts of methane will be 
carried within these vents, although these are estimated to represent less than 1% molar 
composition of the NRU vent [186].  

This research estimated NRU CH4 vents using the material balance approach described by Equation 
41. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑽𝑽 × 𝝆𝝆𝒗𝒗𝒆𝒆𝒄𝒄𝒄𝒄 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒       Equation 41 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere, expressed in [mass /time]. 
• 𝑉𝑉: NRU volume vent rate, expressed in [volume vent/time] 
• 𝜌𝜌𝑣𝑣𝑒𝑒𝑐𝑐𝑐𝑐: NRU vent density, expressed in [mass vent/volume vent] 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: CH4 weight content in the NRU vent, expressed in [%]. 

Uncertainties from this estimation were assessed by setting as the minimum and maximum possible 
CH4 content in the NRU vent the minimum and maximum observed CH4 weight content in the NRU 
vent in the last 5 years of operation. 

Linde Mixed Fluid Cascade: 

The Mixed Fluid Cascade (MFC) liquefaction process designed by Linde comprises a family of 
liquefaction cycles that use mixed refrigerants to liquefy the natural gas in cycles, adapted to the 
operating conditions (local climate). 

As shown in Figure 33, the Linde MFC process, implemented in the Complex K, uses three cycles of 
pre-cooling, liquefaction and sub-cooling to liquefy the natural gas stream. Each cycle uses as 
refrigerant a mix of methane, ethane, propane, and nitrogen in different proportions depending on 
the refrigeration cycle.  

As within the heat exchangers only heat is exchanged between the natural gas stream and the 
refrigerants, no vents were modelled for these equipment. 
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However, each refrigerant mix is compressed to reduce its temperature using compressors that, 
following section 4.2.2.3.5, would have associated gas assisted start vents and seal or rod pack vents. 
The volume of gas vented by these compressors was estimated following the EF approach detailed in 
section 4.2.2.3.5 and assuming these vents consist of methane, a conservative approach taken 
considering that the exact composition of each refrigerant is not publicly available. 

In natural gas streams containing more than 1% mole composition of nitrogen, a NRU needs to be 
implemented within the liquefaction process. This will work similarly to the NRU described for the 
Conoco Phillips optimised cascade liquefaction process and its associated vents are estimated 
following the same material balance approach described in Equation 41. 

 

Figure 33. Complex K Linde Mixed Fluid Cascade Liquefaction process diagram. Taken from Lim et al. [184]. 

5.2.2.3.8 LNG storage 
While stored, waiting for the LNG carriers, due to heat-in leaks, the LNG vaporises inside the LNG 
storage tanks forming boil-off gas (BOG).  Due to its economic value and formation rates reaching up 
to 0.05% of the stored volume per day in above ground tanks, the majority of the LNG storage tanks 
include vapour recovery compressors that recover the generated BOG. 

Vents from these vapour recovery compressors are estimated considering the gas assisted 
compressor start vents and the seal or rod pack vents, depending on whether these compressors are 
centrifugal or reciprocating. Such vents are estimated following the same procedure as presented in 
section 5.2.2.3.5. 

Depending on the recovery efficiency of this process, vents associated with the BOG not recovered 
by these compressors are estimated using material balance through Equation 42. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑽𝑽 × (𝟏𝟏 − 𝒆𝒆) × 𝝆𝝆𝒗𝒗𝒆𝒆𝒄𝒄𝒄𝒄 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒       Equation 42  

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass emission rate to the atmosphere, expressed in [mass CH4/time]. 
• 𝜌𝜌𝑣𝑣𝑒𝑒𝑐𝑐𝑐𝑐: Natural gas density, expressed in [mass NG/volume NG]. 
• 𝒆𝒆: BOG recovery efficiency of the process. 
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• 𝑤𝑤𝐶𝐶𝐻𝐻4: CH4 weight content in the natural gas flow entering the mercury removal process, 
expressed in [%]. 

As LNG contains very low quantities of CO2, no CO2 vents were estimated for this process. 

Uncertainties associated with unrecovered BOG vents from LNG storage tanks estimated using this 
process are: 

• Uncertainty in the BOG composition, due to variability in the LNG quality or uncertainty in 
the sampling and laboratory hydrocarbon composition measurements. As LNG is monitored 
constantly to meet specifications, these uncertainties are considered negligible. 

• Uncertainty in the BOG recovery efficiency, addressed in this research by assuming the value 
provided by the operating companies can vary by ±20%. 

5.2.2.3.9 Monoethylene glycol (MEG) regeneration 
The MEG regeneration is conducted by directing the water stream containing MEG into a reflux 
distillation column at vacuum conditions where the water is vaporised through the addition of heat. 
After the water vapour ascends through the column, it is condensed in the overhead and collected in 
a reflux drum. While a portion is redirected into the MEG regeneration stream, the remaining portion 
of the water stream is directed into water treatment. The MEG collected at the bottom of the 
column is normally pumped to MEG storage for later reuse. As this column operates at vacuum 
conditions, all the hydrocarbon components associated with the water stream are considered to be 
carried to the water treatment unit process that follows [187]. Therefore, no CH4 or CO2 vents were 
modelled for this unit process. 

5.2.2.3.10 Water management 
The water management unit process operates with the same purpose and equivalent equipment as 
the corresponding offshore process described in section 4.2.2.3.7. The associated vents are modelled 
following the same procedure. 

5.2.2.3.11 Gas assisted pneumatic devices 
Emissions from gas pneumatic vents were estimated using the EF approach of Equation 43. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝑷𝑷𝑫𝑫 × 𝑬𝑬𝑭𝑭𝑵𝑵𝑵𝑵 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑶𝑶𝑯𝑯     Equation 43 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions vented from the gas assisted pneumatic devices; expressed as [mass CO2 
equivalent/year] 

• 𝑁𝑁𝑃𝑃𝑃𝑃: Number of gas assisted pneumatic devices in the analysed operation; expressed as 
[units]. 

• 𝐸𝐸𝐹𝐹𝑁𝑁𝑁𝑁: Pneumatic device NG vent associated EF; this research uses the pneumatic device 
differentiation stated by Allen et al. [146]. These authors suggested an EF of 9.76 [NG ft3/ 
hour/ pneumatic] for intermittent-bleed pneumatics, and 24.10 [NG ft3/ hour/ pneumatic] 
for continuous bleed pneumatics. 

• 𝑤𝑤𝐶𝐶𝐻𝐻4: CH4 weight content in the processed NG flow; expressed in [%]. 
• 𝑂𝑂𝐻𝐻: Operating hours; expressed as [hours/year]. 
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5.2.2.4 Fugitive emissions 
Fugitive emissions can be estimated using one of the following methods presented in increasing 
order of estimation accuracy: 

• Facility level emission factors 
• Equipment level emission factors 
• Component level average emission factors 
• Component level leak/no-leak average emission factors 
• Component level EPA correlation approach 

For the three Complexes K, L and M analysed, depending on the information available, the most 
accurate estimation methodology was chosen. Specifically, fugitives were estimated using the 
equipment level emission factors, component level leak/no-leak average emission factor and the 
component level EPA correlation approach. 

Similar to the fugitives estimation procedure developed for offshore platforms (section 4.2.2.4), this 
research focused on estimating CH4 fugitive emissions, except for unit processes that deal with CO2 
as a main flow, such as the CO2 compression unit process. For the remaining unit processes, as CO2 is 
rarely present at molar compositions higher than 2%, the associated CO2 fugitive emissions were 
considered negligible. 

5.2.2.4.1 Equipment level average emission factor approach 
The fugitive CO2 and CH4 estimates and their associated uncertainties were assessed per unit process 
following the procedure described in section 4.2.2.4.1. 

5.2.2.4.2 Leak/no-leak component level emission factor approach 
The leak/no leak component level emission factor approach, developed by the US EPA, presents 
higher estimation accuracy than the average component factor approach. Its application requires the 
following information: 

• Component count  
• Screening values for each of the analysed components, expressed in parts per million by 

volume of TOC [ppmv TOC], which are used as an indication of the fugitive emission rate. 

This methodology estimates fugitive emissions by first classifying components as ‘leaking’, if their 
screening value is equal or above 10,000 [ppmvTOC], or ‘non-leaking’ if their screening value is below 
10,000 [ppmvTOC]; and then applying Equation 44 and the EFs presented in Table 77. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑬𝑬𝑭𝑭𝒍𝒍𝒆𝒆𝒍𝒍𝒍𝒍,𝑻𝑻𝑶𝑶𝑪𝑪 × 𝑵𝑵𝒍𝒍𝒆𝒆𝒍𝒍𝒍𝒍 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 + 𝑬𝑬𝑭𝑭𝒄𝒄𝒄𝒄 𝒍𝒍𝒆𝒆𝒍𝒍𝒍𝒍,𝑻𝑻𝑶𝑶𝑪𝑪 × 𝑵𝑵𝒄𝒄𝒄𝒄 𝒍𝒍𝒆𝒆𝒍𝒍𝒍𝒍 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒   Equation 44 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass fugitive emission rate to the atmosphere, expressed in [CH4 mass/time]. 
• 𝐸𝐸𝐹𝐹𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙/𝑐𝑐𝑐𝑐 𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙,𝑇𝑇𝑂𝑂𝐶𝐶: CH4 fugitive emission factor for ‘leaking’ or ‘non-leaking’ components, 

expressed in [TOC mass/component/time]. 
• 𝑁𝑁𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙/𝑐𝑐𝑐𝑐 𝑙𝑙𝑒𝑒𝑙𝑙𝑙𝑙: Number of ‘leaking’ or ‘non-leaking’ components in the unit process. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Processed natural gas CH4 weight fraction, expressed as [% of the TOC]. 

Table 77. Leak/no-leak component fugitive emission factors for natural gas operations developed by EPA [48]. 
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Component Leaking component emission factor 
value [kgTOC/component/hour] 

Non-leaking component emissions 
factor value [kgTOC/component/hour] 

Reported 
Uncertainty 

Valves 9.8×10-2 2.5×10-5 Not reported 
Pump seals 7.4×10-2 3.5×10-4 Not reported 
Connectors 2.6×10-2 1.0×10-5 Not reported 
Flanges 8.2×10-2 5.7×10-6 Not reported 
Open-ended lines 5.5×10-2 1.5×10-5 Not reported 
Others9 8.9×10-2 1.2×10-4 Not reported 

As no uncertainty ranges were reported for these EFs, it was not possible to assess the uncertainty 
associated with fugitive estimates obtained using this procedure. 

5.2.2.4.3 Correlation component level emission factor approach 
This methodology provides fugitive estimates of higher accuracy levels than the leak/no-leak 
component emission factor approach by estimating a component’s fugitive emission mass rate using 
statistically derived equations depending on the component’s screening value.   

While these correlations can be tailored for each operation, if detailed screening and bagging data is 
available for the site, the EPA derived correlation approach [48] is the most widely used, as obtaining 
bagging data can be costly. This estimation methodology requires the following information: 

• Component count 
• Screening values for each of the analysed components, expressed in parts per million by 

volume of TOC [ppmv TOC], being these used as an indication of the fugitive emission rate. 

Fugitive emissions can be estimated using Equation 45 and the parameters in Table 78. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝒍𝒍 × (𝑺𝑺𝑽𝑽)𝒄𝒄 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒      Equation 45 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 mass fugitive emission rate to the atmosphere, expressed in [CH4 mass/time]. 
• 𝑎𝑎, 𝑏𝑏: Component specific correlation parameters. 
• 𝑆𝑆𝑉𝑉: Component screening value, expressed in [ppmv TOC]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Processed natural gas CH4 weight fraction, expressed as [% of the TOC]. 

Table 78. Component level EPA correlation approach related factors [48]. 
Component Coefficient a  Coefficient b  Default zero-emission 

rates [kg/hr-source] 
Standard deviation of 
the estimate10 

Valves 2.29×10-6 0.746 7.80×10-6 2.253 

Flanges 4.61×10-6 0.703 3.10×10-6 1.929 

Pump seals 5.03×10-5 0.610 2.40×10-6 2.805 

Other 1.36×10-5 0.589 4.00×10-6 2.173 

 

                                                            
9 Including diaphrams, drains, dump arms, hatches, instruments, meters, pressure relief valves, polished rods, 
relief valves, and vents. 
10 Standard deviation of the estimate calculated by dividing the error of the estimate with the square root of 
the sampled size for each correlation; all values were reported by EPA in its protocol for equipment leak 
estimation [48]. 
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Equation 45 indicates that the CH4 fugitive mass emission rate and the screening values were 
modelled by the US EPA as linearly related in the log space. This research assessed the CH4 fugitive 
emissions estimated using this procedure as log-normally distributed, with a mean equal to the value 
predicted by Equation 45 and a standard deviation equal to the standard deviation of the estimate of 
the corresponding component’s correlation (Table 78). 

5.2.2.5 Mobile equipment operating emissions 
CH4 and CO2 emissions associated with mobile equipment use at onshore natural gas processing and 
liquefaction plants were estimated for cases when the plant was located at a considerable distance 
from urban settlements, these cases would require the constant transport of labour and supplies to 
the site. Emissions associated with mobile equipment fuel combustion in this context was assessed 
using Equation 46 [49]. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵 × 𝒅𝒅 × 𝟐𝟐 × 𝒄𝒄 × 𝒆𝒆𝒄𝒄 × 𝑬𝑬𝑭𝑭𝑪𝑪𝑯𝑯𝟒𝟒/𝑪𝑪𝑶𝑶𝟐𝟐     Equation 46 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4/𝐶𝐶𝑂𝑂2 : CH4/ CO2 mass emission rate to the atmosphere associated to the use of a 
determined mobile equipment, expressed in [CH4 or CO2 mass/time]. 

• 𝑁𝑁: Number of mobile equipment used. 
• 𝑑𝑑: Distance travelled in a one way trip to the facility, multiplied by two to consider emissions 

from the return trip. Expressed in [distance]. 
• 𝑢𝑢: Mobile equipment fuel use, expressed in [mass fuel/distance]. 
• 𝑒𝑒𝑒𝑒: Mobile equipment fuel’s energy content, expressed in [fuel energy/mass fuel] 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝐻𝐻4/𝐶𝐶𝑂𝑂2: CH4/ CO2 emissions associated to the combustion of the mobile equipment’s fuel, 

expressed in [CH4 or CO2 mass/fuel energy]. 

For natural gas processing and liquefaction plants, this research considered the use of mobile 
equipment such as small airplanes, lorries and cars whose fuel use parameters and emission factors 
are presented in Table 79 and Table 80 [49]. 

Table 79.Offshore natural gas production and processing associated mobile equipment emission factors [49]. 
Mobile equipment Fuel used Fuel use Units 
Small air plane Jet fuel 0.380 [miles/gallon] 
Heavy lorry Diesel 0.336 [litres/km] 
Light lorry Diesel 0.157 [litres/km] 
Medium automobile Diesel 0.078 [litres/km] 
Large automobile Diesel 0.094 [litres/km] 

 

Table 80. Mobile equipment fuel combustion emission factors [49,145]. 
Fuel Greenhouse gas Emission factor [kg/1012 J fuel] (LHV) Reported uncertainty[145] 
Jet fuel CO2 7.07×104 [6.75-7.30] ×104 
Jet fuel CH4 3.00 50-150% 
Diesel CO2 7.41x104 [7.26-7.48] ×104 
Diesel CH4 3.00 50-150% 
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5.2.2.6 Principles for extrapolating operating emissions 
Operating companies provided the detailed operational information required for accurate fugitive 
emissions estimation for a limited number of operating years. Therefore, this research estimated 
accurately for these years and extrapolated these estimates for the rest of the operating life of the 
asset following the procedure described in section 4.2.2.6. 

5.2.3 Decommissioning 
Although, around the world, more than 33.6 MTPA of LNG plant capacity have been in operation for 
over 35 years, very few decommissioning programmes have been announced, even though it may be 
expected that decommissioning may be advisable for technical reasons [37]. To date, LNG terminals 
reaching their end of life have been expanded, paused or refurbished for other purposes. Among 
these are the following: 

• Bontang LNG terminal, Indonesia: Two trains are assumed to have been decommissioned 
[37]; however, the plant is still operating with other trains. 

• Kenai LNG, Alaska: Having not exported cargo since 2015, in 2017 it went into preservation 
mode and is likely to be integrated with a nearby oil refinery [37]. 

• Arzew LNG, Algeria: The GL4-Z facility built in 1964 with a total capacity of 1.5 MTPA was 
decommissioned in 2010, once the GL3-Z phase of the project with 4.7 MTPA capacity was 
completed. 

• ADNOC LNG, Abu Dhabi: In 2018 it was announced that the two oldest LNG trains, in 
operation since 1977, would undergo refurbishment to maintain the project’s exporting 
capacity postponing even further decommissioning plans [37].  

• Oman LNG: While initially planned to take the three LNG trains offline by 2025, the arrival of 
Khazzan tight gas shifted the energy balance of the country leading to cancel the 
decommissioning plans and looking for the expansion of the current LNG exporting capacity 
[37]. 

For these reasons, this research assumes that current LNG plants will be refurbished to be used for 
other purposes rather than abandoned. Thus, little plant dismantling will be required, as the main 
concrete facility will be reused. Furthermore, negligible recycling is assumed to take place during this 
process. 

In order to account for the hydrocarbon liquids cleaning activities during this process, this research 
considered that the plant will run for 6 months using diesel at the same consumption rate as during 
operation. 

5.3 Processing and liquefaction emissions estimation case studies 

5.3.1 Complex K case study 
Located on an island, Northern Norway, Complex K had first gas in 2007. The plant receives 
production flows via subsea pipelines from the offshore Complex C fields in the Barents Sea.  

In the plant, the production flow is separated into natural gas, condensate, water and CO2 streams. 
The natural gas stream is then liquefied using the Linde Mixed Fluid Cascade method and exported to 
the international LNG market via LNG tankers. During the process, Liquefied Petroleum Gas (LPG) and 
condensate are also produced and exported. 
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In the Complex K plant the stripped CO2 is then compressed and sent via subsea pipelines back into 
the Complex C for permanent geological storage. 

5.3.1.1 Complex K – Construction parameters 
The Complex K processing and liquefaction plant was designed with a capacity of 4.39 MTPA.  

Following the procedure described in section 5.2.1, CO2 and CH4 emissions from the construction of 
this plant were assessed considering the GHG footprint of the construction materials used (Table 81), 
assuming that the plant was built in the year 2005. Fuel combustion emissions from the construction 
activities were assumed equal to 20% of the materials’ footprint.  

Table 81. Complex K natural gas processing & liquefaction plant material use.  
Facility Concrete 

[kg] 
Steel  
[kg] 

Sulphuric 
acid [kg] 

Mineral 
wool [kg] 

PE  
[kg] 

NG processing & liquefaction(a) 2.90×106 1.51×107 5.52×105 8.73×105 1.30×105 
 

By allocating the estimated plant construction emissions to each MJ of plant products, expected to 
be exported throughout its entire lifetime, the resulting emissions footprint was: 

• Complex K construction: 6.31×10-2 [gCO2e/MJ exported] 

5.3.1.2 Complex K – Operation parameters 
The operation of Complex K was modelled for each unit processes as presented in Figure 34. Besides 
LNG, the facility produces LPG and condensate streams. Figure 34 also shows the emissions 
allocation to product streams. This classification, also indicated in Table 82, was used to allocate the 
unit process specific vented, fugitive and combustion emissions to the corresponding production 
flows as explained in section 3.2.5. 

 

Figure 34. Schematic representation of Complex K unit processes. 
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Operation emissions were estimated in detail for the year 2015 using the diesel combustion, natural 
gas combustion, power purchase and natural gas flaring information provided by the operating 
company (Table 83). 

As the Complex K plant is located in the vicinity of a nearby town, emissions associated with mobile 
equipment used to transport supplies and labour from urban settlements to the plant were 
considered negligible. 

Table 82. Complex K unit process classification for emissions’ allocation. 
Unit Process Associated production flows 
Separation LNG + LPG + Condensate 
MEG regeneration LNG + LPG + Condensate 
Water management LNG + LPG + Condensate 
Condensate storage Condensate 
Pumping Condensate 
Acid Gas Removal LNG + LPG 
Dehydration LNG + LPG 
Mercury removal LNG + LPG 
Liquefaction LNG + LPG 
LNG storage LNG 
LPG storage LPG 
CO2 compression LNG + LPG + Condensate 
Energy generation LNG + LPG + Condensate 

 

Table 83. 2015 Complex K energy consumption and flaring parameters. 
Parameter Units 2015 
Combusted NG [tonnes/year] 355,343.0 
Combusted NG density [kg/m3] 7.39×10-1 
Combusted NG energy content (LHV) [MJ/kg] 41.50 
Flared NG [tonnes/year] 34,707.0 
Flared NG density [kg/m3] 7.31×10-1 
Flared NG energy content [MJ/kg] 49.46 
Combusted Diesel [tonnes/year] 27.9 
Combusted Diesel energy content [MJ/Kg] - 
Purchased electricity [MJ/year] 3.71×108 

Combustion emissions were estimated for the year 2015 using the material balance procedure 
detailed in section 5.2.2.1, the natural gas and diesel combustion volumes presented in Table 83, the 
combusted natural gas hydrocarbon composition presented in Table 84, and considering a carbon 
combustion efficiency of 99.9% within the natural gas turbines as indicated by the operating 
company. 

Flaring emissions were estimated for the same year (2015) using the material balance procedure 
detailed in section 5.2.2.2, flaring volumes detailed in Table 83, flared hydrocarbon composition 
presented in Table 84, and considering a carbon combustion efficiency for flaring of 99%, as indicated 
by the operating company.  

Emissions from the purchase of power from the Norwegian grid were assessed considering Norway’s 
power grid 2015 average footprint of 2.96×10-2 [gCO2e/MJ] [188]. 

The plant’s energy consumption breakdown per unit process was provided by the operating company 
for the year 2015 (Table 85) and used to allocate the estimated combustion emissions to each of the 
modelled unit processes. 
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Once combustion and flaring emissions were estimated for the year 2015, they were extrapolated for 
the rest of the asset’s operating life using the procedure detailed in section 4.2.2.6 and the 
associated fields’ production forecasts (Table 86). As the produced water flow forecast was not 
available at the time this research was conducted, water management related emissions, as well as 
combustion emissions from all the other modelled unit processes and flaring estimated emissions, 
were extrapolated proportionally to the forecasted natural gas production flows. 

 

Table 84. Complex K 2015 combusted and flared natural gas average hydrocarbon composition. 
Component Combusted NG Flared NG 
CH4 (methane) 83.860 81.069 
C2H6 (ethane) 2.040 4.884 
C3H8 (propane) 4.340 2.099 
C4H10 (i-butane) 0.400 0.294 
C4H10 (n-butane) - 0.575 
C5H12 (i-pentane) 0.250 0.137 
C5H12 (n-pentane) - 0.138 
C5H12 (neo-pentane) -  - 
C6H12 (mc pentane) -  -  
C6H12 (cyclohexane) -  -  
C6H14 (hexane) 0.200 0.145 
C6H6 (benzene) -  -  
C7H14 (mc hexane) 0.000 -  
C7H16 (heptane) -  -  
C7H8 (toluene) 0.890 -  
C8H10 (ethylbenzene) -  -  
C8H10 (mp xylene) -  -  
C8H10 (o xylene) -  -  
C8H18 (octane) -  -  
C9H20 (nonane) -  -  
C10H22 (decane) -  -  
C11 (undecane) -  -  
CO2 5.470 1.568 
H2 -  -  
H2O -  -  
H2S -  -  
N2 2.550 9.090 

 

Table 85. Complex K energy consumption per unit process. 
Unit process Energy consumption 

[% of total] 
Separation n/a 
MEG regeneration n/a 
Water management 4.85 
Condensate storage n/a 
Pumping n/a 
Acid Gas Removal 1.29 
Dehydration n/a 
Mercury removal n/a 
Liquefaction 71.64 
LNG storage 9.47 
LPG storage n/a 
CO2 compression 4.44 
Energy generation 1.39 
Other/non specified 6.92 
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As only one year of operational data was provided for this case study, the lower and upper 
uncertainty boundaries for combustion and flaring emissions were defined as the lower and higher 
combusted NG over produced NG ratio, and flared NG over produced NG ratio observed between 
2015-2018. These are available in environmental reports published by the operating company [189–
192] and were [7.17, 8.89]% and [0.44, 1.23]% for combustion and flaring respectively. 

The Complex K exports were estimated for the year 2015 considering the LNG, condensate and LPG 
2015 produced volumes (Table 86), and heating values of 52.03 [MJ/kg LNG LHV], 47.17 [MJ/kg 
condensate LHV], and 48.68 [MJ/kg LPG LHV] for these streams respectively [134], and the densities 
of 0.729 [kg/m3 condensate] and 0.741 [kg/m3LPG] for the condensate and LPG streams provided by 
the operating company. The Complex K exports are presented in Table 87 as percentage of the total 
energy exports. 

Table 86. Complex C combined production forecast. Provided by the operating company.  
Year Natural gas 

[106m3/year] 
Condensate 
[106m3/year] 

LPG 
[106tonnes/year] 

Year Natural gas 
[106m3/year] 

Condensate 
[106m3/year] 

LPG 
[106tonnes/year] 

2007 235.15  0.11 0.02 2031    
2008 2,465.96  0.51 0.13 2032    
2009 3,375.84  0.60 0.17 2033    
2010 5,021.66  0.84 0.23 2034    
2011 4,338.85  0.72 0.22 2035    
2012 4,695.30  0.77 0.23 2036    
2013 4,342.73  0.69 0.22 2037    
2014 5,256.92  0.81 0.26 2038    
2015 5,986.99  0.88 0.29 2039    
2016    2040    
2017    2041    
2018    2042    
2019    2043    
2020    2044    
2021    2045    
2022    2046    
2023    2047    
2024    2048    
2025    2049    
2026    2050    
2027    2051    
2028    2052    
2029    2053    
2030    2054    
Note: Data beyond 2017 was provided by the operating company and used in the emissions estimation but excluded 
from this section following confidentiality requests. 

 

Table 87. Complex K plant 2015 energy exports. 
Year 2015 
LNG export [% total energy exports] 99.98 
Condensate exports [% total energy exports] 0.01 
LPG export [% total energy exports] 0.01 

 

Vented emissions were estimated by unit process as detailed in section 5.2.2.3 and considering that 
Complex K operates 8,472 hours per year. 

CO2 and CH4 vents from the AGR unit process were estimated using material balance approach 
considering: 
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• That the NG entering the facility had a CO2 mole composition of 5.47% (Table 84), which was 
assumed constant for the rest of the operating life of the asset as only the hydrocarbon 
composition for year 2015 was available for this analysis.  

• All the CO2 in the production stream is removed from the NG stream in the AGR process. 
• The gas stream removed from the NG stream in the AGR process is composed by 98.873% 

CO2, 0.572% methane and 0.05% ethane, according to information provided by the operating 
company. 

• All the vent from the AGR process is captured and directed for geological storage, however, 
7% of its annual throughput is vented to the atmosphere due to CO2 injection equipment 
malfunctioning. 

As the previous parameters were provided only for one year of operation, uncertainty was assessed 
following the uncertainty definition procedure of Safaei et al. [72], when no literature values are 
available, to define an uncertainty function for GHG emissions estimation. CO2 injection failures were 
assumed to distribute normally with a mean equal to 7% of the annual operating hours and a 
coefficient of variation of 20%. The lower and upper uncertainty boundaries were then defined as 
the 95% confidence interval of this distribution. 

CO2 vents from the CO2 compression unit process were modelled considering that this process uses 
one dry seal centrifugal compressor with electric assisted starts for which only dry seal vents were 
estimated, following section 5.2.2.3.6. 

No vents were considered for the dehydration unit process as its associated vents are captured and 
recycled into the system in the Complex K. 

Vents associated with the opening of the mercury removal vessels were considered to be captured 
and recycled into the system. 

The liquefaction unit process is carried out using 6 dry seal centrifugal compressors using electric 
driven starts, for which only dry seal vents composed of methane were modelled following the 
approach outlined in section 5.2.2.3.7. 

Vents associated with the NRU of the Complex K liquefaction process were estimated assuming that 
all of the nitrogen is removed from the production stream and that a maximum CH4 content of 100 
ppm of mole can be emitted per mole of N2 vented to the atmosphere by this unit [193]. 

As described in section 5.2.2.3.9, no CH4 vents were considered for the MEG regeneration unit 
process. 

CH4 vents from the water management process were estimated considering that all the CH4 carried 
along the produced water stream into this unit process is vented to the atmosphere. This estimation 
was performed following the procedure detailed in section 5.2.2.3.10 and considering: 

• CH4 EF of 9.1850×10-3 [tonnes CH4/103m3 produced water]. 
• A constant produced water ratio of 7.06×10-6 [m3produced water/m3 produced NG], equal to 

the observed average provided by the operating company for the period 2015-2017. 
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Although assuming that all the CH4 dissolved in the produced water stream is vented is a 
conservative assumption, as this vent never surpassed the 1 [tonnesCH4/year], it was considered that 
it doesn’t affect considerably the estimated products’ GHG footprint. Given the small contribution of 
these vents, no uncertainty was assessed for them. 

The water management unit process was also considered to use natural gas blankets in the produced 
water storage tanks. As no detailed operational data was available to simulate this blanket vent, the 
EPA EF procedure described in section 5.2.2.3.10 was used to assess these vents. The upper and 
lower uncertainty bounds for these vents were estimated taking the 95% confidence interval of a 
normal distribution with a mean equal to the EF and a coefficient of variation of equal to 20% 
following the uncertainty definition procedure of Safaei et al. [72]. 

Emissions from the BOG regeneration process associated with the LNG storage tanks were assessed 
considering that this process uses two dry seal centrifugal compressors with electric assisted starts, 
for which only dry seal vents were estimated following the process outlined in section 5.2.2.3.8. 

No gas assisted pneumatic or chemical pumps are used in Complex K. 

Fugitive emissions from the plant were estimated using the component level emission rates 
determined by an Optical Gas Imaging (OGI) campaign performed in 2016 [194] (Table 88), 
considering that 0.36% of the components were found to leak [194], the plant component count 
(Table 89) and EPA’s fugitive emission correlation approach [48] (section 5.2.2.4.3). 

Table 88. Hydrocarbon (HC) leakage rates estimated for the Complex K LNG plant using measured leakage intervals by 
Add Novatech As [194]. 

Leakage rate 
interval as % of 
the LEL [194] 

% of leaking 
components in each 
leakage interval [194]  

Estimated leakage 
rate – Early gas 
processes (ppmv HC) 

Estimated leakage 
rate – Late gas 
processes (ppmv HC) 

Estimated leakage 
rate – Condensate 
processes (ppmv HC) 

0 35 0 0 0 
1-5 21 1,344 1,280 1,405 
6-10 13 3,585 3,413 3,747 
11-20 13 6,945 6,613 7,259 
21-100 8 27,108 25,811 28,335 
Over 100 3 53,768 51,195 56,202 
Unknown 7 - - - 

 

Table 89. Complex K plant component count. Provided by the operating company. 
 Number of components 
Component Early gas unit processes Late gas unit processes Condensate unit processes 
Valves 2,156  2,236  3,242  
Flanges 2,764  3,651  1,500  
Pump seals 18  53  59  
Other 237  9,845  0   
 

As the leakage rates reported by Add Novatech As [194] are in percentage of the LEL of the area, the 
average hydrocarbon composition of each plant processing area was used to estimate the 
corresponding hydrocarbon leakage rate in parts per million of volume (ppmv) – assuming these as 
the middle point of the intervals reported by Add Novatech As – considering also ideal gas behaviour 
to then add up each component’s LEL value using Le Chatelier’s mixing rule for combustible volume 
fractions. The first areas were considered to manage production flows with a hydrocarbon 
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composition equal to the combusted natural gas (Table 84). Late processing unit processes were 
considered to manage production flows with hydrocarbon composition similar to the exported LNG 
hydrocarbon mole composition provided by the operating company (92.06% CH4,  5.59% C2H6, 1.25% 
C3H8, 0.4% C4H10 and 0.01% C5H12) and the condensate areas were assumed to process flows with a 
hydrocarbon composition equal to a generic condensate of mole composition (70% CH4, 7.74% C2H6, 
3.33% C3H8, 0.47% C4H10, 0.91% nC4H10, 0.22% C5H12, 0.22% and nC5H12). 

5.3.1.3 Complex K – Decommissioning considerations 
Following section 5.2.3, the plant life was assumed to be either extended or that the plant be 
refurbished for other purposes, thus no major recycling credits or dismantling related emissions were 
assessed. 

However, 6 months of plant operation for fuel cleaning purposes before refurbishment were 
considered for the year 2027, using diesel at the reported 2015 diesel plant consumption rate, 27.9 
[tonnes diesel/year]. By allocating these emissions to each MJ of products expected to be exported 
throughout the entire Complex K lifetime, the resulting emissions footprint was: 

• Complex K plant decommissioning: 1.14×10-5 [gCO2e/MJ exported] 

5.3.1.4 Complex K – Estimated Life cycle CO2 and CH4 emissions 
Figure 35 presents the estimated GHG emissions for the Complex K plant including the life cycle 
stages of: 

• Construction: 2005 
• Operation: 2007-2054 
• Decommissioning: 2055 

It is clear that construction and decommissioning emissions are considerably smaller than the plant 
operating emissions, representing 1.1% of the plant’s total CO2 equivalent life cycle emissions. It is 
also notable that life cycle emissions are dominated by combustion and flaring emissions which 
represent 85 and 10% respectively of the plant’s CO2 equivalent lifecycle emissions.  
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Figure 35. Complex K estimated lifecycle GHG emissions. Note: ‘reported CO2 eq emissions’ refer to the GHG emissions 
estimated by the operating company using their inhouse estimation methods. 

Figure 36 and Figure 37 show the breakdown of the CO2 and CH4 combustion and vented emissions 
per unit process in 2015. It is shown that the liquefaction process is the main emitter of both CO2 and 
CH4 emissions, due to the high energy consumption of refrigeration compressors and vents 
associated with centrifugal compressors. The LNG storage process follows as an important CO2 
emitter, due to its BOG compressors energy consumption. The AGR unit process follows as an 
important CH4 emitter due to the vents this process emits when the CO2 injection system is not 
operative. Although these vents are mainly composed by CO2, the small percentage of CH4 carried 
with them accounts for an important percentage of the total CH4 emissions for the plant. 

 

Figure 36. Complex K estimated combustion and vented CO2 emissions distribution by unit process in 2015. 
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Figure 37. Complex K estimated combustion and vented CH4 emissions distribution by unit process in 2015. 

Table 90 presents the annual CO2 and CH4 emissions estimated by this research and reported by the 
operating company for the year 2015. While CO2 emissions estimates presented small differences, 
below 0.7%, CH4 emissions reported by the operating company were 34% higher than the emissions 
estimated by this research. The most significant difference was obtained in fugitive CH4 emissions 
which the operating company estimated using coarse resolution emission factors and which this 
research estimated using OGI screening measurements and the EPA correlation approach. While the 
EPA correlation approach is based on static screening measurements, which may have captured an 
abnormally low emitting moment in the plant, coarse resolution fugitive emission factors also have a 
static nature and are considered less accurate when estimating fugitives, which is why it is concluded 
that the reported CH4 fugitives may be overestimated. 

Table 90. Complex K operating GHG emissions in 2015. 
 Reported Estimated 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 880,206 444 900,032 232 
Flared 103,660 123 81,119 231 
Vented 39,119 133 36,457 424 
Fugitive 1,000 437 - 2 
Total 1,023,985 1,137 1,017,608 889 
 

Complex K’s key performance indicators are presented in Table 91 for the year 2015, where it is 
possible to note that vented and fugitive CH4 emissions were estimated by this research as 0.01% of 
the plant’s LNG throughput and that the exported LNG is estimated to have a GHG footprint of 4.95 
[gCO2eq/MJ of LNG]. 

Table 91. Complex K key GHG performance indicators in 2015. 
 Reported Estimated 
Total CO2 and CH4 emissions [tonnes CO2eq/year] -AR4[54] 1,052,410 1,039,849 
Natural gas GHG footprint [gCO2eq/MJ] -AR4[54] - 4.95 
Vented & Fugitive CH4 [Million sm3/year] 0.87 0.65 
Vented & Fugitive CH4 [% Platform’s throughput] 0.02 0.01 

 

Estimated emissions for 2015 were extrapolated for the whole life of the facility between 2007 and 
2054, as shown in Figure 38, with upper and lower uncertainty boundaries. Besides the high LNG 
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GHG footprint for the first year of production, due to low production rates, the exported LNG is 
shown to have a relatively constant GHG footprint of around 4.95 [gCO2eq/MJ of LNG] between 2010 
and 2040 due to the relatively constant production throughput. From that year the LNG GHG 
footprint is expected to increase as production decays reaching 5.02 [gCO2eq/MJ of LNG] in 2054. In 
the same Figure 38, the uncertainty boundary for the LNG GHG footprint is estimated to be in the 
range of [-15,+16]% with higher values at the beginning and end of the operation.  

 

Figure 38. Complex K processing and liquefaction LNG GHG footprint over the asset’s lifetime. 

5.3.1.5 Complex K – Comparison of bottom-up and monitoring derived CH4 estimates 
The results of an atmospheric emissions monitoring campaign performed at the Complex K and 
conducted by the National Physical Laboratory (NPL) [195] were also available for analysis in this 
research. This campaign obtained VOC, methane, ethane, benzene, NOx and SO2 measurements from 
the plant using the DIfferential Absorption Light (DIAL) detection and ranging technique, a ground-
based remote sensing technique thoroughly validated and recognised in the EU as a good approach 
to monitor diffuse VOC emissions [196]. The measurements were taken in 2015 during a period when 
the plant operated normally according to the operating company [194].  

As no CO2 measurements were taken, Table 92 presents the CH4 emissions derived rates per plant 
area derived by the NPL using the atmospheric measurements obtained during this campaign. 

Table 92. Complex K CH4 emissions rate derived using 2015 DIAL campaign [195]. 
 CH4 emissions [kgCH4/hour] 
Complex K plant area Mean Standard deviation 
Process area 60.1 16.9 
Generators 56.1 23.6 
Water treatment 11.3 3.1 
MEG and hot oil storage tanks 0.7 0.6 
Pig receiver & inlet area 1.8 0.7 
LPG & LNG tanks 11 6.1 
MEG processing 0.9 0.9 

 

The NPL reported the CH4 emissions rates as normally distributed with the standard deviation 
included in Table 92; where the uncertainty of the estimates is derived from measurement, weather 
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conditions and interpretation analysis related uncertainties [195]. These top-down measurement 
derived CH4 emission rates where then compared with the bottom-up CH4 emission estimates from 
this research, through Monte Carlo simulations, to account for the uncertainty of these estimates. 
Only combustion, vented and fugitive derived CH4 estimates were included in this comparison. 

The uncertainty in the key parameters used in the bottom-up estimation procedure were modelled 
following the approach of Safaei et al. [72] and the procedure described in section 3.2.3.6; 
specifically: 

• When material balance was used to estimate combustion or vented emissions, key 
parameters were modelled to have a triangular distribution where at least three data points 
were available, and a normal distribution with coefficient of variations of 10% or 20% was 
used in cases when only one data point was available. 

• When emission factors were used to estimate combustion or vented emissions, a triangular 
distribution was used where at least three data points are available in literature for analogue 
chains, and a normal distribution with coefficient of variations of 10% or 20% was used in 
cases when only one data point was available. 

• As fugitive emissions for the Complex K were estimated using the EPA correlation approach, 
their associated uncertainty was estimated following the procedure detailed in section 
5.2.2.4.3. 

• As the size of the reservoir, hydrocarbon composition and related parameters are considered 
to have low variability, these were modelled as normally distributed parameters with a CV of 
2%. 

The parameters used to obtain the CH4 bottom-up Complex K emission rate estimate and their 
modelled uncertainties are included in Table 93, Table 94 and Table 95.  

Table 93. Complex K production flow parameters in 2015. 
Parameter [units] Value/Mean Uncertainty 

distribution 
Coefficient of 
variation (CV) 

[Min, Max] 

2015 annual gas production treated in 
processing plant [m3/year] 

5.9 billion (a)    

Produced natural gas density [kg/m3] 0.739 Normal 2%(b) - 
Natural gas input LHV [MJ/kg] 41.50 Normal 2%(b) - 
LNG LHV [MJ/kg] 52.03(c) - - - 

(a) Norske Petroleum [197]. (b)Assumed considering Complex C reservoir size and industrial experience. (c)Berit and Ertesvag 
[40].   

 

Table 94. Complex K plant 2015 combustion parameters. 
Parameter (units) Value/Mean Uncertainty 

distribution 
Coefficient 

of 
variation 

[Min, Max] 

Natural Gas combustion 
NG combustion rate [% of total gas plant 
input] 

8.03(a) Triangular - [7.17, 8.89] %(b) 

Carbon combustion efficiency [%]        99.90    
Diesel combustion 
Diesel consumption rate [tonnes/ MJ gas 
plant input] 

1.52×10-10(a) Triangular - [1.11, 9.18] ×10-10 (c) 

Diesel density [kg/m3]        847.31(d)    
Diesel HHV [Btu/bbl] 5.83×106(d)    



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

174 
 

Diesel CO2 EF [tonnes CO2/106BTU HHV] 7.42×10-2(d)    
Diesel CH4 EF [tonnes CH4/106BTU HHV] 3.01×10-6(d)    
Electricity purchased from the grid 
Processing plant electricity consumption 
[MJ /MJ gas plant input] 

2.02×10-3 Triangular - [1.39, 2.52] ×10-3 (e) 

Norway’s electricity EF [tonnes CO2e/GJ] 2.96×10-2(f)    
LNG/ condensate/ LPG energy content  
[% of total Complex K energy throughput] 

99.98/ 0.01/ 0.01(g)    

(a)Equinor [198]. (b)Observed maximum percentage difference in 2015-2018 period from 2015 value [190–192,197,198]. 

(c)Maximum and minimum observed annual value between 2013-2018. Deduced using data reported by the operating 
company [190–192,197–200]. (d)API [49]. (e)Minimum and maximum following same percentile deviation from mean as 
Weber and Clavin[201]. (f)2015 factor taken from OECD/IEA [202]. (g)Estimated considering Complex C annual saleable 
production, reported in Norsk Petroleum [197], into energy values using the condensate, NGL and LNG’s LHV reported by 
Berit et al. [40] 

 

Table 95. Complex K plant 2015 Vent estimation parameters. 
Parameter (units) Value/Mean Uncertainty 

distribution 
Coefficient 
of variation 

[Min, Max] 

Liquefaction/LNG storage vents 
Centrifugal compressor dry seal vent EF  
[ft3/min-compressor] 

3(a) Triangular - [1, 6] (a) 

Acid Gas Removal (AGR) vents 
CO2 vent in AGR due CO2 injection unavailable  
[% of total CO2 stripped] 

7.00(b) Normal 20% - 

Water management vents 
Produced water [m3/m3 gas production] 1.53×10-6 (c) Normal 10% - 
Water-CH4 vent  
[tonnesCH4/100 m3produced water] 

    9.19×10-3(d) Triangular - [0.92, 11.10] ×10-2(d) 

Blanket gas vent EF  
[ft3 CH4/year-4,000 bbl tank] 

2.00×106(e) Normal 20% - 

(a)EPA [151]. (b)Equinor [203]. (c)Norsk Petroleum[197]. (d)API [49]. (e)EPA [155]. 

The probability distributions derived as explained above and the DIAL measurement derived mean 
CH4 emissions estimation at the Complex K facility with its standard deviation [195] were used as 
inputs in a Monte Carlo simulation to obtain the probability distribution of CH4 emissions for the year 
2015. 100,000 Monte Carlo simulations were performed using the Oracle Crystal Ball [204] software 
in a Microsoft Excel platform and were used to determine a sample mean and 90% confidence 
interval (CI). Figure 39 shows the results. When considering a 99.9% carbon combustion efficiency 
(base case), the average atmospheric monitoring derived CH4 emission was nearly double the 
average bottom-up Monte Carlo simulation estimate (1.79 times larger).  
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Figure 39. Comparison of the simulated Complex K CH4 emissions in 2015 using the proposed bottom-up estimation 
methodology and the DIAL based emissions estimation using 99.9% [Base case] and 99.8% carbon combustion efficiency. 

 

Monitoring based estimates, higher than the bottom-up approach estimates, have already been 
reported by a number of authors at different resolution levels. Brandt et al. [75], Johnson et al. [205] 
and Lavoie et al. [77] observed monitoring obtained methane emissions as 1.5, 17 and 5.4 times 
higher than estimates from national bottom-up inventories in US hydrocarbon production areas, 
Alberta oil production regions and Barnett Shale gas processing plants respectively. 

The difference between the two estimation methods may be explained by a number of reasons that 
may vary for each case considered. Firstly, the DIAL monitoring considered here was undertaken 
during a six-day period, at a time during which the facility functioned normally according to the 
operating company [195]. Whether this monitoring represents well the annual variability in plant 
emissions is not necessarily known. Temporal variability of emissions, due to changes in the mode of 
operation and the function of equipment, maintenance, failures, and equipment aging have already 
been highlighted as important by Lavoie et al. [77]. It is also likely that the monitoring cannot capture 
the effect of abnormal conditions of operation, highlighted as relevant by Alvarez et al. [6]. This 
suggests that at different times true emissions may be even higher. 

Secondly, the bottom-up estimation approach developed in this research uses emission factors to 
model some vented and fugitive emissions. Most of these were derived by EPA for US operations at 
different times. It is reasonable to expect that European operations implement different practices, 
and therefore, may have different emissions than their American counterparts; a number of these 
factors might also account for out-dated technology. Alvarez et al. [6] noted that, in addition, EPA 
GHGI factors might also be low-biased as many of them were obtained based on voluntary operator 
cooperation. Brandt et al. [75] also suggested that emission sources with “heavy tails” in their 
emissions distributions, or “superemitters”, may also be misrepresented in bottom-up emission 
factors. 
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To address these issues and concerns of missed vent sources in the proposed bottom-up inventory 
modelling, the monitoring derived methane emission rates per plant sector were compared with the 
bottom-up estimated emission rates.  

The areas of (I) LPG and LNG tanks, (II) pig receiver, (III) MEG process and (IV) MEG and hot oil 
storage, were all unaccounted in the present bottom-up model for lack of modelling data or emission 
factors, but exhibited emissions of 93, 15, 8 and 6 [tonnes CH4/year] based on the monitoring data. 
These amounted to 122 [tonnes CH4/year], or 10.7% of the facility annual estimated methane 
emissions. This observation indicates the magnitude of unaccounted events, such as opening of pig 
receivers, MEG tank blanketing, and LNG and LPG storage tank vents. Based on a measurement 
campaign performed in seven US oil and gas basins, Lyon et al. [77] indicated that tank vents and 
hatches represented over 90% of the detected methane emission sources, already suggesting that 
tank emission control systems commonly underperform. 

However, the most important differences between the monitoring based and bottom-up inventory 
based methane estimations were observed in the (V) processing and (VI) generators area, where 
monitored emissions were 35 and 104% higher than the bottom-up emission estimates. 

Processing area CH4 emissions were modelled as vents from dry-seal centrifugal compressors, using 
emission factors, vents due to failures in the CO2 injection system, and fugitives. This research 
acknowledges that the first is still poorly understood in literature, while the second is intuitively 
highly variable, and that fugitives may be in fact higher as this study did not consider the impact of 
aging on fugitives and used EPA correlations derived two decades ago, relying on US databases. It is 
also possible that unaccounted vent sources exist within the processing area, such as dehydrator 
vents due to operation in abnormal conditions as suggested by Lyon et al. [77]. These observations 
highlight the need for updated emission factors for compressor vents and performing regular 
emissions monitoring in order to better understand the methane emissions and their relationship 
with operational variations. 

CH4 emissions from the generators area were modelled as a product of NG combustion and 
estimated using material balance relying on accurate input parameters provided by the operating 
company, such as a reliable hydrocarbon composition and carbon combustion efficiency. Considering 
the size of the Complex C reservoir and industrial experience, it is not reasonable to expect a high 
variability or uncertainty on the hydrocarbon composition during one year. However, when 
speculatively modifying by a very small amount the carbon combustion efficiency to 99.8%, instead 
of 99.9% (Figure 39), the monitoring-based estimation is on average only 1.34 times higher than the 
corresponding bottom-up estimation average, and there is a far more significant overlap on the 90% 
confidence interval of both estimates suggesting the possibility that combustion efficiency is lower 
than previously reported as no other CH4 source can be expected from the generator area, other 
than incomplete natural gas combustion. 

5.3.2 Complex L case study 
Located in Eastern Australia, the Complex L produces tight gas from the Walloon coal measures in 
the Surat Basin. After production, natural gas is sent via onshore flow lines to one of the six Central 
Processing Plants (CPPs) as shown in Figure 40 for treatment and compression, and later sent via 
onshore transmission pipelines to the Complex L LNG plant.   
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Figure 40. Complex L project schematic representation. Provided by the operating company. 

Produced water is sent directly from the wellheads to one of the three Water Treatment Plants 
(WTPs), as shown in Figure 41 for purification. The WTPs have a total processing capacity of 2×105 
[m3 water/day] and treat the produced water using disc filters, macro filtration, ion exchange and 
reverse osmosis. After processing, the water is stored in double plastic layered ponds waiting for 
approval and is later sent to local customers for use. 97% of the treated water is reused, while the 
remaining 3% is safely stored [206]. 

 

Figure 41. Schematic representation of Complex L water treatment plants. 

The Complex L LNG plant construction begun in 2010 and had first gas in 2014, liquefies NG using the 
Conoco Phillips optimised Cascade.  Although it currently has two 4.25 MTPA LNG trains, a third LNG 
train is currently under evaluation. The produced LNG is sent to more than 11 international 
customers in Asia, Middle East and America such as China, Japan, UAE, Mexico, Chile, India and 
Pakistan. 

5.3.2.1 Complex L – Construction parameters 
The Complex L processing and liquefaction plant has a design capacity of 8.5 MTPA.  
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Following the procedure described in section 5.2.1, CO2 and CH4 emissions associated with the 
construction phase of this plant were assessed considering the construction materials (Table 96) and 
fuel combustion emissions from the construction activities, assumed to be equal to 20% of the 
materials’ footprint. These emissions were assumed to be equally spread during the plant 
construction period from 2011 to 2014. 

Table 96. Complex L LNG plant material use. 
Facility Concrete 

[kg] 
Steel  
[kg] 

Sulphuric 
acid [kg] 

Mineral 
wool [kg] 

PE  
[kg] 

Complex L processing & liquefaction 5.61×106 2.92×107 1.07×106 1.69×106 2.52×105 

 

This research also considered the construction of 6 Central Processing Plants (CPP) with the gas 
processing capacities shown in Table 97. Emissions from the construction of these plants were 
estimated using the same materials’ intensity defined for NG processing and liquefaction plants in 
section 5.2.1, and that fuel combustion emissions from related construction activities were equal to 
20% of the materials’ GHG footprint. Construction of the CPPs was assumed to have taken place 
between the years 2012 and 2014. 

Table 97. Complex L Central Processing Plants design gas treatment capacity and estimated construction materials. 
CPP Design capacity 

[MTPA] 
Concrete 
[kg] 

Steel  
[kg] 

Sulphuric 
acid [kg] 

Mineral 
wool [kg] 

PE  
[kg] 

CPP W 1.021 6.74×105 3.51×106 1.28×105 2.03×105 3.02×104 
CPP K 1.276  8.43×105 4.39×106 1.60×105 2.54×105 3.78×104 
CPP R-J 1.559  1.03×106 5.36×106 1.96×105 3.10×105 4.62×104 
CPP J 3.119  2.06×106 1.07×107 3.92×105 6.20×105 9.23×104 
CPP B 3.119  2.06×106 1.07×107 3.92×105 6.20×105 9.23×104 
CPP W C 4.679  3.09×106 1.61×107 5.88×105 9.30×105 1.39×105 

 

The project also considered the construction of three water treatment plants between 2011 and 
2014 [207]; the WTP W, WTP K and WTP N with processing capacities of 5, 95 and 100 [km3 
water/day] respectively.  

As estimating emissions from the construction phase of water treatment plants was outside the 
scope of the present research; these emissions were considered using the construction phase 
emissions estimated by Li et al. [208] for a waste water treatment plant in Kunshan, China. These 
authors estimated that 1.86×104 [tonneCO2e] were emitted to the atmosphere for constructing this 
105 [m3 water/day] water treatment plant, if the used materials’ GHG footprint as well as the 
construction of the civil structures, and production of pumps, motors, blowers, electrical equipment 
and pipelines is considered. The ratio of 1.86×10-1 [tonneCO2e/m3water/day] derived from this study 
was then used to estimate emissions for the construction of the three waste water treatment plants 
with a total capacity of 2×105[m3 water/day] rendering a total construction footprint of 3.72×105 
[tonnesCO2e] which were then distributed equally between the 2011-2014 construction period. 

By allocating the estimated Complex L, CPPs and WTPs construction emissions to each MJ of product 
expected to be exported by these facilities through their entire lifetime, the resulting emissions 
footprints were: 

• WTPs construction emissions: 2.74×10-3 [gCO2e/MJ NG produced by wells] 
• CPPs construction emissions: 6.70×10-3 [gCO2e/MJ NG output CPP] 
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• Complex L LNG plant construction emissions: 5.28×10-3 [gCO2e/MJ LNG exported] 

5.3.2.2 Complex L – Operation parameters 
The Complex L operation was modelled considering the unit processes presented in Figure 42. Once 
produced, NG is collected from the different wellheads and directed through gathering lines to one 
of the 6 Central Processing Plants (CPP) where NG is dehydrated and compressed to be then sent 
through transmission pipelines to the LNG plant. Water produced from the field is collected from the 
wellheads and sent for processing to one of the three Water Treatment Plants (WTP) where it is 
treated with reverse osmosis, stored and delivered to different users as indicated in Figure 41.  

As the CPPs and LNG plant manage and produce NG, their estimated emissions were allocated 
entirely to the LNG stream. This research did not assess emissions associated with the natural gas 
gathering and transmission pipelines as it was outside the scope of this thesis to do them in detail, 
however, these were accounted for using available literature methods for completeness. 

 

Figure 42. Schematic representation of Complex L by unit process. 

Combustion and flaring operation emissions were estimated in detail for the LNG plant for the years 
2016-2018 using the material balance approach described in sections 5.2.2.1-5.2.2.2 and the diesel 
combustion, natural gas combustion, natural gas flaring information, and hydrocarbon composition 
provided by the operating company (Table 98 and Table 99). While carbon combustion efficiency was 
considered as 99.9% for NG combustion processes, it was considered to be 98% for flaring processes, 
according to values provided by the operating company. 

 
Table 98. Complex L LNG plant energy consumption and flaring parameters. 

Parameter Units 2016 2017 2018 
Combusted NG [tonnes/year] 683,664 548,928 532,755 
Combusted NG density [kg/m3] 7.171×10-1 6.931×10-1 n/a 
Combusted NG energy content [MJ/m3] 34.86 36.66 37.31 
Flared NG [tonnes/year] 46,625 38,002 19,424 
Flared NG density [kg/m3] n/a 6.757×10-1 n/a 
Flared NG energy content [MJ/m3] n/a 37.60 n/a 
Combusted Diesel [kL/year] 75 72 291 
Combusted Diesel energy content [MJ/Kg] n/a n/a n/a 
Purchased electricity [MJ/year] 0 0 0 
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Table 99. Complex L 2016-2018 combusted and flared natural gas average hydrocarbon composition. 
 Combusted natural gas Flared natural gas 
Component 2016 2017 2018 2016 2017 2018 
CH4 (methane) 95.368 97.134 n/a 98.97  98.88 98.938 
C2H6 (ethane) 0.006 0.006 n/a 0.010  0.013 0.012 
C3H8 (propane) 0.051 0.023 n/a -  -  -  
C4H10 (i-butane) 0.011 0.007 n/a -  -  -  
C4H10 (n-butane) - -  n/a - -  -  
C5H12 (i-pentane) 0.000 0.000 n/a - -  -  
C5H12 (n-pentane) -  -  n/a - -  -  
C5H12 (neo-pentane) -  -  n/a - -  -  
C6H12 (mc pentane) -  -  n/a - -  -  
C6H12 (cyclohexane) -  -  n/a - -  -  
C6H14 (hexane) 0.005 0.006 n/a - -  -  
C6H6 (benzene) -  -  n/a - -  -  
C7H14 (mc hexane) -  -  n/a - -  -  
C7H16 (heptane) -  -  n/a - -  -  
C7H8 (toluene) -  -  n/a - -  -  
C8H10 (ethylbenzene) -  -  n/a - -  -  
C8H10 (mp xylene) -  -  n/a - -  -  
C8H10 (o xylene) -  -  n/a - -  -  
C8H18 (octane) -  -  n/a - -  -  
C9H20 (nonane) -  -  n/a - -  -  
C10H22 (decane) -  -  n/a - -  -  
C11 (undecane) -  -  n/a - -  -  
CO2 0.017 0.014 n/a 0.240  0.230 0.237 
H2 -  -  n/a - -  -  
H2O -  -  n/a - -  -  
H2S -  -  n/a - -  -  
N2 4.521 2.776 n/a - -  0.813 

 

Combustion and flaring operation emissions from the CPPs were estimated in detail for the years 
2016-2017 using materials balance and the energy consumption and flaring parameters (Table 100) 
and hydrocarbon composition (Table 101) provided by the operating company. As no flared gas 
density or hydrocarbon composition was provided for the NG in the CPPs, estimations were 
performed assuming them equal to combusted NG reported for the year 2017; while CPPs flared and 
combusted natural gas energy contents were assumed equal to the LNG plant reported values. 

As reported in Table 102, the WTPs had no reported diesel or NG combusted or flared in 2017, but 
had associated energy purchases from the grid. The WTP’s energy consumption emissions were 
estimated following the procedure outlined in section 5.2.2.1.3 and considering Australia’s power 
grid GHG footprint (Table 103). 

 
Table 100. Complex L Central Processing Plants consolidated energy consumption and flaring parameters. 

Parameter Units 2016 2017 
Combusted NG [tonnes/year] 177,859 132,273 
Combusted NG density [kg/m3] n/a 6.859×10-1 
Combusted NG energy content [MJ/m3] n/a n/a 
Flared NG [tonnes/year] 76,740 68,587 
Flared NG density [kg/m3] n/a n/a 
Flared NG energy content [MJ/m3] n/a n/a 
Combusted Diesel [tonnes/year] 12,948 17,194 
Combusted Diesel energy content [MJ/Kg] n/a n/a 
Purchased electricity [GJ/year] n/a 4.959×106 
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Table 101. Complex L Central Processing Plants combusted natural gas average hydrocarbon composition in 2017. 
Component 2017 
CH4 (methane) 98.752 
C2H6 (ethane) 0.022 
C3H8 (propane) - 
C4H10 (i-butane) - 
C4H10 (n-butane) - 
C5H12 (i-pentane) - 
C5H12 (n-pentane) - 
C5H12 (neo-pentane) - 
C6H12 (mc pentane) - 
C6H12 (cyclohexane) - 
C6H14 (hexane) - 
C6H6 (benzene) - 
C7H14 (mc hexane) - 
C7H16 (heptane) - 
C7H8 (toluene) - 
C8H10 (ethylbenzene) - 
C8H10 (mp xylene) - 
C8H10 (o xylene) - 
C8H18 (octane) - 
C9H20 (nonane) - 
C10H22 (decane) - 
C11 (undecane) - 
CO2 0.226 
H2 - 
H2O - 
H2S - 
N2 0.964 

 

Table 102. Complex L Water Treatment Plants consolidated energy consumption and flaring parameters. 
Parameter Units 2017 
Combusted NG [tonnes/year] - 
Combusted NG density [kg/m3] - 
Combusted NG energy content [MJ/m3] - 
Flared NG [tonnes/year] - 
Flared NG density [kg/m3] - 
Flared NG energy content [MJ/m3] - 
Combusted Diesel [tonnes/year] - 
Combusted Diesel energy content [MJ/Kg] - 
Purchased electricity [GJ/year] 2.304×105 

 

Table 103. Australia’s power grid associated GHG footprint [209]. 
Year 2013 2014 2015 2016 
Australian power grid EF [tonCO2/GJ] 7.23×10-2 7.14×10-2 7.24×10-2 7.22×10-2 

 

While the WTPs had no relevant associated mobile equipment use; a diesel use of 15, 75 and 181 
[kL/year] was reported for the years 2016, 2017 and 2018 for the LNG plant, and of 1,430 and 3,177 
[tonnes/year] for the years 2016 and 2017 for the CCPs. Mobile equipment emissions for the rest of 
the asset’s operating life were estimated using the average reported diesel consumption rate. 

Combustion, flaring and energy purchase emissions were extrapolated for the operating years 
outside the 2016-2018 period as follows: 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

182 
 

• CPPs combustion, flaring and purchased power emissions: Proportional to the NG entering 
the Central Processing Plants (Table 104). 

• Complex L LNG plant combustion and flaring emissions: Proportional to the NG entering the 
LNG plant (Table 104). 

• WTPs purchased power emissions: Proportional to produced water throughput (Table 104). 

This research did not have access to the detailed energy consumption per unit process within the 
Complex L, so combustion, flaring and energy purchase emissions were estimated at a CPP, WTP and 
LNG plant facility level. As LNG is the only product of this chain, all emissions were allocated to the 
LNG stream. 

Table 104. Complex L produced water sent to WTP [210], and Complex L LNG plant and CPPs combined annual NG input 
derived using the field’s production forecast. Note: Data beyond 2017 was provided by the operating company and used 

in the emissions estimation but excluded from this section following confidentiality requests. 
Year CPPs NG input 

[tonnes/year] 
LNG plant NG 
input 
[tonnes/year] 

Produced water 
sent to WTP 
[ML/year] 

2013 7,861,863  6,070,508  -  
2014 8,254,625  6,373,777  829  
2015 8,891,661  6,865,662  1,657  
2016 9,198,629  9,468,349  4,563  
2017 10,685,571  8,758,479  4,146  
2018    
2019    
2018    
2019    
2020    
2021    
2022    
2023    
2024    
2025    
2026    
2027    
2028    
2029    
2030    
2031    
2032    
2033    
2034    

 

Vented emissions were estimated by unit process as detailed in section 5.2.2.3 and considering that 
Complex L operates 8,760 hours per year. 

CH4 vents related to the water treatment process were assumed to be released to the atmosphere in 
the water storage tanks and were estimated using the EF approach using the produced water 
throughput presented in Table 104. The associated uncertainty boundaries were defined using the 
EFs correspondent to water salinity levels between 2 and 20%. 

Dehydration associated vents were estimated for the CPPs and LNG plant using the EF approach 
depending on plant throughput, as described in section 5.2.2.3.3, considering that the dehydration 
circuit operates without stripping gas and with a flash tank integrated in the circuit. Vents from 3 gas 
assisted glycol pumps were considered additionally for the LNG plant. 
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CO2 and CH4 vents from the gas compression unit process within the CPPs were estimated 
considering that all 6 plants operate with a total of 18 reciprocating compressors and 8 wet seal 
centrifugal compressors. Therefore, gas assisted compressor start vents were considered using the 
number of compressor starts per year indicated in Table 105, as well as wet seal and rod pack vents 
following the procedure outlined in section 5.2.2.3.5. 

Table 105. Number of compressor starts per year assuming maintenance every 5 years. 
Year 1 2 3 4 5 
Number compressor starts/year 8 8 9 9 10 

 

AGR vents from the Complex L LNG plant were reported for the years 2016-2018 as shown in Table 
106. These vents represent respectively 80, 95 and 92% of the CO2 content of the NG entering the 
LNG plant. CO2 and CH4 vents were estimated for the reported period using material balance, and for 
the rest of the asset’s operating life assuming that CO2 is removed and vented at the average 
reported removal CO2 rate, 89%, and that CH4 is associated in this vent in the same proportion as 
reported in Table 106. 

Table 106. Complex L LNG plant AGR vents 
 2016 2017 2018 
AGR vents [sm3/year] 26,419,862  28,875,424  24,809,419  
AGR vent CH4 content [mol%] 0.43 0.43 0.43 
AGR vent CO2 content [mol%] 0.957 0.957 0.957 

 

As the produced natural gas stream is not expected to have mercury [211], changes of mercury 
removal beds were assumed to be infrequent; thus, vents associated with mercury removal vessel 
opening were considered negligible. 

Vents from the liquefaction unit process related to the NRU were estimated for the years 2016-2018 
using a material balance approach and the NRU vent composition reported by the operating 
company and presented in Table 107; NRU CH4 vents were then estimated for the rest of the asset’s 
operating life proportionally to LNG plant’s annual processing NG throughput and using the average 
CH4 vent rate over processed NG for the period reported in Table 107. 

Table 107. Complex L LNG plant NRU vents. 
 2016 2017 2018 
NRU vents [sm3/year] 61,188,620  47,159,386  35,542,193  
NRU vent CH4 content [mol%] 1.33 1.23 1.22 
NRU vent N2 content [mol%] 98.70 98.80 98.80 

 

Considering that the Complex L LNG plant contains two trains of the Conoco Phillips Optimised 
Cascade Liquefaction process, two dry seal centrifugal CH4 compressors and their associated gas 
assisted start and dry seal CH4 vents were also included within the liquefaction process. 

Additional dry seal vents from one boil-off compressor operating at the LNG storage tanks were 
considered for the LNG storage unit process. These vents were assumed to be composed only by CH4 
as the CO2 content of the stored LNG is negligible. 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

184 
 

Five intermittent-bleed gas pneumatic devices were considered for the CPPs and 3 gas assisted 
chemical injection pumps were considered for the LNG plant. No other gas assisted pneumatic 
devices or chemical injection pumps were considered for the CPPs, WTP or LNG plant. 

As the WTP treat and export clean water to several customers for use, this clean produced water was 
considered in this analysis to give an emissions credit which was assessed considering that 97% of 
the treated water is cleaned and exported for use [212] and using the GaBi LCA database emissions 
footprint for water [80].  

Fugitive emissions were assessed for the CPPs and LNG plant using the equipment factor level 
approach detailed in section 5.2.2.4.1 and the equipment count presented in Table 108. No fugitives 
were considered in the WTPs due to the low CH4 content in the produced water streams. 

Table 108. Complex L CPPs and LNG plant equipment count. 
Equipment CPPs 

[number of equipment] 
LNG Plant 

[number of equipment] 
Dehydration – Absorbers 17 1 
Gas Compression – Centrifugal compressors 8 - 
Gas Compression – Reciprocating compressors 18 - 
Liquefaction – Centrifugal compressors - 2 
LNG storage – Centrifugal compressors - 1 

 

5.3.2.3 Complex L – Decommissioning considerations 
Following the procedure described in section 5.2.3, the Complex L LNG plant is expected to be 
refurbished for other purposes at the end of its life; therefore, emissions from diesel combustion for 
cleaning activities were considered for a period of 6 months. This research used an engine diesel 
consumption rate of 49 [kL/year], equivalent to the average of the LNG plant’s engine consumption 
rate between 2016 and 2018 reported by the operating company. As the provided production 
forecast includes production activities until the year 2035, decommissioning was planned for the 
year 2036. 

Decommissioning of the CPP plants was assessed similarly, assuming these will be refurbished for 
other purposes in 2036. Emissions were then estimated considering 6 months of plant functioning 
using a diesel consumption rate of 12,768 [tonnes/year], equivalent to the average diesel 
consumption rate of all CPP plants between 2016-2017 reported by the operating company. 

The decommissioning of the water treatment plants was not assessed, as it is expected that they will 
be refurbished and used for other purposes, therefore no recycling credits or demolition related 
emissions were considered. 

By allocating the estimated Complex L LNG, CPPs and WTPs decommissioning emissions to each MJ 
of product expected to be exported by these facilities through their entire lifetime, the resulting 
emissions footprints were: 

• CPPs construction emissions: 1.55×10-3 [gCO2e/MJ NG output CPP] 
• Complex L LNG plant construction emissions: 6.93×10-6 [gCO2e/MJ LNG exported] 
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5.3.2.4 Complex L – Estimated life cycle CO2 and CH4 emissions 
Figure 43, Figure 44 and Figure 45 present WTPs, CPPs and the LNG plant whole lifecycle GHG 
emissions covering: 

• Construction: 2012-2013 (CPPs), 2011-2014 (WTPs), and 2011-2014 (LNG plant). 
• Operation: 2013-2035 
• Decommissioning: 2036 

From Figure 43 it is possible to note that construction related emissions account for 12% of the WTPs 
life cycle emissions, a high value compared to the hydrocarbon processing plant, mainly due to 
power purchase from the Australian grid. It is noted that although this research accounted for 
emissions credits due to the export of treated water from this plant, these credits correspond to only 
0.9% of the whole WTPs life cycle emissions. 

 

Figure 43. Lifecycle GHG emissions from Complex L Water Treatment Plants. 

Life cycle emissions from the CPPs were shown to be dominated by NG combustion and flaring 
emissions which represent 72 and 21% of the CPPs whole CO2 equivalent life cycle emissions. 
Corresponding construction and decommissioning emissions were shown to account only for 0.4% of 
the total CPPs CO2 equivalent life cycle emissions. 
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Figure 44. Lifecycle GHG emissions for Complex L Central Processing Plants. 

The significance of NG combustion and flaring emissions was also observed for the Complex L LNG 
plant where they accounted for 89 and 6% of the plant’s CO2 equivalent total life cycle emissions. 
This plant’s construction and decommissioning CO2 equivalent emissions estimated accounted for 
only 0.1% of the total life cycle emissions for the plant. 

 

Figure 45. Lifecycle GHG emissions for Complex L LNG plant. Note: ‘reported CO2 eq emissions’ refer to the GHG 
emissions estimated by the operating company using their inhouse estimation methods. 

Table 109 shows the annual CO2 and CH4 emissions estimated for the Complex L WTPs for the year 
2017. It is shown that although this research accounted for vented emissions from the treated water 
storage tanks and emissions credit associated to the export of treated water, indirect emissions from 
electricity purchases were far more significant. 
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Table 109. Estimated GHG emissions for the operation of Complex L WTPs in 2017. 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

Combustion - - 
Flared - - 
Vented - 258 
Fugitive - - 
Indirect 16,665 - 
Emissions credit -214 -15 
Total 16,451 243 

 

Table 110 shows the annual CO2 and CH4 emissions estimated for the Complex L CPPs for the years 
2016 and 2017. It is shown that flaring emissions account for a considerably higher percentage of the 
total CO2 emissions, 20 and 19% respectively, suggesting that these plants operate with higher flaring 
rates than the LNG plant. 

Table 110. Estimated GHG emissions for the operation of CPPs 2016-2017. 
 2016 2017 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 825,856 175 780,239 132 
Flared 202,044 1,495 180,579 1,336 
Vented 3 549 3 550 
Fugitive - 2,872 - 2,872 
Total 1,027,903 5,091 960,821 4,890 
 

Table 111, Table 112 and Table 113 present the annual CO2 and CH4 emissions for the Complex L LNG 
plant estimated by this research and those reported by the operating company for the years 2016, 
2017 and 2018 respectively. CO2 emissions reported by the operating company presented 
differences of up to 13%. Considering that flaring and vented CO2 emissions were in line with the 
reported values, this may be explained by the fact that this research accounted for emissions from 
engines and mobile equipment diesel combustion that the operator has not considered. 

However, CH4 emissions reported where between 40 and 55% lower than the values estimated by 
this research with the main differences present in CH4 NG combustion and flaring emissions. These 
were estimated by this research using a material balance approach, in contrast to the EF approach 
used by the operating company. It is suggested that CH4 combustion and flaring emissions may be 
underreported for the LNG plant, or that the carbon combustion efficiencies for the combustion and 
flaring processes are higher than the 99.9 and 98% values used in the material balance calculations 
performed in this research, which may be unlikely. 

Table 111. GHG emissions for the operation of Complex L LNG plant in 2016. 
 Reported Calculated 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 1,499,013 112 1,730,444 628 
Flared 107,001 792 124,811 924 
Vented 41,172 448 48,964 767 
Fugitive - 362 - 492 
Total 1,647,192 1,714 1,904,219 2,811 
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Table 112. GHG emissions for the operation of Complex L LNG plant in 2017. 
 Reported Calculated 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 1,590,995 124 1,432,889 521 
Flared 102,605 152 101,739 753 
Vented 53,893 394 53,515 613 
Fugitive - 392 - 492 
Total 1,747,493 1,062 1,588,143 2,378 
 

Table 113. GHG emissions for the operation of Complex L LNG plant in 2018. 
 Reported Calculated 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 1,450,401 113 1,434,555 520 
Flared 52,445 78 51,265 379 
Vented 45,980 368 45,980 497 
Fugitive - 346 - 492 
Total 1,548,826 905 1,531,800 1,888 
 

Table 114, Table 115 and Table 116 present Complex L’s WTPs, CPPs and LNG plant GHG emissions 
key performance indicators for the years 2016-2018, when available for comparison. It is possible to 
note that vented and fugitive CH4 emissions from the WTPs are equivalent to 0.002 % of the gas 
produced by the Complex L wells, while vented and fugitive CH4 emissions from the CPPs and LNG 
plant represent 0.03 and 0.01% of these facilities natural gas related exports. From these tables, it is 
also important to note that the WTPs, CPPs and LNG associated GHG footprints were estimated as 
0.25 [gCO2eq/MJ NG produced wells], 1.96-2.65 [gCO2eq/MJ CPPs NG throughput] and 3.82-4.34 
[gCO2eq/MJ LNG throughput] respectively, highlighting the emission from the WTPs are low 
compared to the other facilities, and that emissions from the LNG are predominant in this complex. 

Emissions for the rest of the assets’ operating life were extrapolated between 2013 and 2035. The 
natural gas associated GHG footprint for the WTPs, CPPs and LNG plant for the whole Complex L 
lifetime are shown in Figure 46, Figure 47 and Figure 48 along with their associated upper and lower 
uncertainty boundaries. 

Table 114. Key GHG performance indicators for Complex L WTPs. 
 2017 

Reported Calculated 
Total CO2 and CH4 emissions [tonnes CO2eq/year] -AR4[54] n/a 22,526 
Natural gas GHG footprint [gCO2eq/MJ NG produced wells] -AR4[54] n/a 0.25 
Vented & Fugitive CH4 [Million sm3/year] n/a 0.39 
Vented & Fugitive CH4 [% Wells production] n/a 0.002 

 

Table 115. Key GHG performance indicators for Complex L CPPs. 
 2016 2017 
 Reported Calculated Reported Calculated 
Total CO2 and CH4 emissions [tonnes CO2eq/year] -AR4[54] n/a 1,155,189 n/a 1,083,086 
Natural gas GHG footprint [gCO2eq/MJ throughput] -AR4[54] n/a 2.65 n/a 1.96 
Vented & Fugitive CH4 [Million sm3/year] n/a 5.22 19.02 5.22 
Vented & Fugitive CH4 [% CPP throughput] n/a 0.04 0.12 0.03 
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Table 116. Key GHG performance indicators for Complex L LNG plant. 
 2016 2017 2018 
 Reported Calculated Reported Calculated Reported Calculated 
Total CO2 and CH4 emissions 
[tonnes CO2eq/year] -AR4[54] 

1,690,042 1,746,147 1,774,043 1,445,904 1,571,451 1,447,565 

Natural gas GHG footprint 
[gCO2eq/MJ throughput] -
AR4[54] 

3.82 3.82 4.35 4.04 4.32 4.34 

Vented & Fugitive CH4  
[Million sm3/year] 

1.23 1.92 1.20 1.68 1.09 1.51 

Vented & Fugitive CH4 [% Plant’s 
throughput] 

0.01 0.01 0.01 0.01 0.01 0.01 

 

 

Figure 46. GHG footprint over the asset’s lifetime for the Complex L Water Treatment Plants. 

 

Figure 47. GHG footprint over the asset’s lifetime for the Complex L Central Processing Plants. 
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Figure 48. GHG footprint over the asset’s lifetime for the Complex L LNG Plant. 

Both, the CPPs and the LNG plant present similar trends in their GHG footprint. While the CPPs GHG 
footprint remains relatively stable around the value of 1.70 [gCO2eq/MJ CPPs NG throughput] with a 
stable uncertainty boundary of [-25,+25]%, the LNG plant is estimated to have a GHG footprint below 
4.30 [gCO2eq/MJ LNG throughput] from 2015 and 2035 with an uncertainty boundary of [-10,+6]%. 
Both facilities also presented higher GHG footprints at the beginning of the operation, due to low 
production throughputs, and low uncertainty boundaries associated to the years for which detailed 
operational data was available for this research. 

As the WTPs do not have a physical hydrocarbon production flow, their associated emissions were 
allocated to the flows produced by the Complex L associated wells. As shown in Figure 46, this 
footprint was observed always below the 0.05 [gCO2eq/MJ NG produced wells] value with estimated 
uncertainties of -14% in the lower bound and three times higher in the upper bound. This high upper 
uncertainty bound was estimated considering the possibility that the used water tank EF is 
associated with produced water of lower salinity. However, the overall footprints are estimated to 
always stay below 0.25 [gCO2eq/MJ NG produced wells] level. 

5.3.3 Complex M case study 
Located in Southern Bolivia, the Complex M produces natural gas and condensate from a 
conventional reservoir. Having started production in 2004, the Complex M processing plant receives 
the hydrocarbon production streams collected via flow lines, to process them in three facilities that 
operate in parallel and with the same purpose: 

• Early Processing Facility (EPF): Started operation in 2004. 
• Central Processing Facility I (CPF I): Started operation in 2012. 
• Central Processing Facility II (CPF II): Started operation in 2014. 

Complex M currently exports natural gas via onshore transmission pipelines to Brazil and Argentina 
and also provides gas to local customers in Bolivia via onshore transmission pipelines. 
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5.3.3.1 Complex M – Construction parameters 
The Complex M natural gas processing plant is composed by three gas processing facilities, the Early 
Gas Processing Facility (EPF), Central Processing Facility I (CPF I) and the Central Processing Facility II 
(CPF II), which respectively have a design processing capacity of 0.69, 1.39 and 1.39 MTPA of natural 
gas.  

Following the procedure outlined in section 5.2.1, CO2 and CH4 emissions from the construction of 
these facilities were assessed accounting for construction materials (Table 117) associated GHG 
footprint and the construction activities fuel combustion emissions (assumed equal to 20% of the 
materials’ footprint). These emissions were temporally allocated considering that the construction 
activities took place between 2002 and 2003 for the EPF, 2012 for the CPF I, and between 2013 and 
2014 for the CPF II. 

Table 117. Complex M natural gas processing plant estimated material use.  
Facility Concrete 

[kg] 
Steel  
[kg] 

Sulphuric 
acid  [kg] 

Mineral 
wool [kg] 

PE  
[kg] 

EPF 4.56×105 2.37×106 8.67×104 1.37×105 2.04×104 
CPF I 9.19×105 4.78×106 1.75×105 2.77×105 4.12×104 
CPF II 9.19×105 4.78×106 1.75×105 2.77×105 4.12×104 

 

When allocating the estimated Complex M construction associated emissions to each MJ of product 
expected to be exported throughout the project’s lifetime, the allocated emissions are: 

• Construction footprint: 3.77×10-3 [gCO2e/MJ NG exported] 

5.3.3.2 Complex M – Operation parameters 
The operation of the Complex M plant was modelled for the unit processes presented in Figure 49. 
Besides natural gas, this plant also produces condensate. Therefore, each unit process was related to 
both or only one of the product flows. Table 118 outlines this classification of flows, as was used to 
allocate estimated vented, fugitive and combustion related emissions from each unit process, in line 
with the procedure presented in section 3.2.5. The estimation of onshore NG production was not 
assessed in this research, as it is outside the present thesis scope (but has been assessed by other 
members of the MERG research group for completeness). 

Table 118. Complex M plant unit process classification for emissions’ allocation. 
Unit Process Associated production flows 
Slug catcher NG + Condensate 
Mercury removal NG + Condensate 
Cold separation NG + Condensate 
Water management NG + Condensate 
Condensate treatment Condensate 
Pumping Condensate 
Dehydration NG 
Gas compression NG 
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Figure 49. Schematic representation of Complex L unit processes. 

 
Operation emissions were estimated in detail for the year 2016 using the diesel combustion, natural 
gas combustion, power purchase and natural gas flaring information provided by the operating 
company (Table 119). 

Table 119. Complex M energy consumption and flaring parameters for 2016. 
Parameter Units EPF plant CPF I & II plant 
Combusted NG [tonnes/year] 5,228 21,763 
Combusted NG density [kg/m3] 6.301×10-1 6.353×10-1 
Combusted NG energy content (LHV) [MJ/m3] n/a 33.29 
Flared NG [tonnes/year] 1,776 1,833 
Flared NG density [kg/m3] n/a n/a 
Flared NG energy content [MJ/kg] n/a n/a 
Combusted Diesel [tonnes/year] 1,000 1,656 
Combusted Diesel energy content [MJ/Kg] n/a n/a 
Purchased electricity [MJ/year] - - 

 

Specifically, combustion emissions were estimated for the year 2016 using the material balance 
procedure detailed in section 5.2.2.1, the natural gas and diesel combustion volumes presented in 
Table 119, the average hydrocarbon composition for combusted natural gas presented in Table 120, 
and using a carbon combustion efficiency for natural gas turbines of 99.5% as indicated by the 
operating company. These emissions were then allocated to each of the modelled unit processes 
using the energy consumption breakdown per unit process, provided by the operating company for 
the year 2016 (Table 121).  

Similarly, flaring emissions were estimated for the same year using the material balance procedure 
detailed in section 5.2.2.2, the flaring volumes presented in Table 119, a carbon combustion 
efficiency for flaring of 98% as indicated by the operating company, and assuming that flared gas had 
the same hydrocarbon composition as combusted gas, given that no flared gas hydrocarbon 
composition was available for this analysis.  
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Table 120. Complex M average hydrocarbon composition for combusted natural gas in 2016. 
Component EPF CPF I & II 
CH4 (methane) 88.730 89.027 
C2H6 (ethane) 5.719 5.876 
C3H8 (propane) 1.974 2.074 
C4H10 (i-butane) 0.364 0.346 
C4H10 (n-butane) 0.512 0.487 
C5H12 (i-pentane) 0.172 0.159 
C5H12 (n-pentane) 0.116 0.109 
C5H12 (neo-pentane) -  -  
C6H12 (mc pentane) - - 
C6H12 (cyclohexane) - - 
C6H14 (hexane) 0.063 0.073 
C6H6 (benzene) - - 
C7H14 (mc hexane) - - 
C7H16 (heptane) 0.021 0.028 
C7H8 (toluene) - - 
C8H10 (ethylbenzene) - - 
C8H10 (mp xylene) - - 
C8H10 (o xylene) - - 
C8H18 (octane) 0.005 0.008 
C9H20 (nonane) - 0.001 
C10H22 (decane) - - 
C11 (undecane) - - 
CO2 1.098 1.083 
H2 - - 
H2O - - 
H2S - - 
N2 0.689 0.729 

 

Table 121. Complex M energy consumption breakdown per unit process. 
Unit process Energy consumption 

[% of Plant’s total] 
Slug catcher n/a 
Mercury removal n/a 
Cold separation 32.03 
Water management 2.35 
Condensate treatment n/a 
Pumping 5.07 
Dehydration 7.11 
Gas compression 48.47 
Other/non specified 4.96 

 

Once combustion and flaring emissions were estimated using material balance for the year 2016, 
these were extrapolated for the rest of the asset’s operating life as indicated in section 4.2.2.6; 
specifically: 

• Cold separation and other/non specified combustion emissions were extrapolated by varying 
them in proportion to the sum of the produced condensate and natural gas flows over time, 
as they handle both production flows. 

• Condensate treatment and pumping combustion emissions were extrapolated in proportion 
to the produced condensate flow over time, as they handle condensate flows only. 

• Flaring emissions, and the dehydration and gas compression combustion emissions were 
extrapolated in proportion to the produced natural gas flow over time. 
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• Water management combustion emissions were extrapolated in proportion to the produced 
water flows over time. 

Table 122 presents the Complex M production forecast used for these extrapolations. 

Table 122. Complex M combined production forecast. Provided by the operating company.  
Year Natural gas 

[106m3/year] 
Condensate 
[106m3/year] 

Produced water 
[106m3/year] 

Year Natural gas 
[106m3/year] 

Condensate 
[106m3/year] 

Produced water 
[106m3/year] 

2004 18.25  0.00  -    2028    
2005 693.50  0.23  0.00  2029    
2006 489.10  0.16  0.00  2030    
2007 693.50  0.25  0.01  2031    
2008 594.95  0.20  0.01  2032    
2009 587.65  0.18  0.01  2033    
2010 777.45  0.22  0.00  2034    
2011 985.50  0.25  0.00  2035    
2012 2,412.65  0.55  0.01  2036    
2013 3,836.15  0.85  0.03  2037    
2014 5,558.95  1.24  0.04  2038    
2015 6,515.25  1.39  0.08  2039    
2016 6,643.00  1.37  0.11  2040    
2017    2041    
2018    2042    
2019    2043    
2020    2044    
2021    2045    
2022    2046    
2023    2047    
2024    2048    
2025    2049    
2026    2050    
2027    2051    
Note: Data beyond 2017 was provided by the operating company and used in the emissions estimation but excluded 
from this section following confidentiality requests. 

 

As detailed combustion and flaring flows were provided for one year of operation only, combustion 
and flaring upper and lower uncertainty boundaries were modelled in time with the maximum 
percentage deviation observed between consecutive years in the Complex L Plant for the parameters 

of combusted NG over plant processed NG ratio (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐 𝑁𝑁𝑁𝑁
𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐 𝑁𝑁𝑁𝑁

) and flared NG over plant processed 

NG ratio ( 𝐹𝐹𝑙𝑙𝑙𝑙𝑃𝑃𝑒𝑒𝑐𝑐 𝑁𝑁𝑁𝑁
𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐 𝑁𝑁𝑁𝑁

), which were respectively 13 and 40%.  

Due to the considerable distance of the Complex M plant to urban settlements, labour and materials 
have to be constantly transported to the site. Emissions from mobile equipment use were then 
assessed considering Complex M has a camp for 140 workers which are transported to the site by 
airplanes every 14 days from the city of Santa Cruz, these emissions were estimated following the 
procedure of section 5.2.2.5 and the activity factors presented in Table 123. 

Table 123. Airplane labour transport to Complex M. Provided by the operating company. 
Parameter Value Units 
Number of people transported per shift 140 [people/shift] 
Shift duration 14 [days/shift] 
Complex M operating days 365 [days/year] 
Distance one way trip 375 [km] 
Airplane capacity 34 [people/trip] 
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Additionally, emissions from the transport of supplies detailed in Table 124 were estimated following 
the procedure detailed in section 5.2.2.5 and considering a return trip from the city of Santa Cruz. 

Table 124. Supplies transport to Complex M. Provided by the operating company. 
Supply Value [trips/year] Vehicle uses 
Glycol 10 Light lorry 
Propane 2 Light lorry 
Other supplies 19 Light lorry 
Heavy supplies 37 Heavy lorry 
Supplies in 4x4 vehicles 4 Medium automobile 
Supplies in large vehicles 10 Large automobile 

 

Complex M exports were estimated considering the natural gas and condensate flows forecasted to 
arrive at the plant (Table 122) and their respective energy contents of 33.29 [MJ/m3 NG] and 59.59 
[MJ/Kg condensate]. These calculations also accounted that 0.73% of the NG entering that plant was 
used for combustion or flaring purposes in 2016; the estimated ratio (Table 125) was considered 
constant for the rest of the asset’s operating life.  

Table 125. Complex M product exports expressed as fraction of energy in 2016. 
Product Energy export [% total energy exports] 
NG  78 
Condensate  22 

 

Vented emissions were estimated by unit process as detailed in section 5.2.2.3 and considering that 
the Complex M plant operates 8,758 hours per year. 

The slug catcher functions so as to stop and capture large quantities of liquids coming from the field 
flow lines; analogously to the separation unit process, the slug catcher operates under sealed 
conditions and does not remove or vent any part of the production stream. Therefore, this research 
did not consider vents associated to this unit process. 

The cold separation unit process comprises separators and heat exchangers fed by propane cooled 
using propane compressors. As the objective of this process is to separate the liquid from the 
gaseous hydrocarbons and water components from the production flow, no CO2 or CH4 vents were 
modelled for this unit process. Although the propane refrigeration compressors have propane vents 
associated with their normal operation, these were are not accounted for by this research. 

Mercury removal vents associated to the opening of these vessels were considered to be sent to 
flare; therefore no vents to the atmosphere were modelled for this unit process. 

CH4 vents from the water management unit process were assessed accounting for the CH4 dissolved 
in the produced water stream and later vented in the water storage tanks and the produced water 
tanks natural gas blanket vents. Both were assessed following the EF procedure outlined in section 
5.2.3.10. While the former vents’ group were each estimated using the produced water throughput 
from Table 122 and an EF of 9.19×10-3 [tonneCH4/103m3water], the later group was estimated using 
the following parameters: 

• Using a gas blanket vent EF of 2×106 [CH4ft3/year/tank] [155]. 
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• Considering that 50% of these vents were sent to flaring, according to information provided 
by the operating company. 

• That the EPF and CPF plants started operation in the years 2004 and 2012 respectively and 
have produced water storage tank capacities of 940 and 36,178 [bbl water] respectively.  

As the produced water tank vent EF had no reported uncertainty boundaries, no uncertainty was 
modelled for this emissions source. However, lower and upper uncertainty boundaries were defined 
for the vents from CH4 dissolved in the produced water stream by varying the EF between the 
corresponding value for produced water salt content of 2 and 20%. 

The dehydration unit process in the Complex M has flash tanks integrated in its processes and uses 
glycol and electrical chemical injection pumps. The associated CH4 emissions were estimated using 
the EF approach based on production throughput as detailed in section 5.2.2.3.3. The uncertainty 
associated with these estimates was assessed using the EF defined uncertainty boundaries. 

Gas compression CH4 vents were assessed considering that the EPF and CPF plants operate with 4 
and 3 dry seal centrifugal compressors, which have associated dry seal and gas assisted start vents 
during normal operation. These were estimated following section 5.2.2.3.5 and using Table 126. 
Given the low CO2 content on the processed NG stream, CO2 vents were considered negligible in this 
process. 

Table 126. Number of centrifugal compressor starts per year assuming maintenance every 5 years. 
Year 1 2 3 4 5 
Number compressor starts/year 8 8 9 9 10 

 

No gas assisted pneumatic or chemical pumps are used in Complex M. 

Given that the operating company provided the plant’s component count, classified by leaking and 
non-leaking components (Table 127), the leak/no-leak component EF approach presented in section 
5.2.2.4.2 was used to assess fugitive emissions at a facility level. As there was no information 
available on how these components are distributed among unit processes, the estimated fugitive 
emissions were allocated directly to product flows, based on energy content following the procedure 
outlined in section 3.2.5. Given the low CO2 content of the Complex M NG, CO2 fugitives were 
considered negligible. EPA’s component level EFs do not have associated uncertainty boundaries, 
therefore it was not possible to assess uncertainty from this emissions source. 

Table 127. Complex M component count. Provided by the operating company. 
 Number of components 
Component Leaking Non-leaking 
Valves 30  16,198  
Flanges 0  3 
Pump seals 8  6,166  
Other 14  2,277  
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5.3.3.3 Complex M – Decommissioning considerations 
Following the considerations presented in section 5.2.3, the Complex M processing plant may be 
refurbished for other purposes at the end of its operational life, therefore no major recycling credits 
or dismantling related emissions were assessed in this analysis. 

Nevertheless, 6 months of plant operation before refurbishment, using diesel generators for fuel 
cleaning purposes were considered for the year 2051 at the same annual diesel consumption rate 
reported by the operating company for the year 2016. This reports 1,000 [tonnes diesel/year] for the 
EPF plant and 1,656 [tonnes diesel/year] for both CPF plants.  

When allocating the estimated Complex M plant decommissioning associated emissions to each MJ 
of product expected to be exported throughout the project’s lifetime, the allocated emissions are: 

• Decommissioning footprint: 7.74×10-4 [gCO2e/MJ NG exported] 

5.3.3.4 Complex M – Estimated life cycle CO2 and CH4 emissions 
Figure 50 presents the estimated whole lifecycle GHG emissions for Complex M including: 

• Construction: 2002-2003 (EPF), 2012 (CPF I) and 2013-2014 (CPF II). 
• Operation: 2004-2050. 
• Decommissioning: 2051 

From the results it is clear that construction and decommissioning emissions are very low, compared 
to the operation emissions. Specifically, they represent 0.9% of the whole life cycle emissions in 
terms of CO2 equivalent.  

From the same Figure 50, it is also clear that the complex’s life cycle emissions are dominated by 
combustion and flaring emissions which represent respectively 70 and 8% of the plant’s CO2 
equivalent lifecycle emissions. 
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Figure 50. Lifecycle GHG emissions for Complex M. Reported 2016 emissions were considerably higher than this research 
estimates having used coarse resolution facility level EFs to estimate fugitive emissions. Note: ‘reported CO2 eq 

emissions’ refer to the GHG emissions estimated by the operating company using their inhouse estimation methods. 

For 2016, Figure 51 and Figure 52 show the contribution of each unit process to combustion and 
vented CO2 and CH4 emissions respectively. As flaring and fugitive emissions were estimated at 
facility level they do not affect these proportions. While the gas compression unit process was the 
main emitter of CO2 and CH4 emissions due to its high energy consumption and centrifugal 
compressor vents; the cold separation unit process followed as an important CO2 emitter due to the 
energy consumption of its propane refrigeration compressors. The water management unit process 
followed as an important CH4 emitter due to the gas blanket vents associated to its produced water 
storage tanks. 

 

Figure 51. Combustion and vented CO2 emissions per unit process for Complex M in 2016. 
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Figure 52. Combustion and vented CH4 emissions per unit process for Complex M in 2016. 

Table 128 presents the annual CO2 and CH4 emissions for Complex M as estimated by this research 
and those reported by the operating company for the same year (2016).  

While CO2 emissions presented differences of just 12% between estimated and reported figures, CH4 
emissions reported were 12 times higher than those estimated by this research. Regarding CO2 
emissions, flaring estimates were in line with the figures reported by the operating company, 
combustion emissions estimated by this research were higher as this research considered emissions 
from diesel combustion from engines and mobile equipment use which were not considered by the 
operating company in their reported figures. 

On the other hand, reported fugitive emissions for CH4 were estimated by the operating company 
using a coarse resolution, facility level EPA EFs which rendered a considerably higher value than 
those obtained in this research using higher accuracy leak/no-leak component level EFs and the 
facility component count. 

Table 128. GHG operation emissions for complex M in 2016. 
 Reported Estimated 
Emission source CO2 emissions 

[tonnes/year] 
CH4 emissions 
[tonnes/year] 

CO2 emissions 
[tonnes/year] 

CH4 emissions 
[tonnes/year] 

Combustion 72,792 4 82,859 105 
Flared 9,582 56 9,586 56 
Vented - 30 - 364 
Fugitive - 6,703 - 39 
Total 82,374 6,793 92,445 564 
 

Moreover, the key GHG performance indicators for Complex M in 2016 are presented in Table 129, 
which highlights the difference between estimated and reported vented and fugitive CH4 emissions. 
The estimated GHG footprint for Complex M at 0.42 [gCO2eq/MJ], and amount of vented and fugitive 
CH4 emissions that represent 0.01% of the facility’s output are in a low range, given this is a new 
facility. 
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Table 129. Key GHG performance indicators for Complex M. 

 2016 
Reported Calculated 

Total CO2 and CH4 emissions [tonnes CO2eq/year] -AR4 [54] 252,199 106,54 
Natural gas GHG footprint [gCO2eq/MJ] -AR4 [54] - 0.42 
Vented & Fugitive CH4 [Million sm3/year] 10.26 0.61 
Vented & Fugitive CH4 [% Plant throughput] 0.16 0.01 

 

The 2016 emissions estimated were then extrapolated for the whole operating life of the facility 
between 2004 and 2050, along with upper and lower uncertainty boundaries, as shown in Figure 53. 
While in 2004 the facility has a very high footprint due to low NG production rate and high mobile 
equipment related emissions, it is estimated to be mostly stable throughout the asset’s lifetime. 
Between 2005 and 2034 Complex M has a relatively stable GHG footprint below 0.56 [gCO2eq/MJ], 
and from 2035 its footprint increases constantly until 2050 due to decaying NG production.  

From Figure 53 it is also possible to note that the estimated lower and upper uncertainty boundary 
for Complex M’s GHG footprint was in the range of [-17,+20]% with higher values at the beginning 
and end of the operation.   

 

Figure 53. GHG footprint for the natural gas produced at Complex M over the asset’s lifetime. 

5.4 Conclusions 
This section presented the LCI models developed to estimate life cycle CO2 and CH4 emissions 
associated with onshore natural gas processing and liquefaction and how these were applied to 
estimate emissions associated to three global natural gas processing and liquefaction facilities in 
Norway, Bolivia and Australia.  

When looking at the contribution of the individual unit processes to the onshore NG processing and 
liquefaction stage, the construction and decommissioning of these facilities were found to account 
for less than 1.1% of the facilities’ life cycle emissions in all three case studies; while the NG 
compression and liquefaction unit processes were shown to be the highest emitters for both CO2 and 
CH4.  
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The use of NG blanket in produced water storage tanks was also observed to significantly increase 
CH4 emissions in a NG processing plant, becoming the second highest CH4 emission source in the 
Complex M plant. 

Regarding fugitives emission estimation, this research showed that when these are estimated using 
facility level EFs, estimates result being up to 90 times higher than the estimates obtained using 
higher accuracy EFs, such as the EPA component leak/no-leak method, as observed in the Complex M 
case study, highlighting the potential overestimation of these emissions if using facility level EFs. 

The models developed in this section also allow to analyse the evolution of an onshore NG 
processing and liquefaction facility’s GHG emissions profile throughout its lifetime. The produced NG 
embodied GHG footprint was observed to be higher at the beginning and the end of the project’s 
lifetime mainly due to reduced production throughputs at these times. 

This research also allowed a comparison between the CH4 emissions estimated for Complex K using 
the developed bottom-up LCI models, against top-down monitoring derived estimates. Results 
suggest that the top-down monitoring estimates are 1.79 times higher than the estimates obtained 
using the developed LCI models. Although differences of this kind had already been reported by 
authors such as Brandt et al. [75], Johnson et al. [205] and Lavoie et al. [77] for oil and gas operations 
in North America, they highlight that currently available bottom-up approaches still do not fully 
capture all the emission sources across the NG chain. This research explained these differences for 
the analysed case study with the following considerations: 

• The possibility that the EFs used to model vents might not properly represent the 
technologies and operational practices present at the facility. 

• The possibility that variability in operational practices might generate important differences 
in the facility’s GHG emissions. 

• That specific unit processes such as (I) LPG and LNG tanks, (II) pig receiver, (III) MEG process 
and (IV) MEG and hot oil storage, whose CH4 emissions were neglected following the EPA and 
API inventories, might generate considerable CH4 emissions. These unit processes were 
estimated by the top-down approach to produce CH4 emissions equal to 10.7% of the 
bottom-up CH4 estimates. 

• The plant natural gas turbines carbon combustion efficiency might be lower (99.8% instead 
of the reported 99.9%) than considered; which, besides reducing the estimates difference 
down to 34%, may be the only explanation as to the differences in CH4 estimates in the 
generators area apart from highly variable hydrocarbon composition. 

 

The following chapter presents the LCIs developed to assess the CO2 and CH4 emissions associated to 
the offshore transport of NG, either in gaseous state through offshore pipelines, or in liquid state as 
LNG; and explains how GHG footprints from different NG life cycle stages were integrated in this 
research to obtain well-to-market (cradle to gate) footprints for specific value chains. 
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6 Natural gas well-to-market GHG footprint estimation  

6.1 Introduction 
After processing, subsea transmission pipelines and LNG carriers are the main options used to 
transport natural gas across seas and oceans (Figure 54). 

This chapter explains the development of the LCIs used to estimate CO2 and CH4 emissions associated 
with the construction, operation and decommissioning of the equipment involved in the offshore 
natural gas transport life cycle stage, while simultaneously assessing the uncertainty of these 
estimates. 

 

Figure 54. Schematic representation of the offshore natural gas transport life cycle stage within the Natural Gas supply 
chain. 

This chapter later explains the principles used to integrate the stage specific GHG emissions 
footprints to estimate a well-to-market (cradle to gate) natural gas GHG footprint using a functional 
unit of 1 MJ of natural gas delivered to market, as defined in section 3.2.2.4. 

Using the GHG emissions of (a) offshore natural gas production and pre-processing estimated in 
Chapter 4, (b) onshore natural processing and liquefaction estimated in Chapter 5, (c) offshore 
natural gas transport estimated in this chapter, and (d) onshore natural gas production, gathering 
lines, and transmission taken from the literature; this chapter integrates the different life cycle stages 
of the natural gas supply chain components studied to estimate the natural gas well-to-market 
(cradle to gate) GHG footprint for the following value chains: 

• Complex A conventional offshore natural gas from UK Continental Shelf (UKCS) delivered to 
the UK via offshore transmission pipelines. 

• Complex B conventional offshore natural gas from Norway delivered to Europe via offshore 
transmission pipelines. 

• Complex C conventional offshore natural gas from Norway, processed and liquefied in 
Complex K, and delivered to Spain via LNG carriers. 

• Complex M conventional natural gas from Bolivia delivered locally and exported to Brazil and 
Argentina via onshore transmission pipelines. 
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• Complex L CBM derived natural gas from Australia delivered to China, Japan and Chile via 
LNG carriers. 

6.2 Life cycle inventory modelling for offshore natural gas pipeline 
transportation 

6.2.1 Construction 
The inventory models developed account for emissions from the construction of offshore pipeline 
systems covering the installation of offshore pipelines as well as recompression platforms. 

Recompression platforms construction emissions were assessed following the procedure presented 
in section 4.2.1, which accounts for the materials footprint as well as the mobile equipment 
associated fuel combustion CO2 and CH4 emissions. 

Similarly, offshore pipelines installation emissions were assessed accounting for CO2 and CH4 
emissions from vessel use fuel combustion and the used materials GHG emissions footprint. The 
former are estimated using Equation 47 [49]. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵 × 𝑨𝑨𝑭𝑭𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 × 𝑨𝑨𝑭𝑭𝒇𝒇𝒇𝒇𝒕𝒕𝒇𝒇 × 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒     Equation 47 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/ CH4 mass emissions associated to a specific mobile equipment use, expressed 
in [massCO2 or CH4]. 

• 𝑁𝑁: Number of mobile equipment used.  
• 𝐴𝐴𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡: Time during which specific mobile equipment was used for offshore pipeline 

installation activities, expressed in [time].  
• 𝐴𝐴𝐹𝐹𝑓𝑓𝑓𝑓𝑡𝑡𝑓𝑓: Specific mobile equipment fuel consumption rate, expressed in [combusted fuel 

mass /time]. All offshore pipeline installation associated mobile equipment was assumed to 
consume diesel. 

• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/CH4 diesel mass emission factor, expressed in [mass CO2 or CH4/mass diesel 
combusted] and taken from API [49]. 

This research estimates vessel fuel consumption depending on the vessel’s Gross Registered Tonnage 
(GRT) using Equation 48 developed by IPCC [213]. 

𝑨𝑨𝑭𝑭𝒇𝒇𝒇𝒇𝒕𝒕𝒇𝒇 = 𝟗𝟗.𝟕𝟕𝟕𝟕𝟐𝟐𝟕𝟕 + 𝟗𝟗.𝟕𝟕 × 𝟕𝟕𝟏𝟏−𝟒𝟒 × 𝑮𝑮𝑮𝑮𝑮𝑮     Equation 48 

Where: 

• 𝑨𝑨𝐹𝐹𝑓𝑓𝑓𝑓𝑡𝑡𝑓𝑓: Specific mobile equipment fuel consumption rate, expressed in [tonnes fuel /day] 
• 𝐺𝐺𝐺𝐺𝐺𝐺: Marine vessel’s Gross Registered Tonnage, expressed in [tonnes]. 

In cases where the specific vessels used in the analysed offshore pipeline installation were not 
publicly available, the generic activity factors presented in Table 130 were used instead. 
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Table 130. Offshore pipeline installation fuel intensity parameters [144]. 
Activity Fuel intensity Units Fuel 
Anchor handling vessel fuel use 14 [tonnes/day] Diesel 
Pipe-lay barge generator fuel use 15 [tonnes/day] Diesel 
Pipe-haul barge fuel use 15 [tonnes/day] Diesel 
Tugs fuel use 14 [tonnes/day] Diesel 
Survey vessel fuel use 14 [tonnes/day] Diesel 
Diving support vessel fuel use 14 [tonnes/day] Diesel 
Commissioning support vessel fuel use 14 [tonnes/day] Diesel 
Rock installation vessel fuel use 29 [tonnes/day] Diesel 

 

CO2 and CH4 emissions associated with offshore pipeline materials were estimated using Equation 49. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕𝟐𝟐 = ∑ 𝒕𝒕𝒕𝒕 × 𝑬𝑬𝑭𝑭𝒕𝒕,𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕𝟐𝟐𝒕𝒕       Equation 49 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑒𝑒𝑒𝑒: Offshore pipeline associated GHG emissions footprint, expressed in [mass CO2 

equivalent]. 
• 𝑖𝑖: Represents a type of material used in the offshore pipeline. 
• 𝑚𝑚𝑡𝑡: Mass of the material type 𝑖𝑖 in the analysed offshore pipeline segment, expressed in 

[mass material]. 
• 𝐸𝐸𝐹𝐹𝑡𝑡,𝐶𝐶𝑂𝑂2𝑒𝑒𝑒𝑒: Material 𝑖𝑖 GHG emissions footprint per unit of mass, expressed in [mass CO2 

equivalent/mass material] and taken from the Ecoinvent database version 3.5 [143].  

The materials used and their associated masses were obtained for each pipeline system from 
literature studies.  

6.2.2 Operation  
As compression activities that facilitate natural gas flow through offshore pipelines take place in the 
offshore platforms, and their associated emissions were already accounted for in the offshore 
natural gas production and processing life cycle stage, offshore pipeline operation emissions were 
modelled as related to (1) possible leaks and (2) vessel use. 

Emissions from possible offshore pipeline leaks were considered negligible by this research in the UK 
and Norwegian context as: 

• The Pipeline and Riser Loss of Containment (PARLOC) report for UK offshore activity reported 
an average loss of containment event frequency for UK oil and gas offshore steel pipelines of 
4.24×10-4 [events/year/km] [214]; this factor applied to Complex A associated offshore 
pipeline system would suggest that during the whole life time of the facility there could have 
been 4 loss of containment events only, which leads this research to consider CH4 and CO2 
emissions due to offshore pipeline leaks in the UK as negligible. 

• The Corrosion and Damage database (CODAM) has reported only two spill incidents 
associated with 36 inches pipelines, such as the ones associated with the Complex B, 
between 1975 and 2017 in Norwegian waters [215]. If the PARLOC 2012 factor is applied to 
the Complex B related pipelines, 11 and 10 loss of containment events would be predicted 
for the whole project life time for the two sections to Europe. For Complex C, the PARLOC 
2012 factor would suggest that the field will have 3 loss of containment events in its whole 
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life time which led this research to consider that CH4 and CO2 emissions related to leaks from 
these pipeline systems as negligible. 

Emissions from fuel combustion associated with offshore pipeline vessel use were estimated 
considering that the 730 km pipeline connecting Complex A to the UK uses 90 days of surveillance 
barges [216] with a fuel consumption of 14 [tonnes diesel/day]. The suggested 0.12 [days barge 
use/pipeline km] ratio was used to estimate survey vessel use in other offshore pipeline systems 
considered. 

6.2.3 Decommissioning 
The currently available offshore pipeline decommissioning options are: 

• In-situ decommissioning: Consists on cleaning the pipeline, cutting and either removing or 
burring the edges. 

• Full pipeline removal. 
• Trenching and burring the pipeline on the sea floor or rock covering it. 

Decommissioning of offshore pipelines in the UK is ruled by UK legislation which highlights that the 
determination of the decommissioning method is taken on a case by case basis considering the costs 
and sea bed disruption that each option requires [217]. 

This research assumed that the Complex A related offshore pipelines will be decommissioned in-situ 
as: 

• The UK Oil and Gas authority expects offshore pipelines considered adequately buried or 
trenched and not subjected to development of spans to remain so [218], and indeed the 
Complex A offshore pipeline is buried along most of its route [219]. 

• The Complex A pipeline is considered a long offshore pipeline in the UK North Sea; 
decommissioning including removal options in this area have focused in small offshore 
pipeline segments [218]. 

• The majority of the decommissioned offshore pipelines in the UK to the date have been 
decommissioned in-situ due to the lower associated impacts on the sea bed when using this 
method [218]. 

Offshore pipeline decommissioning in Norway is subject to similar Norwegian regulations. The 
Oslo/Paris convention for the Protection of the Marine Environment of the North-East Atlantic 
(OSPAR) decision 98/3 specifically does not prohibit the disposal of disused pipelines and cables at 
sea. It is the Norwegian ministry of Petroleum and Energy who decides the decommissioning of 
offshore pipelines on a case by case basis [220].  

Following the approach taken for the Complex A offshore pipelines, this research also assumed that 
the Complex B and C associated offshore pipelines will be decommissioned in-situ, considering the 
long distances involved and the impact on the sea bed that removing these structures would cause. 

In-situ offshore pipeline decommissioning involves the following activities [218]: 

1. Pipeline cleaning: Assumed to be performed when the associated platforms are still on site. 
Prior to decommissioning, although unused pipelines are normally pressurised with water, 
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they may have residual liquid hydrocarbons within them. Therefore, cleaning is performed 
using pigs or flushing water. As no gaseous hydrocarbons are expected in these pipelines at 
this stage, no significant CH4 or CO2 emissions were modelled for this process. 

2. Cutting the extremes and either removing and taking them to shore for recycling or burying 
them. Due to the small portions of pipeline possibly removed at this stage, recycling credits 
are considered negligible compared to the pipeline construction emissions. 

Emissions from the second step are mainly related to the fuel combusted to operate and transport 
the vessels used to survey and cut the pipelines which was assessed as 90 days of vessel use 
following the offshore pipeline in-situ decommissioning reports of the Gaupe field [221]; 
decommissioning related marine vessels were assumed to have a fuel consumption of 14 [tonnes 
diesel/day] [49]. 

6.2.4 Emissions allocation for pipelines used by several fields 
Offshore pipeline systems may be used by different fields and offshore platforms during their 
lifetime.  

As emissions from offshore pipelines operation were estimated in section 6.2.2 per unit of time, 
these can be allocated to each unit of volume of natural gas transported during that unit of time 
using the mass balance Equation 50. 

𝑬𝑬𝒕𝒕,𝒕𝒕,𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑬𝑬𝒕𝒕,𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 × 𝟕𝟕
∑ 𝒗𝒗𝒕𝒕,𝒕𝒕𝒕𝒕

     Equation 50 

Where: 

1. 𝑖𝑖: Represents each natural gas field that transports its NG through the analysed offshore 
pipeline. 

2. 𝐸𝐸𝑡𝑡,𝒕𝒕,𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/CH4 mass emission rate allocated to a unit of volume of natural gas from 
field 𝑖𝑖 in year 𝑡𝑡, expressed in [mass CO2 or CH4/volume natural gas]. 

3. 𝐸𝐸𝑡𝑡,𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/CH4 mass emission rate associated to the operation of the analysed offshore 
pipeline in year 𝑡𝑡, expressed in [mass CO2 or CH4/time]. 

4. 𝑣𝑣𝑡𝑡,𝑡𝑡: Volume of natural gas from field 𝑖𝑖 transported via the analysed offshore platform in year 
𝑡𝑡, expressed in [volume natural gas/time]. 

Construction and decommissioning emissions, however, were estimated in this research as emissions 
associated to a one-time event, so were allocated to a specific field’s natural gas product based on 
the total volume of natural gas expected to flow for the whole offshore pipeline’s lifetime as shown 
in Equation 51. 

𝑬𝑬𝒕𝒕,𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 × 𝟕𝟕
∑ ∑ 𝒗𝒗𝒕𝒕,𝒕𝒕𝒕𝒕𝒕𝒕

     Equation 51 

Where: 

• 𝐸𝐸𝑡𝑡,𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/CH4 mass emission rate allocated to a unit of volume of natural gas from field 
𝑖𝑖, expressed in [mass CO2 or CH4/volume natural gas]. 

• 𝐸𝐸𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: Analysed offshore pipeline construction and decommissioning activities associated 
CO2/CH4 emissions, expressed in [mass CO2 or CH4]. 
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• 𝑣𝑣𝑡𝑡,𝑡𝑡: Volume of natural gas from field 𝑖𝑖 transported via the analysed offshore platform in year 
𝑡𝑡, expressed in [volume natural gas/time]. 

6.3 Life cycle inventory modelling for offshore liquefied natural gas marine 
transportation 
After liquefaction, LNG is loaded into LNG carriers, transported and unloaded at the destination 
regasification plant. 

Complex K currently transports its LNG using four steam LNG carriers hired under long-term 
contracts: 

• The Arctic Discoverer, Arctic Princess, and Arctic Voyager; with cargo capacities ranging 
between 139,759 and 147,835 m3, built in Japan in 2006 with a Moss-Rossenberg 
containment system and powered by steam [37]. 

• A fourth LNG carrier built in 2012 with a membrane containment system and a cargo 
capacity of 154,000 m3 according to information provided by the operating company. 

This research assessed LNG transport CO2 and CH4 emissions from the Complex K plant considering 
that LNG is transported using a Moss-Rosenberg LNG carrier with and effective cargo capacity of 
145,000 m3 following indications provided by the operator. 

The LNG is exported from the Complex L LNG plant use carriers from different owners depending on 
the sales contract. Their LNG marine transport emissions were assessed as if they were exported by 
LNG tanker similar to the Maran Gas Posidonia, a membrane-type LNG tanker fuelled with a DFDE 
system, 160,000 m3 of effective cargo capacity and built in South-Korea in 2014 [37], considering this 
was the first LNG carrier servicing Complex L’s second train [222]. 

6.3.1 LNG loading and unloading 
Combustion emissions from these processes were estimated assuming that they are performed using 
pumps with a combined power of 2,765 kW, in line with Tarakad’s [44] estimations, and that it takes 
12 hours to load an LNG tanker of 145,000 m3 effective cargo capacity, as indicated by the operating 
company. The pumps were assumed to be powered by the same transported LNG with a generation 
efficiency of 40%. 

LNG loading and unloading vent and fugitive CO2 and CH4 emissions were estimated considering that 
two dry-seal centrifugal compressors are used to compress the BOG generated during these 
processes, therefore, their fugitives, dry seal and gas assisted start vents were estimated using the 
equipment level EF procedure outlined in section 5.2.2.3.7.  

Following indications provided by the operating companies, all the BOG generated during loading 
was assumed to be recycled into the LNG plant with no associated losses. 

6.3.2 LNG carrier construction 
LNG carriers construction emissions were assessed based on the study of Strømman et al. [65] who 
described the materials and energy used to construct the conventional LNG carriers built in 2006 for 
the Complex K plant which are shown in Table 131. The materials emissions were estimated using 
each material’s corresponding CO2 and CH4 emissions burden taken from the Ecoinvent database 
version 3.5 [143]. Emissions from energy purchase were assessed using Japan’s 2005 power grid 
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emissions footprint [188], and emissions from heavy oil combustion were estimated using the CO2 
and CH4 combustion emission factors reported by API [49]. 

Table 131. Materials and energy associated with the construction of conventional LNG carriers for Complex K gas 
transport. Values taken from Strømman et al. [65] 

Construction material / 
energy source 

Unit Value 

Copper kg 2.71×104 
Reinforcing Steel kg 2.71×107 
Alkyd paint kg 2.30×104 
Polyethylene kg 5.67×103 
Electricity from the grid kWh 1.11×104 
Heavy oil MJ 2.39×105 

 

Construction emissions from the LNG carriers serving the Complex L were estimated considering that 
the Maran Gas Posidonia is a conventional type of LNG carrier, just like the Arctic Princess, Arctic 
Voyager and the Arctic Discoverer vessels that serve Complex K. Therefore, the materials and energy 
used to build the Maran Gas Posidonia were estimated scaling linearly the values from Table 131 to 
the carrier’s cargo capacity. 

LNG carrier construction emissions were then allocated to every m3 of LNG transported by the carrier 
in the analysed NG supply chain throughout its entire lifetime using Equation 52. 

𝑬𝑬𝑳𝑳𝑵𝑵𝑮𝑮 = 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒕𝒕𝒄𝒄𝒇𝒇𝒄𝒄𝒕𝒕𝒕𝒕𝒄𝒄𝒄𝒄
𝑽𝑽×𝒂𝒂/𝒇𝒇

       Equation 52 

Where: 

• 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿: LNG carrier’s construction CO2 and CH4 emissions allocated to each m3 of LNG 
delivered during its whole lifetime, expressed in [gCO2e/m3 LNG delivered]. 

• 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑓𝑓𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐: CO2 and CH4 emissions associated to the materials and energy used in the 
construction of the analysed LNG carrier, expressed in [gCO2e]. 

• 𝑉𝑉: Volume of LNG delivered by the LNG carrier at the considered regasification plant, 
expressed in [m3 LNG]. 

• 𝑎𝑎: LNG carrier’s operating lifetime, expressed in [days]. Although authors like Tamura et al. 
[63] estimated a LNG carrier’s lifetime as 25 years, in practice, LNG carrier owners have 
extended their operating lifetime; between 1964 and 2016 only 37 LNG carriers were 
decommissioned, and amongst them only 15 had capacities above 100,000 m3 [223]. This 
research assumed that LNG carriers have an operating life of 40 years. 

• 𝑙𝑙: Length of a LNG carrier’s return trip for the considered NG supply chain, expressed in 
[days]. 

This allocation was performed assuming the following: 

• The considered LNG carrier is used exclusively to transport LNG in the analysed route for its 
whole lifetime. 

• The return trip is performed empty.  
• Each trip is performed at an average velocity of 15 nautical miles per hour based on 

information provided by the operating company. It is recognised that this is a key parameter 
that affects emissions substantially. 
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• The LNG carrier stays 2.5 days at port for LNG unloading and waiting following the 
indications of Safaei et al. [72]. 

6.3.3 LNG carrier operation  
CO2 and CH4 emissions associated with the transport of LNG in LNG carriers were modelled 
depending on the carrier’s fuelling system, which determines the type of fuels combusted and overall 
process efficiency, and the carrier’s containment system, which determines the rate at which boil-off 
gas is generated. 

Emissions for an LNG carrier trip were estimated for the return trip and considering that the carrier 
stays on average 2.5 days at port where it consumes LNG at a rate of 35 [tonnes/day] following the 
indications of Safaei et al. [72]. This research considered that the carrier returns to the LNG plant 
empty, while in practice LNG carriers are normally scheduled dynamically, serving different LNG 
facilities and regasification plants depending on their location. 

The following sections detail how fuel combustion emissions were estimated for a one-way trip 
depending on the LNG carrier model. Emissions from vents and leaks within the carriers were 
considered negligible. 

6.3.3.1 Steam turbines LNG carriers with Moss-Rosenberg containment systems 
Moss Rosenberg containment systems are used since 1971, it is widely accepted in the literature that 
its BOG generation rate is roughly equivalent to 0.15% of the cargo volume per day [37] which is also 
in accordance to the indications provided by the operators regarding the Arctic Princess, Arctic 
Voyager and Arctic Discoverer LNG carriers.  

A steam propulsion system operates using two natural gas/Heavy Fuel Oil (HFO) fuelled boilers which 
supply overheated high pressure steam to the turbines driving a single propeller via a reduction 
gearbox. These boilers can burn both boil-off gas and HFO simultaneously at any liquid/gas ratio. The 
generated steam is also used to feed turbo generators which provide electric power for auxiliary 
services. LNG carriers with steam propulsion systems normally have two additional diesel generators 
as a safety requirement to provide electric power during blackouts. Excessive generated BOG in the 
LNG carriers is burned in the boilers and the generated steam is dumped in the condenser to 
dissipate the generated energy in the sea [224,225]. 

CO2 and CH4 emissions from a one-way trip were assessed as follows: 

1. Estimating the LNG carrier’s trip associated energy requirement considering an engine load 
of 85% in line with Brynolf [226] 

2. Meeting the one way trip’s energy requirement using the generated BOG. BOG is used as a 
priority in this model as it will be combusted with or without energy generation purposes in 
these types of carriers. 

3. If the energy generated by the BOG does not meet the entire trip’s energy requirement, HFO 
is combusted to meet the remaining balance. 

The BOG generated during the trip was estimated using Equation 53 [49]. 

𝑽𝑽𝑩𝑩𝑶𝑶𝑮𝑮 = 𝑽𝑽 × 𝒄𝒄𝒕𝒕       Equation 53 

Where: 
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• 𝑉𝑉𝐵𝐵𝑂𝑂𝐿𝐿: Volume of LNG generated during the carrier’s trip, expressed in [m3 LNG] 
• 𝑉𝑉: LNG carrier’s cargo volume, expressed in [m3 LNG]. 
• 𝑟𝑟: Boil-off gas generation rate in the analysed LNG carrier, for this case equivalent to 0.15% 

[Cargo volume/day]. 
• 𝑡𝑡: Trip duration, expressed in [days]. 

The amount of HFO used during a one-way trip was estimated using Equation 54, and the associated 
CO2 and CH4 emissions were estimated considering the mass of generated BOG and combusted HFO 
during this trip as shown in Equation 55. 

 𝑬𝑬𝑯𝑯𝑭𝑭𝑶𝑶 = 𝑴𝑴𝒂𝒂𝑴𝑴�𝒕𝒕𝒄𝒄𝒕𝒕𝒕𝒕𝒂𝒂𝒕𝒕 × �𝑬𝑬 − 𝒕𝒕𝑩𝑩𝑶𝑶𝑮𝑮×𝑬𝑬𝑩𝑩𝑶𝑶𝑮𝑮
𝒕𝒕𝒄𝒄𝒕𝒕𝒕𝒕𝒂𝒂𝒕𝒕

� ,𝟏𝟏�    Equation 54 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑬𝑬𝑯𝑯𝑭𝑭𝑶𝑶 × 𝑬𝑬𝑭𝑭𝑯𝑯𝑭𝑭𝑶𝑶 + 𝒕𝒕𝑩𝑩𝑶𝑶𝑮𝑮 × 𝑬𝑬𝑭𝑭𝑩𝑩𝑶𝑶𝑮𝑮     Equation 55 

Where: 

• 𝐸𝐸𝐻𝐻𝐻𝐻𝑂𝑂: Energy required from HFO combustion, expressed as [energy/trip]. 
• 𝑒𝑒𝑐𝑐𝑡𝑡𝑡𝑡𝑠𝑠𝑡𝑡: Steam turbines LNG carrier’s propulsion efficiency accounting for the steam turbine’s 

thermal efficiency and the gearbox and shafting efficiency. Considered as 35% based on 
literature values [224,225]. 

• 𝐸𝐸: LNG carrier’s one way-trip energy requirement estimated using the carrier’s design power, 
an 85% engine load and the trip’s duration time and expressed as [energy/trip]. 

• 𝑚𝑚𝐵𝐵𝑂𝑂𝐿𝐿 : Combusted BOG mass, equal to the mass of BOG generated during the one way trip 
for steam turbine LNG carriers and expressed as [mass BOG combusted/trip]. 

• 𝐸𝐸𝐵𝐵𝑂𝑂𝐿𝐿 : BOG lower heating value, provided by the operating company for the analysed case 
studies and expressed in [energy/mass combusted BOG]. 

• 𝐸𝐸𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/CH4 emissions to the atmosphere associated with the one way trip of the 
analysed LNG carrier, expressed as [mass CO2 or CH4/trip]. 

• 𝐸𝐸𝐹𝐹𝐻𝐻𝐻𝐻𝑂𝑂: CO2/CH4 emissions to the atmosphere associated with the combustion of HFO, 
expressed in [mass CO2 or CH4/energy combusted HFO]. 

• 𝐸𝐸𝐹𝐹𝐵𝐵𝑂𝑂𝐿𝐿: CO2/CH4 emissions to the atmosphere from the combustion of one unit of mass of 
BOG, expressed in [mass CO2 or CH4/mass combusted BOG]. 

Emissions from the combusted BOG were estimated using the transported LNG’s hydrocarbon 
composition, the material balance approach outlined in section 5.2.2.1.1, and a carbon combustion 
efficiency of 98.0% considering that methane slippage in natural gas combustion engines in ships 
have been estimated to range between [1.9,2.6]% [227,228]. Emissions from HFO combustion were 
estimated considering an EF of 83.70 [gCO2/MJ HFO] with a lower and upper uncertainty boundary of 
78.00-86.40 [gCO2/MJ HFO], and 2.80×10-2 [gCH4/MJ HFO] with lower and upper uncertainty 
boundary of 5.00×10-4-7.25×10-2 [gCH4/MJ HFO] based on literature values [226,229,230]. 
Uncertainty was assessed using the uncertainty boundaries defined for the HFO EFs and the BOG 
carbon combustion efficiency. 

Emissions from the return trip were estimated multiplying by two the emissions from a one-way trip 
and adding emissions related to the LNG combustion at port. 
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6.3.3.2 Dual fuel diesel electric LNG carriers with membrane containment systems 
Although recently designed membrane containment systems achieve BOG rates as low as 0.08% of 
the cargo volume per day [37], this research used for this parameter a value of 0.15% of the cargo 
volume per day, in line with values used in the literature [231] and also close to the value reported 
by the operator for its membrane tank LNG carrier.  

The Dual Fuel Diesel Electric (DFDE) propulsion carriers use engines coupled to electrical generators 
that supply energy to the entire ship, including propulsion, which is driven by electrical motors. The 
engines can operate using BOG, Marine Diesel Oil (MDO) or HFO. Depending on the fuel combusted, 
the operating mode changes. A lean Otto cycle operating mode is used when BOG is combusted, and 
a Diesel cycle operating mode is used in the engines when MDO or HFO is combusted. Changing 
between different operating modes is performed stably and without interrupting the power supply. 
If excess generated BOG in the LNG carriers, it is sent to the Gas Combustion Unit and combusted 
[224,225]. 

CO2 and CH4 emissions from a one-way trip were assessed: 

1. Estimating the LNG carrier’s one-way trip energy requirement considering an engine load of 
85% in line with Brynolf [226]. 

2. Meeting the one way trip’s energy requirement using the generated BOG. BOG is used as a 
priority in this model as it will be combusted with or without energy generation purpose in 
these types of carriers. 

3. If the energy generated by the combusted BOG does not meet the entire trip’s energy 
requirement, MDO is combusted to meet the remaining balance.  

The BOG generated during the trip is estimated similar to that for steam turbine LNG carriers using 
Equation 53 and a BOG rate of 0.15% of the cargo volume per day. 

The amount of MDO used during a one-way trip was estimated using Equation 56, and the associated 
CO2 and CH4 emissions were estimated considering the mass of generated BOG and combusted MDO 
during this trip as shown in Equation 57. 

 𝑬𝑬𝑴𝑴𝑴𝑴𝑶𝑶 = 𝑴𝑴𝒂𝒂𝑴𝑴 �𝒕𝒕𝑴𝑴𝑭𝑭𝑴𝑴𝑬𝑬 × �𝑬𝑬 − 𝒕𝒕𝑩𝑩𝑶𝑶𝑮𝑮×𝑬𝑬𝑩𝑩𝑶𝑶𝑮𝑮
𝒕𝒕𝑴𝑴𝑭𝑭𝑴𝑴𝑬𝑬

� ,𝟏𝟏�    Equation 56 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑬𝑬𝑴𝑴𝑴𝑴𝑶𝑶 × 𝑬𝑬𝑭𝑭𝑴𝑴𝑴𝑴𝑶𝑶 + 𝒕𝒕𝑩𝑩𝑶𝑶𝑮𝑮 × 𝑬𝑬𝑭𝑭𝑩𝑩𝑶𝑶𝑮𝑮     Equation 57 

Where: 

• 𝐸𝐸𝑀𝑀𝑀𝑀𝑂𝑂: Energy required from MDO combustion, expressed as [energy/trip]. 
• 𝑒𝑒𝑀𝑀𝐻𝐻𝑀𝑀𝐷𝐷: Propulsion efficiency of the DFDE LNG carriers accounting for the Dual Fuel Diesel 

Electric thermal efficiency and the gearbox and shafting efficiency. Considered as 40% based 
on literature values [224,225].  

• 𝐸𝐸: LNG carrier’s one way-trip energy requirement estimated using the carrier’s design power, 
an 85% engine load and the trip duration time, expressed as [energy/trip]. 

• 𝑚𝑚𝐵𝐵𝑂𝑂𝐿𝐿 : Combusted BOG mass, equal to the mass of BOG generated during the one way trip 
for steam turbine LNG carriers and expressed as [mass BOG combusted/trip]. 

• 𝐸𝐸𝐵𝐵𝑂𝑂𝐿𝐿 : BOG lower heating value, provided by the operating company for the analysed case 
studies and expressed as [energy/mass combusted BOG]. 
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• 𝐸𝐸𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: CO2/CH4 emissions to the atmosphere associated with the one way trip of the 
analysed LNG carrier, expressed as [mass CO2 or CH4/trip]. 

• 𝐸𝐸𝐹𝐹𝑀𝑀𝑀𝑀𝑂𝑂: CO2/CH4 emissions to the atmosphere associated with the combustion of MDO, 
expressed in [mass CO2 or CH4/energy combusted MDO]. 

• 𝐸𝐸𝐹𝐹𝐵𝐵𝑂𝑂𝐿𝐿: CO2/CH4 emissions to the atmosphere from the combustion of one unit of mass of 
BOG, expressed in [mass CO2 or CH4/mass combusted BOG]. 

Similar to steam turbine LNG carriers, emissions from the combusted BOG were estimated using the 
transported LNG’s hydrocarbon composition, the material balance approach of section 5.2.2.1.1, and 
a carbon combustion efficiency of 98.0% with a lower and upper uncertainty boundary of 
[97.4,98.10]% [227,228]. Emissions from MDO combustion were estimated considering an EF of 
86.00 [gCO2/MJ MDO] with an upper uncertainty boundary of 87.86 [gCO2/MJ MDO] and 2.80×10-2 
[gCH4/MJ MDO] based on literature values [229,232]. Uncertainty was assessed using the uncertainty 
boundaries defined for the MDO EFs and the BOG carbon combustion efficiency. 

Emissions from the return trip were estimated multiplying by two the emissions from a one-way trip 
and adding emissions related to the LNG combustion at port. 

6.3.4 LNG carrier decommissioning 
When an LNG carrier reaches its end of life it can either be sold as scrap for recycling or reconverted 
into a different unit such a Floating Storage Regasification Unit (FSRU) or a Floating Liquefied Natural 
Gas (FLNG) unit. As scrapping LNG carriers is the most common option, this research modelled the 
decommissioning of LNG carriers assuming they are sold for scrap recycling. 

In the last 20 years, ship scrap recycling has been dominated by China, India, Pakistan, Bangladesh 
and Turkey who have been responsible for 98% of the world’s ship scrap recycling during that period 
[233]. Ship dismantling is heavily reliant on manual force rather than machinery with associated fuel 
combustion in the previous countries [234], which is why CO2 and CH4 emissions from ship 
dismantling was considered negligible assuming that the LNG tanker has no residual LNG when 
delivered for scrapping. 

Considering that approximately 5% of a ship’s weight can be attributed to equipment and machinery 
such as cables, shafting, fittings, spares, lubricants and non-ferrous materials, and that 5% of its 
weight can be considered lost as waste when delivered for dismantling due to corrosion or aging 
[234]; only 90% of the LNG carrier’s steel and copper was assumed to be recycled and their 
environmental credit was estimated in this research. 

Similar to LNG carrier construction emissions, decommissioning emissions were then allocated to 
every m3 of LNG transported by the LNG carrier in the analysed NG supply chain throughout its entire 
lifetime using Equation 58. 

𝑬𝑬𝑳𝑳𝑵𝑵𝑮𝑮 = 𝑬𝑬𝒅𝒅𝒕𝒕𝒄𝒄𝒄𝒄𝒕𝒕𝒕𝒕𝒕𝒕𝒄𝒄𝒄𝒄𝒕𝒕𝒄𝒄𝒄𝒄𝒕𝒕𝒄𝒄𝒅𝒅
𝑽𝑽×𝒂𝒂/𝒇𝒇

       Equation 58 

Where: 

• 𝐸𝐸𝐿𝐿𝐿𝐿𝐿𝐿: LNG carrier’s decommissioning CO2 and CH4 emissions credit allocated to each m3 of 
LNG delivered by it in its whole lifetime, expressed in [gCO2e/m3 LNG delivered]. 
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• 𝐸𝐸𝑑𝑑𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑑𝑑: CO2 and CH4 emissions credit associated to the recycling of materials in the 
LNG carrier’s decommissioning process, expressed in [gCO2e]. 

• 𝑉𝑉: Volume of LNG delivered by the LNG carrier at the considered regasification plant, 
expressed in [m3 LNG]. 

• 𝑎𝑎: LNG carrier’s operating lifetime, expressed in [days]. Similar to section 6.3.1, LNG carriers’ 
operating life was assumed to be 40 years. 

• 𝑙𝑙: Length of an LNG carrier’s return trip for the considered NG supply chain, expressed in 
[days]. 

This allocation was performed with the same assumptions described for LNG construction emissions 
allocation outlined in section 6.3.1. 

6.4 Principles for aggregating different life cycle stage emissions 
GHG emission footprints estimated for different life cycle stages of the natural gas supply chain may 
be difficult to aggregate. Depending on the boundaries of stage analysed, each of these footprints 
may be reported using different functional units, thus adding them together is not straightforward. 

In order to aggregate GHG emissions footprints from different life cycle stages of the NG supply chain 
for the functional unit defined in this research, namely 1 [MJ] of NG delivered at the market gate, 
each of these footprints were adjusted to account for each life cycle stage NG throughput, loss and 
use. 

Based on the generic NG supply chain representation illustrated in Figure 55, this section presents an 
illustrative example that explains the process.  

 

Figure 55. Generic natural gas supply chain representation by life cycle stage. 

If emission footprints were estimated individually for each of the life cycle stages of the NG chain 
showed in Figure 55 in terms of the NG output at each stage, the reported GHG emissions footprint 
per stage would be: 

• NG Production emissions footprint: [gCO2e/MJ NG produced by wells]  
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• Gathering pipelines: [gCO2e/MJ NG delivered at processing] 
• NG processing: [gCO2e/MJ NG delivered for liquefaction] 
• Liquefaction: [gCO2e/MJ NG delivered for LNG transport] 
• LNG transport: [gCO2e/MJ delivered at market gate] 

Where the GHG emissions footprint reported by the LNG transport stage as the final gate uses the 
functional unit defined in this research. An adjustment for the natural gas used and lost within each 
stage via combustion, flaring, venting or fugitives is implemented as follows:  

• 𝑁𝑁𝐺𝐺 𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒𝑝𝑝 𝑏𝑏𝑏𝑏 𝑤𝑤𝑒𝑒𝑙𝑙𝑙𝑙𝑤𝑤 = 𝑁𝑁𝐺𝐺1 
• 𝑁𝑁𝐺𝐺 𝑝𝑝𝑒𝑒𝑙𝑙𝑖𝑖𝑣𝑣𝑒𝑒𝑟𝑟𝑒𝑒𝑝𝑝 𝑎𝑎𝑡𝑡 𝑝𝑝𝑟𝑟𝑝𝑝𝑝𝑝𝑒𝑒𝑤𝑤𝑤𝑤𝑖𝑖𝑝𝑝𝑝𝑝 = 𝑁𝑁𝐺𝐺2 
• 𝑁𝑁𝐺𝐺 𝑝𝑝𝑒𝑒𝑙𝑙𝑖𝑖𝑣𝑣𝑒𝑒𝑟𝑟𝑒𝑒𝑝𝑝 𝑎𝑎𝑡𝑡 𝑙𝑙𝑖𝑖𝑙𝑙𝑝𝑝𝑒𝑒𝑙𝑙𝑎𝑎𝑝𝑝𝑡𝑡𝑖𝑖𝑝𝑝𝑝𝑝 = 𝑁𝑁𝐺𝐺3 
• 𝑁𝑁𝐺𝐺 𝑝𝑝𝑒𝑒𝑙𝑙𝑖𝑖𝑣𝑣𝑒𝑒𝑟𝑟𝑒𝑒𝑝𝑝 𝑙𝑙𝑝𝑝𝑟𝑟 𝐿𝐿𝑁𝑁𝐺𝐺 𝑡𝑡𝑟𝑟𝑎𝑎𝑝𝑝𝑤𝑤𝑝𝑝𝑝𝑝𝑟𝑟𝑡𝑡 = 𝑁𝑁𝐺𝐺4 
• 𝑁𝑁𝐺𝐺 𝑝𝑝𝑒𝑒𝑙𝑙𝑖𝑖𝑣𝑣𝑒𝑒𝑟𝑟𝑒𝑒𝑝𝑝 𝑎𝑎𝑡𝑡 𝑚𝑚𝑎𝑎𝑟𝑟𝑚𝑚𝑒𝑒𝑡𝑡 𝑝𝑝𝑎𝑎𝑡𝑡𝑒𝑒 = 𝑁𝑁𝐺𝐺5 

Where the different stage functional units are related as described by Equation 59-Equation 62. 

𝑵𝑵𝑮𝑮𝟐𝟐 = 𝑵𝑵𝑮𝑮𝟕𝟕  × (𝟕𝟕 − 𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄𝟕𝟕)       Equation 59 

𝑵𝑵𝑮𝑮𝟑𝟑 = 𝑵𝑵𝑮𝑮𝟐𝟐  × (𝟕𝟕 − 𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄𝟐𝟐)       Equation 60 

𝑵𝑵𝑮𝑮𝟒𝟒 = 𝑵𝑵𝑮𝑮𝟑𝟑  × (𝟕𝟕 − 𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄𝟑𝟑)       Equation 61 

𝑵𝑵𝑮𝑮𝟓𝟓 = 𝑵𝑵𝑮𝑮𝟒𝟒  × (𝟕𝟕 − 𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄𝟒𝟒)       Equation 62 

Therefore, the GHG emissions footprint reported for NG production in terms of NG produced at the 
wells could be converted in terms of NG delivered at market as shown by Equation 63. 

𝒅𝒅𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕
𝑴𝑴𝑴𝑴 𝑵𝑵𝑮𝑮𝟕𝟕

× 𝟕𝟕
(𝟕𝟕−𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄𝟕𝟕)

× 𝟕𝟕
(𝟕𝟕−𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄𝟐𝟐)

× 𝟕𝟕
(𝟕𝟕−𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄𝟑𝟑)

× 𝟕𝟕
(𝟕𝟕−𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄𝟒𝟒)

= 𝒅𝒅𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕
𝑴𝑴𝑴𝑴 𝑵𝑵𝑮𝑮𝟓𝟓

  Equation 63 

GHG emissions footprints reported for intermediate life cycle stages could be converted similarly in 
terms of the NG delivered. 

6.5 Case studies 

6.5.1 Complex A to the United Kingdom value chain 

6.5.1.1 Frigg offshore pipeline route to the United Kingdom 
Natural gas is exported from the Complex A platforms to the St Fergus gas processing terminal as 
shown in Figure 56 through the following two offshore pipeline segments: 

1. Complex A tie-in pipeline: This 5.8 km offshore pipeline installed in 1992 connects Complex A 
with the Frigg pipeline [235].  

2. Frigg pipeline: This 365 km long offshore twin pipeline system connects various Northern 
North Sea platforms with the St Fergus gas processing terminal [219]; the Complex A 
platform uses 337 km of one of these pipeline systems. 

Between 1977 and 2004 the Frigg offshore pipeline operated with the Manifolding Compression 
Platform MCP-01 used for manifolding, pigging, monitoring NG qualities and between 1983 and 1987 
also as a compression station. Before the Complex A field came into production, in 1992, the 
pipelines passing through the MCP-01 platforms were modified to pass through the bottom of the 
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structure rather than by the deck, since then the only live process equipment on the platform was 
associated with the tie in managing NG from the Piper area fields [236]. Later, between 2004-2005 
the Frigg pipeline was re-routed to by-pass the MCP-01 platform [237]. Considering that Complex A 
NG was never compressed in the MCP-01 platform and that only between 1993 and 2004 it passed 
beneath it without being processed, this research considered that the Complex A NG did not make 
use of the MCP-01 platform. Thus no emissions from this structure were allocated to the Complex A 
NG production stream.  

 

Figure 56. UK Northern North Sea offshore platforms connected to the St Fergus terminal. Taken from Total  [237]. 

The twin Frigg pipeline system, laid between 1974 and 1976, did not need pre-sweeping but after 
pipe-laying it required burying the pipeline in trenches so the sea could cover it naturally with sand 
[219]. The pre-lay survey, pipe-laying, trenching, and sea bottom cleaning related vessel use was 
estimated using the study of Lallier and Jegou [219]. The derived parameters, presented in Table 132, 
were then used to estimate the Frigg pipeline installation CO2 and CH4 emissions following section 
6.2.1.  

Vessel use associated to the installation of the 5.8 km Complex A tie in offshore pipeline were 
estimated scaling the Frigg pipeline vessel use activity factors proportionally to each pipeline’s 
length. The estimated parameters, presented in Table 133, were then used to estimate the Complex 
A tie in pipeline installation emissions. 
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The Frigg pipeline was built using API 5LX quality steel and coated with a concrete layer ranging 
between 47.625 [mm] and 117.475 [mm] depending on the pipeline section [219]; which, for 
materials estimation purposes in this research, was assumed constant and equal to 82.55 [mm] for 
the whole pipeline. The Complex A tie in pipeline, also built using API 5LX quality steel, was assumed 
to have its wall thickness and concrete coating same as the Frigg pipeline for material estimation 
purposes.  

Table 132. Frigg pipeline installation vessel use. 
Activity Vessel [219] Use [days] [219] GRT [tonnes][238] Estimated fuel use 

[tonnes diesel/day] 
Survey Survey vessel 90 n/a 14.00 
Pre-sweeping Non needed - - - 
Pipe-laying BAR 324 261 10,816 19.56 
Pipe-laying LB 27 375 10,816 19.56 
Pipe-laying ETPM 1601 175 34,121 40.76 
Sea bottom 
cleaning 

BAR 294 + BAR 323 + 
ETPM 701 

811 13,871 22.34 

Pipe-laying Tugs 811 n/a 14.00 
Trenching JB4 + BAR 331 1,322 8,586 17.53 
 

Table 133. Complex A tie-in pipeline installation vessel use. 
Activity Vessel Use [days] GRT [tonnes]  Estimated fuel use 

[tonnes diesel/day] 
Survey Survey vessel 7 n/a 14.00 
Pre-sweeping Non needed - - - 
Pipe-laying Pipe lay barge 7 10,816 19.56 
Sea bottom 
cleaning 

Support vessel 7 13,871 22.34 

Pipe-laying Tugs 7 n/a 14.00 
Trenching Trenching vessel 11 8,586 17.53 
 

Emissions from the materials used for the Frigg UK section and Complex A tie in pipelines were then 
estimated using the pipeline dimensions presented in Table 134 and a carbon steel and concrete 
density of 7,850 and 2,400 [kg/m3] respectively.  

Table 134. Complex A to St Fergus pipeline route associated dimensions. 
Parameter Units Complex A tie in [235] Frigg segment [216,219,239] 
Longitude km 5.8 332 
Diameter inches 32 32 
Wall thickness mm 20.00 20.00 
Concrete coating thickness mm 82.55 82.55 

 

While emissions from pipeline assembly were assumed as 20% of the material’s footprint following 
the procedure of Tamura et al. [63], decommissioning related emissions were estimated assuming 90 
days of vessel use for cutting the pipeline extremes and burying them according to the in-situ 
decommissioning considerations presented in section 6.2.3. The decommissioning of the Complex A 
tie in pipeline was assumed to be covered by the Frigg pipeline and the Complex A fields 
decommissioning programmes. 

The Frigg pipeline system is composed by twin pipelines transporting NG from the Northern North 
Sea to the St Fergus gas terminal, as noted in Figure 56, NG from Complex A is transported through 
the UK section of the pipeline system and only through 332 km of the 362 km of the Frigg UK 
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pipeline. From Figure 56 it is also possible to note at the platform MCP-01, NG production from the 
Tartan field joins the UK Frigg pipeline, and 59 km before arriving at the St Fergus terminal, NG 
production from the Ross, Captain and Buzzard also join the UK Frigg pipeline. Although it could be 
argued that all fields using a pipeline should be responsible for the emissions of the whole pipeline 
system independently at what point they join it, this research preferred to divide the Frigg pipeline 
into segments and allocate the whole pipeline emissions to each segment proportionally to the 
segment’s length to then allocate each segment emissions to the NG volumes that flow through 
them. Using this method, NG flows would not be allocated emissions from pipeline segments they do 
not use. The 332 km of the UK Frigg pipeline used by the Complex A NG was divided into three 
segments: 

• Segment (I) covers the UK Frigg pipeline segment starting at the Complex A tie in and going 
156 km towards the UK until the MCP-01 platform. 

• Segment (II) covers the UK Frigg pipeline from the MCP-01 platform 117 km until the tie in 
where production from the Captain, Ross and Buzzard fields join the Frigg pipeline. 

• Segment (III) covers the last 59 km from the UK Frigg pipeline until it arrives to the St Fergus 
terminal. 

The Frigg’s pipeline construction, materials and decommissioning estimated emissions were then 
allocated to each of the previous segments using Equation 64. 

𝑬𝑬𝒕𝒕,𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑬𝑬𝑭𝑭𝒄𝒄𝒕𝒕𝒅𝒅𝒅𝒅,𝑪𝑪𝑶𝑶𝟐𝟐/𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑳𝑳𝒕𝒕
𝑳𝑳𝑭𝑭𝒄𝒄𝒕𝒕𝒅𝒅𝒅𝒅

     Equation 64 

Where: 

• 𝐸𝐸𝑡𝑡,𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: Construction, materials or decommissioning CO2 or CH4 emissions associated to 
segment 𝑖𝑖 of the Frigg pipeline, expressed as [mass CO2/CH4]. 

• 𝐸𝐸𝐻𝐻𝑐𝑐𝑡𝑡𝑑𝑑𝑑𝑑,𝐶𝐶𝑂𝑂2/𝐶𝐶𝐻𝐻4: Construction, materials or decommissioning CO2 or CH4 emissions estimated 
for the UK segment of the Frigg pipeline, expressed as [mass CO2/CH4]. 

• 𝐿𝐿𝑡𝑡: Length of the UK Frigg pipeline segment 𝑖𝑖, expressed in [longitude]. 
• 𝐿𝐿𝐻𝐻𝑐𝑐𝑡𝑡𝑑𝑑𝑑𝑑: Length of the UK Frigg pipeline, expressed in [longitude]. 

The previous emissions per UK Frigg pipeline segment where then allocated to the NG volume 
expected to flow through each of these segments for their whole life time; where the expected NG 
flow per segment was estimated adding up the historical production and current NG reserves 
[141,240–242] of the fields that transport their NG through each of the defined segments (Table 
135). 

Table 135. Classification of Northern North Sea fields using the UK Frigg pipeline according to the defined UK Frigg 
pipeline segments. 

Field Segment (I) Segment (II) Segment (III) 
Nuggets Yes Yes Yes 
Ellon Yes Yes Yes 
Jura Yes Yes Yes 
Dunbar Yes Yes Yes 
Forvie Yes Yes Yes 
Frigg Yes Yes Yes 
Grant Yes Yes Yes 
Alwyn North Yes Yes Yes 
Bruce Yes Yes Yes 
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Keith Yes Yes Yes 
Rhum Yes Yes Yes 
Tartan No Yes Yes 
Captain No No Yes 
Ross No No Yes 
Buzzard No No Yes 

 

As NG from the Complex A platforms flow through each of the previously defined segments, their 
associated construction, materials and decommissioning GHG footprint was added and allocated to 
the Complex A NG for its Frigg pipeline use. This emissions footprint, together with the construction, 
materials and decommissioning emissions footprint estimated for the Complex A tie-in pipeline, are 
presented in Table 136. 

Table 136. Estimated CO2 and CH4 emissions for the offshore pipeline from Complex A to St Fergus . 
 Complex A tie-in pipeline Frigg pipeline 
Activity Emissions 

[tonneCO2e/m3NG] 
Emissions 
[gCO2e/MJ 
Complex A 
transported NG] 

Emissions 
[tonneCO2e/m3NG] 

Emissions 
[gCO2e/MJ 
Complex A 
transported NG] 

Installation 9.08×10-8 2.36×10-3 1.98×10-8 5.15×10-4 
Pipeline materials 1.91×10-7 4.97×10-3 3.60×10-8 9.37×10-4 
In-situ decommissioning 1.56×10-9 4.05×10-3 - - 

 

Considering 90 days per year of vessel use for surveying purposes, in line with section 6.2.2, and 
using the reported UK Frigg pipeline transported NG volumes for the years 2014, 2015 and 2016 
[243], the Frigg pipeline operating emissions were estimated as shown in Table 137 in terms of CO2 
equivalent using 100-years’ time span IPCC AR4 weights [54]. As the Complex A tie in pipeline section 
is considerably smaller than the Frigg pipeline, its operating emissions were considered negligible. No 
throughput losses were considered for any of the pipeline segments. 

Table 137. Estimated operating emissions for the Frigg pipeline. 
Year Emissions [tonnesCO2e/m3] Emissions [gCO2e/MJ Complex 

A transported NG] 
2014 1.29×10-6 3.34×10-2 
2015 1.02×10-6 2.66×10-2 
2016 5.76×10-7 1.50×10-2 

 

6.5.1.2 Complex A to the United Kingdom value chain – Aggregated emissions 
Life cycle stage emissions were aggregated for this value chain following the procedure outlined in 
section 6.4 to estimate the well-to-market (cradle to gate) emissions footprints presented in Table 
138. As no NG compression stages are active in the route between the Complex A platforms and the 
St Fergus terminal, no NG throughput losses were considered for the offshore pipeline transportation 
life cycle stage. 

Table 138. Estimated GHG footprint by life cycle stage for the Complex A NG delivered to St Fergus. 
  Life cycle stage GHG emissions 

  2014 2015 2016 

 Throughput 
loss & use 
[%] 

[gCO2e/MJ 
platform NG 
output] 

[gCO2e/MJ 
NG 
delivered at 
market] 

[gCO2e/MJ 
platform 
NG 
output] 

[gCO2e/MJ 
NG 
delivered 
at market] 

[gCO2e/MJ 
platform 
NG 
output] 

[gCO2e/MJ 
NG 
delivered 
at market] 
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Offshore 
production 
and pre-
processing 

n/a 2.86 2.86 1.60 1.60 1.74 1.74 

Offshore 
pipeline 
transport to 
St Fergus 

-  0.04  0.04  0.02 

 

The well-to-market (cradle to gate) GHG emissions footprint estimated for this value chain in 
different years is: 

• Complex A to St Fergus (2014): 2.90 [gCO2e/MJ NG delivered market] 
• Complex A to St Fergus (2015): 1.63 [gCO2e/MJ NG delivered market] 
• Complex A to St Fergus (2016): 1.77 [gCO2e/MJ NG delivered market] 

6.5.2 Complex B to Germany and Belgium value chain 
Natural gas is exported from Complex B to the Zeebrugge terminal (Belgium) through the Zeepipe 
offshore pipeline and to the Emden terminal (Germany) through the Statpipe and Nordpipe offshore 
pipelines as shown in Figure 57. 

6.5.2.1 Zeepipe offshore pipeline route to Belgium 
The Zeepipe construction emissions were assessed considering it was installed between 1991 and 
1992 through the following stages: 

1. Pre-sweeping: With the purpose of preparing the sea bottom for laying the pipeline while 
minimising the more expensive post-lay trenching activities, a 16 [m] wide bottom width was 
dredged through a 200 [km] long path covered with sand dunes, setting like this the dredge 
were the offshore pipeline would be laid [244]. 

2. Pipe-laying: Laying the 807 km pipeline in the defined path [245]. 
3. Trenching: Cutting a 2 [m] wide ditch following the laid offshore pipeline [244]. 

CO2 and CH4 emissions from the marine vessels used to perform these activities were estimated 
following the procedure outlined in section 6.2.1 and the activity factors presented in Table 139. 
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Figure 57. Complex B offshore pipeline export routes. Modified from Thaule and Postvoll [246]. 

Table 139. Zeepipe installation vessels activity factors. 
Activity Vessel Use [days] GRT [tonnes] [238] Estimated fuel use 

[tonnes diesel/day] 
Pre-sweeping Geopotes 15 [244] 135 [244] 10,188 18.98 
Pre-sweeping Volvox Delta [244] 77 [244] 8,089 17.07 
Pre-sweeping Barent Zanen [244] 89 [244] 9,773 18.61 
Pre-sweeping Survey vessels [244] 301 [244] 3,808 13.18 
Pre-sweeping Diving support vessel 301 [244] n/a Section 6.2.1 
Pipe-laying Semac I [245] 160 [245] 33,812 40.48 
Pipe-laying Castoro Sei [245] 74 [245] 31,506 38.38 
Pipe-laying Castoro Due [245] 7 [245] 12,928 21.48 
Trenching BAR 331 [244] 150 [244] 8,586 17.53 
Trenching Castoro 10 [244] 150 [244] 10,487 19.26 
Trenching Tugs [244] 300 [244] n/a Section 6.2.1 
Trenching Diving support vessels [244] 300 [244] n/a Section 6.2.1 
Trenching Survey vessel [244] 300 [244] 3,808 13.18 
 

The Zeepipe was built with API 5LX X-65 quality steel [244] and coated with a 70 [mm] layer of 
concrete [247]. Emissions from these materials were estimated considering the pipeline dimensions 
presented in Table 140 and assuming carbon steel and concrete densities of 7,850 and 2,400 [kg/m3] 
respectively.  

Table 140. Zeepipe dimensions. 
Parameter Value Units 
Longitude [245] 807 km 
Diameter [245] 40 inches 
Wall thickness [245] 24.2 mm 
Concrete coating thickness[247] 70 mm 
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Emissions from the pipeline assembly activity were assumed as 20% of the material’s footprint 
following the procedure of Tamura et al. [63], while decommissioning emissions were estimated as 
90 days of vessel use to cut the pipelines extremes and bury them according to the in-situ 
decommissioning considerations outlined in section 6.2.3. 

Once the total Zeepipe installation, materials and decommissioning emissions were estimated, these 
were allocated to the NG it transports, considering that gas from the Complex B as well as from 
another Norwegian T field use this pipeline route. It was assumed that 50% of the NG from the 
Complex and 25% of the NG from the T field are exported via the Zeepipe, as this research did not 
have access to the detailed volumes sent via each export pipeline. These proportions and the already 
produced and remaining reserves [168] were allocated the pipeline construction footprint using the 
procedure described in section 6.2.1. The resulting Zeebrugge CO2 and CH4 allocated emissions 
footprint are shown in Table 141.  

Table 141. Allocated CO2 and CH4 emissions footprints for the Zeepipe installation. 
Activity Emissions [tonCO2e/m3NG] 11 
Installation 2.62×10-7 
Pipeline materials 1.68×10-6 
In-situ decommissioning 8.04×10-9 

 

Using Complex B’s combusted NG average energy content reported (section 4.3.2.2), the total 
Zeebrugge pipeline footprint allocated to Complex B NG is: 

• 6.96×10-2[gCO2e/MJ] 

As there are no intermediate compression platforms in the Zeepipe route and no throughput losses 
were considered for this route, Zeepipe operation emissions were estimated considering surveillance 
barges fuel combustion emissions (section 6.2.2). By allocating these to the 2016 NG production 
throughput, Zeepipe 2016 operations emissions resulted: 

• Zeepipe 2016 operation emissions: 1.27×10-6 [tonnesCO2e/m3 NG delivered] or 4.55×10-2 
[gCO2e/MJ NG delivered] 

6.5.2.2 Statpipe-Norpipe offshore pipeline route to Germany 
Transporting NG from Complex B to Emden terminal (Germany) through this route involves NG flow 
through the following infrastructure: 

1. Zeepipe I offshore pipeline: 39 km of this pipeline system connecting the Complex B 
platforms to the Draupner rise platform. 

2. Draupner S riser platform: Constructed in 1984 as part of the Statpipe offshore pipeline 
system, it is currently used to monitor pressure, volume and quality of NG flows in Norway’s 
offshore pipelines [248]. 

3. Statpipe offshore pipeline: Laid between 1983 and 1984, its first 292 km segment connects 
the Statfjord field to the Karsto terminal in Norway, its second 207 km segment takes NG 
from the Karsto terminal to the Draupner riser platforms, its third 155 km long segment 
takes NG from the Heimdal platforms to the Draupner riser platforms, and its fourth 191 km 

                                                            
11 Aggregated for a 100-years’ time span using IPCC AR4 weights [19]. 
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long segment connects the Draupner riser platforms to the Ekofisk production platforms. Gas 
from Complex B would only use the fourth 191 km long segment [248]. 

4. Norpipe offshore pipeline: Installed between 1974 and 1977, this 442 km offshore pipeline 
system connects the Ekofisk production platforms to the Emden terminal in Germany [249]. 

The installation and material emissions footprint from the 39 km Zeepipe segment connecting the 
Complex B platforms and the Draupner S riser platform were estimated proportionally to the 
emissions calculated for the 807 km Zeepipe in the previous section. 

Emissions from the installation of the Statpipe segment connecting the Draupner platform with the 
Ekofisk platform complex, laid in 1983, were estimated with the vessel use activity factors presented 
in Table 142 and considering that grout bags were placed beneath the pipeline and the pipeline was 
covered with rocks in few segments where marine spans were identified as potentially risky for the 
pipeline integrity. No pre-sweeping and trenching was necessary for this pipeline segment [248]. 

The Norpipe segment connecting the Ekofisk platform complex with the Emden terminal was laid in 
1974. As no significant sand waves were found in the route, no pre-sweeping was needed [250]. 
Nevertheless, after pipe-laying, significant trenching activities had to be performed to cover the 
pipelines with naturally occurring material from the sea bed. Emissions from the installation of this 
Norpipe segment were estimated using the vessel activity factors derived from the report of Shaub 
[250] (Table 143), and assuming that: 

• The used pipe-laying vessels had similar fuel consumption parameters as the LDB-1601 
vessel used to lay the Statpipe. 

• The used trenching vessels had similar fuel consumption to the BAR 331 vessel used to 
trench the Zeepipe. 

• Other vessels used were assumed to have a fuel consumption of 14 [tonnes diesel/day] in 
line with section 6.2.2.  

Table 142. Complex B to Emden Statpipe section installation activity factors. 
Activity Vessel [248] Use [days] [248] GRT [tonnes] [238] Estimated fuel use 

[tonnes diesel/day] 
Pre-sweeping Non needed - - - 
Pipe-laying DLB-1601 121 34,125 40.77 
Pipe-laying Anchor handling tugs 242 n/a 14.00 
Pipe-laying Supply boat 121 n/a 14.00 
Pipe-laying Pipe-haul boat 605 n/a 14.00 
Pipe-laying Survey vessel 121 n/a 14.00 
Trenching Not needed for this segment - - - 
Other post-lay 
intervention 

Diving support vessel 30 n/a 14.00 

Other post-lay 
intervention 

Support vessel 30 n/a 14.00 

Table 143. Complex B to Emden Norpipe section installation activity factors. 
Activity Vessel [250] Use [days] GRT [tonnes][238] Estimated fuel use 

[tonnes diesel/day] 
Pre-sweeping Not needed - - - 
Pipe-laying Laying Barge 601 n/a 40.77 
Pipe-laying Pipe-haul barge 601 n/a 14.00 
Pipe-laying Tugs 601 n/a 14.00 
Pipe-laying Survey vessel 601 n/a 14.00 
Trenching Trenching barge 1,216 n/a 17.53 
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The Zeebrugge, Statpipe and Norpipe offshore pipeline segments referred to in this section were 
built with API 5LX X-65 quality steel [244,248,251]. Emissions related to their materials emissions 
footprint were estimated considering the pipeline dimensions presented in Table 144 and assuming a 
carbon steel and concrete densities of 7,850 and 2,900 [248] [kg/m3] respectively. Emissions from 
pipeline assembly activities were estimated as 20% of the their materials footprint following the 
procedure of Tamura et al. [63]. Decommissioning and operation emissions were estimated for the 
Statpipe and Norpipe segments following the procedure presented in section 6.2.3. 

Table 144. Complex B to Emden pipeline route associated dimensions. 
Parameter Units Zeebrugge I 

segment 
Statpipe 
segment[248] 

Norpipe 
segment[251] 

Longitude km 37 191 440 
Diameter inches 40 36 36 
Wall thickness mm 24.20 22.00 22.00 
Concrete coating 
thickness 

mm 70.00 87.50 50.00 

 

The estimated construction, materials, operation and decommissioning emissions for the Zeepipe, 
Statpipe and Norpipe segments are presented in Table 145. 

Table 145. Construction, materials, operation and decommissioning estimated emissions for the Complex B to Emden 
Zeepipe, Statpipe and Norpipe used segments. 

Item Zeepipe Statpipe Norpipe 
Materials and assembly [tonnesCO2e] 39,110 163,294 359,561 
Installation [tonnesCO2e] 6,376 67,564 228,382 
Operation [tonnesCO2e/year] - 4,050 4,050 
Decommissioning [tonnesCO2e] - 4,050 4,050 

 

Emissions associated with the installation of the Draupner S riser platform were estimated using the 
activity factors presented in section 4.2.1, while used materials and their associated emissions were 
estimated using as a reference the Complex B T jacket and the topside of the Complex B platform B. 
Draupner S decommissioning emissions were assessed considering that one week would be needed 
to cut the jacket, and that 4 one-day trips of 2,800 tonnes will be needed to transport the jacket and 
topsides to shore, where 97% of the steel will be recycled for reuse according to the procedure 
detailed in section 4.2.3. Table 146 presents the estimated construction, materials and 
decommissioning emissions for the Draupner S riser platform using 100-years’ time span IPCC AR4 
weights [54]. 

Table 146. Draupner S construction, materials and decommissioning estimated emissions. 
Item CO2 and CH4 emissions [tonnes CO2e] 
Materials and assembly 17 
Installation 88,285 
Decommissioning 1,139 

 

The Draupner S annual NG throughput was estimated aggregating the historical and forecasted NG 
exports of the fields transporting NG through this route [168] (Table 147). As many of these fields 
have more than one offshore pipeline export option and this research did not have access to historic 
or forecasted NG export destination by field, annual NG exports were allocated equally among the 
field’s available pipeline export options.  
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Table 147. Fraction of NG exports allocated through Draupner S. 
Platform Fraction  [%] 
Sleipner 50 
Troll 100 
Heimdal 100 
Statfjord 50 
Gullfaks 50 
Gullfaks Sor 50 
Snorre 50 
Veslefrakk 50 
Brage 50 

 

Operating emissions were estimated for Draupner S per emission source as in chapter 4: 

• Combustion: The reported NG and diesel combustion volumes for the years 2003, 2007-2016 
[252–254] and the estimated Draupner S NG throughput suggest an average combustion 
ratio of 1.571×10-4 [combusted NG/NG throughput] and diesel combustion ratio of 3.757×10-

3 [tonnes diesel/Million m3 NG throughput]. Draupner S 2016 NG combustion emissions were 
estimated using the material balance approach presented in section 4.2.2.1.1, the reported 
Draupner S combusted NG volume [254], assuming a carbon combustion efficiency of 99.9% 
and that the combusted NG had the same hydrocarbon composition as the Complex B 
combusted NG reported for that year (4.3.2.2). Draupner S diesel 2016 combustion emissions 
were estimated using the EF approach presented in section 4.2.2.1.2 and that year’s 
reported diesel combustion volumes [254]. 

• Flaring: As Draupner S does no flare, no flaring emissions were assessed for this platform. 
• Vented: Estimated on an annual basis using the equipment level emission factor approach 

presented in section 4.2.2.3.5, considering seal and gas assisted start vents associated to one 
dry seal centrifugal compressor. 

• Fugitive: Estimated on an annual basis using the equipment level emission factor approach 
presented in section 4.2.2.4.1, considering one dry seal centrifugal compressor. 

• Indirect: As no power is exported to the Draupner S platforms, no indirect emissions were 
considered. 

Draupner S operation emissions for the year 2016 were estimated in terms of CO2 equivalent using a 
100-years’ time span IPCC AR4 factors [54] as: 

• 4.78×10-7 [tonnesCO2e/m3 NG] 
• 1.71×10-2 [gCO2e/MJ] using the Complex B’s 2016 reported energy content (4.3.2.2). 

Construction, materials and decommission associated emissions from the Zeepipe I, Draupner S, 
Statpipe and Norpipe segments connecting Complex B with Emden were allocated by dividing the 
estimated emissions by this route’s expected lifetime NG throughput. After identifying the fields 
connected to this pipeline system and accounting for their historical production and reported 
remaining NG reserves [168], their lifetime NG exports were allocated per segment route assuming 
that their NG exports will be distributed equally among each field’s available export route. Table 148 
presents the lifetime NG production percentages allocated to the route analysed in this research. 
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Table 148. NG lifetime production allocation from different fields to the offshore pipeline segments considered. 
 Allocated life time NG production fraction [%] 
Field Zeepipe Draupner S platform Statpipe Norpipe 
Sleipner complex 50 50 50 50 
Troll 50 50 50 50 
Heimdal - 100 50 50 
Statfjord - 50 50 50 
Gullfaks - 50 50 50 
Gullfaks Sor - 50 50 50 
Snorre - 50 50 50 
Veslefrikk - 50 50 50 
Brage - 50 50 50 
Ekofisk - - - 100 
Gyda - - - 100 
Eldfisk - - - 100 
Embla - - - 100 
Edda - - - 100 
Cod - - - 100 
Ulla - - -  
Albuskjell - - - 100 
Tommeliten Gamma - - - 100 
Vallhall - - - 100 
 

Using these estimated lifetime NG flows, the Complex B to Emden route estimated construction, 
materials and decommissioning emissions were allocated to each m3 of NG flowing through this 
route as shown in Table 149. This table also expresses this value in terms of NG energy content by 
using the 2016 combusted NG energy content reported for the Complex B (4.3.2.2). 

Table 149. Complex B to Emden offshore pipeline route allocated installation, materials and decommissioning CO2 and 
CH4 emissions. 

Section Emissions [tonneCO2e/m3NG] Emissions [gCO2e/MJ NG] 
Zeepipe 5.74×10-8 2.05×10-3 
Draupner S 1.29×10-7 4.62×10-3 
Statpipe 2.36×10-7 8.45×10-3 
Norpipe 4.63×10-7 1.66×10-2 
Total 8.86×10-7 3.17×10-2 

 

Besides the operating emissions from the Draupner S platform, offshore pipeline operation emissions 
were estimated for this route considering fuel combustion from surveillance barges as indicated in 
section 6.2.2, which allocated to the route’s estimated NG throughput for the year 2016 resulted in: 

• Statpipe operation emissions: 1.44×10-7 [tonCO2e/m3NG], equivalent to 0.01 [gCO2e/MJ NG 
delivered] 

6.5.2.3 Complex B to Germany and Belgium value chain - Aggregated emissions 
Life cycle stage emissions were aggregated for this value chain following the procedure described in 
section 6.4 to estimate the well-to-market (cradle to gate) emissions footprints presented in Table 
150 and Table 151. While NG transport through the Zeebrugge offshore pipeline route had no 
throughput losses, 0.02% of the NG being transport through the Norpipe offshore pipeline route was 
estimated to be combusted for compression in the Draupner S platform. 
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As this research did not have access to the emissions footprint from NG production and pre-
processing stage in the Complex B V and G platforms, well-to-market (cradle to gate) emissions from 
the NG produced in these platforms were not assessed. 

Table 150. Estimated GHG footprint by life cycle stage for Complex B West NG delivered to Emden and Zeebrugge in 
2016. 

 Throughput loss 
& use [%] 

Life cycle stage GHG emissions 
 [gCO2e/MJ platform NG output] [gCO2e/MJ NG delivered at market] 

Offshore production and 
pre-processing 

n/a 4.83  

Offshore pipeline 
transport to Zeebrugge 

-  0.12 

Offshore pipeline 
transport to Emden 

0.02  0.05 

 

Table 151. Estimated GHG footprint by life cycle stage for Complex B East, G and S NG delivered to Emden and Zeebrugge 
in 2016. 

 Throughput loss 
& use [%] 

Life cycle stage GHG emissions 
 [gCO2e/MJ platform NG output] [gCO2e/MJ NG delivered at market] 

Offshore production and 
pre-processing 

n/a 2.15  

Offshore pipeline 
transport to Zeebrugge 

-  0.12 

Offshore pipeline 
transport to Emden 

-  0.05 

 

The well-to-market (cradle to gate) GHG emissions footprint estimated for this value chain per field 
and destination resulted in the following substantially different values for the different destinations: 

• Complex B West to Emden: 4.88 [gCO2e/MJ NG delivered market] 
• Complex B West to Zeebrugge: 4.94 [gCO2e/MJ NG delivered market] 
• Complex B East, G and S to Emden: 2.21 [gCO2e/MJ NG delivered market] 
• Complex B East, G and S to Zeebrugge: 2.27 [gCO2e/MJ NG delivered market] 
•  

6.5.3 Complex C to Spain value chain 
NG produced in the Complex C area is transported 130 km via a multiphase pipeline to the Complex K 
onshore plant where it is processed, liquefied and loaded into LNG carriers to then be transported to 
the international LNG market. As Spain has consistently been among the top three Norwegian LNG 
destinations for the past three years [37,255,256], this research chose the Huelva regasification plant 
in Southern Spain as destination market for the Complex C NG supply chain for GHG emissions 
assessment purposes. 

This section estimates transport emissions for the following Complex C NG supply chain life-cycle 
stages: 

• NG transport from Complex C to the Complex K onshore processing and liquefaction plant via 
multiphase offshore pipelines. 

• LNG transport from the Complex K onshore processing and liquefaction plant to the Huelva 
regasification terminal in Spain. 
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6.5.3.1 Offshore pipeline from Complex C to Complex K onshore processing and 
liquefaction plant 
The Complex C pipeline installation, carried out in 2005, did not require pre-sweeping activities, but 
needed pre-lay and post-lay rock installation for pipeline protection purposes involving the 
movement of 1.1 million tonnes of rocks [181]. CO2 and CH4 emissions from the Complex C pipeline 
installation vessel use were estimated using the activity factors presented in Table 152 and the EF 
procedure outlined in section 6.2.1. 

Table 152. Complex C pipeline installation vessels activity factors. 
Activity Vessel [181,257–259] Use [days] 

[181,257,259,260] 
GRT [tonnes][238] Estimated fuel use 

[tonnes diesel/day] 
Surveying Survey vessel 90 n/a 14.00 
Pipe-laying Solitaire 46 94,855 96.03 
Pipe-laying Skandi Navica 60 6,083 15.25 
Pipe-laying Pipe carriers (3) 138 3,999 13.35 
Trenching Seaway Petrel 140 3,371 12.78 
Trenching Normand Tonjer 112 8,414 17.37 
Rock installation Seahorse 360 19,516 27.47 
 

The Complex C pipeline system combines the following pipelines [181]: 

• A 28 inches multiphase pipeline transporting the production hydrocarbons, MEG and water 
from the offshore area to the Complex K onshore plant. 

• An 8 inches CO2 pipeline that transports the CO2 stripped off the production flow in the 
Complex K plant back into the Complex C area where it is injected into a formation above 
the reservoir for geological storage. 

• A 4 inches MEG pipeline that transports MEG from the Complex K onshore plant into the 
Complex C area PLEMS where it will mix with the production flow and prevent the formation 
of hydrates in the multiphase pipeline. 

• A 4 inches services pipeline that transports other chemicals from the Complex K onshore 
plant into the Complex C area PLEMS. 

Emissions related to the steel and concrete use in these pipelines were estimated following section 
6.2.1, the pipeline dimensions presented in Table 153 and assuming a carbon steel and concrete 
density of 7,850 and 2,400 [kg/m3] respectively. Pipeline assembly emissions were assumed to be 
equivalent to 20% of the materials footprint following the procedure of Tamura [63]. 

Table 153. Complex C pipeline system dimensions. 
Parameter Units Multiphase 

pipeline[181,258,259] 
CO2 
pipeline[181] 

MEG 
pipeline[181] 

Services 
pipeline[181] 

Longitude km 143.00 151.74 142.99 143.03 
Outer diameter inches 28 8 4 4 
Wall thickness mm 28.10 15.00 1.35 1.35 
Concrete coating 
thickness 

mm 45.00 12.86 6.43 6.43 

 

Decommissioning emissions were estimated using 90 days of vessel to cut the pipelines extremes 
and bury them according to the in-situ decommissioning considerations highlighted in section 6.2.3. 
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The Complex C pipeline system construction, materials and decommissioning emissions estimated 
were then allocated to the Complex C area lifetime expected products based on their energy 
contents. Table 154 shows the emissions footprint from these activities allocated to the Complex C 
NG.  

Table 154. CO2 and CH4 emissions from the Complex C pipeline allocated to the Complex C NG product streams. 
Activity Emissions [tonneCO2e/m3NG] Emissions [gCO2e/MJ LNG output] 
Installation 3.15×10-7 8.99×10-3 
Pipeline materials 5.79×10-7 1.65×10-2 
In-situ decommissioning 1.80×10-8 5.13×10-4 

 

Emissions from the operation of the Complex C offshore pipeline system were estimated considering 
90 days of surveying vessels use per year (section 6.2.2). When allocated to the Complex C area 2015 
production flows, the Complex C offshore pipeline system operating emissions are: 

• 1.93×10-2 [gCO2e/MJ LNG output] 

6.5.3.2 LNG marine transportation from the Complex K processing and liquefaction plant 
to Huelva, Spain 
Emissions from marine transport of the Complex K LNG to the Huelva regasification plant were 
estimated considering that LNG is transported in a steam turbine LNG carrier with a Moss-Rosenberg 
containment system of 145,000 m3 effective cargo capacity operating exclusively in this route using 
the parameters presented in Table 155 according to the information provided by the operator. 

Table 155. LNG transport related parameters for the NG transport from Complex K LNG to Huelva. 
Parameter Units Value 
Loading/unloading pump power kW 2,765 
Loading/unloading time hours 12 
Distance one-way trip Nautical miles 3,095 
Average LNG carrier velocity knot 15 
Days at port days 2.5 
LNG carrier effective cargo volume m3 LNG 145,000 
Total engine power kW 27,600 

 

LNG marine transport operation emissions were estimated using the parameters in Table 155 and 
sections 6.3.1 and 6.3.3.1; while LNG transport construction and decommissioning emissions were 
estimated assuming that the considered LNG carrier serves this route exclusively during its entire 
operating life and that 90% of the copper and steel in this carrier can be recycled at decommissioning 
(sections 6.3.2 and 6.3.4). Table 156 presents the LNG transport operation, construction and 
decommissioning per MJ of LNG delivered at the Huelva regasification plant. 

Table 156. Complex K to Huelva LNG transport estimated emissions footprint. 
LNG transport stage Associated CO2 and CH4 emissions 

[gCO2e/MJ LNG delivered] 
Construction 1.52×10-2 
Operation 1.83 [1.80,1.85] 
Decommissioning -1.36×10-2 
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6.5.3.3 Complex K to Spain value chain - Aggregated emissions 
Table 157 presents the well-to-market (cradle to gate) emission footprints per life cycle stage 
estimated for this value chain following the procedure outlined in section 6.4. As emissions from the 
remotely operated offshore production, offshore pipeline transport and NG processing and 
liquefaction were estimated in terms of a MJ of LNG output of the Complex K processing and 
liquefaction plant, these were converted to MJ of LNG delivered to the market, considering that the 
LNG marine transport uses 1.29% of the transported LNG. 

Table 157. Estimated GHG footprint by life cycle stage for Complex C LNG delivered to Huelva in 2015. 
  Life cycle stage GHG emissions 

 Throughput loss & 
use [%] 

[gCO2e/MJ LNG output LNG 
plant] 

[gCO2e/MJ LNG delivered at 
market] 

Offshore NG production n/a 0.04 0.05 

Offshore pipeline transport - 0.05 0.05 

NG processing and liquefaction 8.81 5.01 5.08 

Marine LNG transport 1.29  1.83 

 

The well-to-market (cradle to gate) GHG emissions footprint estimated for this value chain is: 

• Complex C to Huelva (2015): 7.00 [gCO2e/MJ NG delivered market] 

6.5.4 Complex L to China, Japan, Singapore and Chile value chains 

6.5.4.1 LNG marine transportation from Complex L to China, Japan, Singapore and Chile 
LNG transport from the Complex L LNG plant was analysed for the delivery destinations of Ogishina 
(Japan), Guangdong Dapeng (China),  Jurong (Singapore) and Quinteros (Chile) using the Gas Maran 
Posidonia LNG carrier as reference, therefore considering transport in a DFDE LNG carrier with a 
membrane containment system and an effective cargo capacity of 160,000 m3. 

LNG transport operating emissions for each of the defined destinations were estimated assessing 
fuel combustion emissions from the return trip and time at port, as detailed in sections 6.3.1 and 
6.3.3.2, and using the parameters presented in Table 158. 

Table 158. Complex L LNG transport related parameters. 
  Destination 
Parameter Units Ogishima Guangdong  Jurong Quinteros 
Distance one-way trip Nautical miles 4,045 4,511 4,173 13,645 
Average LNG carrier velocity knot 15 15 15 15 
One-way trip duration days 11.24 12.53 11.59 37.90 
Days at port days 2.5 2.5 2.5 2.5 
LNG carrier effective cargo 
volume 

m3 LNG 160,000 160,000 160,000 160,000 

Total engine power kW 27,600 27,600 27,600 27,600 
 

LNG transport construction and decommissioning emissions were estimated assuming that the 
considered LNG carriers serve each route exclusively throughout their entire lifetime. Therefore, 
emissions estimated following sections 6.3.2 and 6.3.4 were allocated to the carrier’s projected LNG, 
delivered over its lifetime. Similar to the estimations performed for the Complex K NG chain, LNG 
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carriers in the Complex L chain were assumed to have an operating life of 40 years and to recycle 
90% of their copper and steel in the decommissioning stage. 

Table 159 and Table 160 present the obtained LNG transport emissions footprint in terms of MJ of 
LNG delivered for each destination for the period 2016-2018. 

Table 159. Estimated emissions footprint for the construction and decommissioning of Complex L LNG transport life cycle 
stage. 

 Ogishima Guangdong Jurong Quinteros 
 CO2 and CH4 emissions [gCO2e/MJ LNG delivered] 
Construction 2.00×10-2 2.24×10-2 2.08×10-2 6.57×10-2 
Decommissioning -1.79×10-2 -2.01×10-2 -1.87×10-2 -5.90×10-2 

 

Table 160. Estimated emissions footprint for the operation of Complex L LNG transport life cycle stage. 
 2016 2017 2018 
Destination  CO2 and CH4 emissions [gCO2e/MJ LNG delivered] 
Ogishima 2.99 2.77 2.74 
Guangdong 3.34  3.10 3.07 
Jurong 3.11 2.88 2.85 
Quinteros 9.54 8.82 8.74 

 

6.5.4.2 Complex L to China, Japan, Singapore and Chile value chains - Aggregated 
emissions 
In order to estimate the well-to-market (cradle to gate) emissions of the Complex L NG, emissions 
estimated by the MERG group for the following life cycle stages of the value chain were included in 
this section [261]: 

• NG production in the Surat Basin [261]. 
• Gathering pipelines connecting the Surat Basin and Central Processing Plants [261]. 
• Transmission pipelines connecting the Central Processing Plants with the Complex L LNG 

plant [261]. 

Table 161, Table 162 and Table 163 present the well-to-market (cradle to gate) emission footprints 
per life cycle stage for Complex L LNG exported to Japan, China, Singapore and Chile in the period 
2016-2018 estimated considering each life cycle stage throughput loss as detailed in section 6.4.  

Table 161. Estimated GHG footprint by life cycle stage for the Complex L LNG, delivered to Ogishima (Japan)/ Guangdong 
(China)/Jurong (Singapore)/Quinteros (Chile) in 2016. 

  Life cycle stage GHG emissions 
 Throughput 

loss & use 
[%] 

[gCO2e/MJ 
NG wells] 

[gCO2e/MJ 
input 
CPPs] 

[gCO2e/MJ 
output 
CPPs] 

[gCO2e/MJ 
input LNG 
plant] 

[gCO2e/MJ 
output LNG 
plant] 

[gCO2e/MJ 
LNG delivered 
market] 

Production[261]  4.40 4.41 4.51 4.52 4.89 4.98/ 4.99/ 
4.98/ 5.18 

Gathering 
pipelines[261] 

0.13  1.85 1.90 1.90 2.06 2.10/ 2.10/ 
2.10/ 2.18 

CPPs 2.36   2.65 2.66 2.88 2.93/ 2.93/ 
2.93/ 3.05 

WTPs - 0.05 0.05 0.06 0.06 0.06 0.06/ 0.06/ 
0.06/ 0.06 

Transmission 
pipelines[261] 

0.10    0.05 0.05 0.05/ 0.05/ 
0.05/ 0.05 

Processing and 
liquefaction 

7.72     4.48 4.56/ 4.56/ 
4.56/ 4.74 
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LNG marine 
transport 

1.68/ 1.87/ 
1.73/ 5.54 

     2.99/ 3.35/ 
3.11/ 9.55 

 
Table 162. Estimated GHG footprint by life cycle stage for the Complex L LNG, delivered to Ogishima (Japan)/ Guangdong 

(China)/Jurong (Singapore)/Quinteros (Chile) in 2017. 
  Life cycle stage GHG emissions 
 Throughput 

loss & use 
[%] 

[gCO2e/MJ 
NG wells] 

[gCO2e/MJ 
input 
CPPs] 

[gCO2e/MJ 
output 
CPPs] 

[gCO2e/MJ 
input LNG 
plant] 

[gCO2e/MJ 
output 
LNG plant] 

[gCO2e/MJ 
LNG delivered 
market] 

Production 
[261] 

n/a 3.45 3.46 3.54 3.55 3.80 3.87/ 3.87/ 
3.87/ 4.02 

Gathering 
pipelines[261] 

0.13  1.78 1.82 1.82 1.95 1.99/ 1.99/ 
1.99/ 2.07 

CPPs 2.36   1.97 1.97 2.12 2.15/ 2.16/ 
2.15/ 2.24 

WTPs - 0.04 0.04 0.04 0.04 0.05 0.05/ 0.05/ 
0.05/ 0.05 

Transmission 
pipelines[261] 

0.10    0.05 0.05 0.05/ 0.05/ 
0.05/ 0.05 

Processing and 
liquefaction 

6.71     4.05 4.12/ 4.13/ 
4.12/ 4.29 

LNG marine 
transport 

1.68/ 1.87/ 
1.73/ 5.54 

     2.77/ 3.10/ 
2.88/ 8.83 

 

The resulting well-to-market (cradle to gate) GHG emissions footprints estimated for the Complex L 
LNG value chains are: 

• Complex L to Ogishima (2016/2017/2018): 17.66/ 14.99/ 15.83 [gCO2e/MJ LNG delivered 
market]. 

• Complex L to Guangdong (2016/2017/2018): 18.05/ 15.35/ 16.18 [gCO2e/MJ LNG delivered 
market] 

• Complex L to Jurong (2016/2017/2018): 17.79/ 15.11/ 15.95 [gCO2e/MJ LNG delivered 
market] 

• Complex L to Quinteros (2016/2017/2018): 24.82/ 21.55/ 22.37 [gCO2e/MJ LNG delivered 
market] 

Table 163. Estimated GHG footprint by life cycle stage for the Complex L LNG, delivered to Ogishima (Japan)/ Guangdong 
(China)/Jurong (Singapore)/Quinteros (Chile) in 2018. 

  Life cycle stage GHG emissions 
 Throughput 

loss & use 
[%] 

[gCO2e/MJ 
NG wells] 

[gCO2e/MJ 
input 
CPPs] 

[gCO2e/MJ 
output 
CPPs] 

[gCO2e/MJ 
input LNG 
plant] 

[gCO2e/MJ 
output 
LNG plant] 

[gCO2e/MJ 
LNG delivered 
market] 

Production 
[261] 

n/a 3.80 3.80 3.90 3.90 4.20 4.27/ 4.28/ 
4.27/ 4.45 

Gathering 
pipelines[261] 

0.13  1.66 1.70 1.70 1.83 1.86/ 1.86/ 
1.86/ 1.93 

CPPs 2.36   2.22 2.23 2.40 2.44/ 2.44/ 
2.44/ 2.54 

WTPs - 0.04 0.04 0.04 0.04 0.04 0.05/ 0.05/ 
0.05/ 0.05 

Transmission 
pipelines[261] 

0.10    0.04 0.05 0.05/ 0.05/ 
0.05/ 0.05 

Processing and 
liquefaction 

7.13     4.35 4.43/ 4.44/ 
4.43/ 4.61 

LNG marine 
transport 

1.68/ 1.87/ 
1.73/ 5.54 

     2.74/ 3.07/ 
2.86/ 8.75 
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6.5.5 Complex M to Brazil and Argentina value chains 
The NG processed in the Complex M plant is produced in two nearby fields and, after processing, is 
used for local consumption, or transported to Guarema (Brazil) and Buenos Aires (Argentina) via 
onshore pipelines. Emissions were estimated for the three life cycle stages of the Complex M NG 
value chain to assess its well-to-market (cradle to gate) emissions footprint [261] working together 
with other members of the MERG team covering: 

• NG production from the Complex M fields – Performed by other members of the MERG 
team.  

• Gathering pipelines connecting the fields with the Complex M Plant – Performed by other 
members of the MERG team. 

• NG processing at the Complex M NG processing plants – Performed by this research. 
• Onshore pipeline system connecting the Complex M plant with Guarema (Brazil) and Buenos 

Aires (Argentina) – Performed by other members of the MERG team. 

6.5.5.1 Complex M to Guarema Brazil value chain - Aggregated emissions 
Table 164 presents the well-to-market (cradle to gate) emission footprints per life cycle stage for the 
Complex M to Guarema value chain, estimated following the procedure outlined in section 6.4.  

Table 164. Estimated GHG footprint by life cycle stage for Complex M NG delivered to Guarema (Brazil) in 2016. 
  Life cycle stage GHG emissions 
 Throughput 

loss & use [%] 
[gCO2e/MJ NG 
produced] 

[gCO2e/MJ NG 
input Complex 
M plants] 

[gCO2e/MJ NG 
output 
Complex M 
plants] 

[gCO2e/MJ NG 
delivered at market] 

NG production [261] n/a 0.02 0.02 0.02 0.02 
Gathering 
pipelines[261] 

0.01  0.18 0.18 0.19 

NG processing 0.73   0.42 0.45 
Onshore pipeline 
transport to 
Guarema[261] 

5.90    3.20 

 

The well-to-market (cradle to gate) GHG emissions footprint estimated for the Complex M to 
Guarema value chain is: 

• Complex M to Guarema (2016): 3.85 [gCO2e/MJ NG delivered market] 

6.5.5.2 Complex M to Buenos Aires Argentina value chain - Aggregated emissions 
Table 165 presents the well-to-market (cradle to gate) emission footprints per life cycle stage for the 
Complex M to Buenos Aires value chain estimated following the procedure outlined in section 6.4.  

Table 165. Complex M NG delivered to Buenos Aires (Argentina) 2016 estimated GHG footprint by life cycle stage. 
  Life cycle stage GHG emissions 
 Throughput 

loss & use [%] 
[gCO2e/MJ NG 
produced] 

[gCO2e/MJ NG 
input Complex 
M plants] 

[gCO2e/MJ NG 
output 
Complex M 
plants] 

[gCO2e/MJ NG 
delivered at market] 

NG Production[261] n/a 0.02 0.02 0.02 0.02 
Gathering 
pipelines[261] 

0.01  0.18 0.18 0.19 

NG processing 0.73   0.42 0.45 
Onshore pipeline 
transport to 

5.90    3.15 
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Guarema[261] 

 

The well-to-market (cradle to gate) GHG emissions footprint estimated for the Complex M to Buenos 
Aires value chain is: 

• Complex M to Buenos Aires (2016): 3.80 [gCO2e/MJ NG delivered market] 

 

6.5.6 Comparison with literature values 
Figure 58 compares the estimated well-to-market (cradle to gate) GHG footprints of the Complex A 
(case study [1]), Complex B (case study [2]) and Complex C (case study [3]) NG chains against 
European produced NG well-to-market (cradle to gate) footprints taken from the literature.  

Regarding the Complex A, B and C NG value chains analysed, emissions from facilities construction 
and decommissioning accounted for 3, 7 and 2 % of the well-to-market (cradle to gate) GHG 
footprints for fields 1-2 in case study [2], fields 3 to 5 in case study [2] and case study [3] respectively. 
Emissions from the construction and decommissioning of the Complex A platforms accounted for 15 
and 26% of the total Complex A NG well-to-market (cradle to gate) emissions footprint for the years 
2014 and 2015. Considering that infrastructure related emissions were estimated as negligible by 
Burnham et al. [60] for US onshore conventional NG production and below 4.5% by Tamura et al. [63] 
for LNG produced in Asia, Australia and Alaska and exported to Japan, infrastructure construction 
and decommissioning emissions for case studies [2] and [3] were observed to be in line with 
literature estimates. However, the construction and decommissioning activities represented a higher 
percentage in the Complex A NG value chain well-to-market (cradle to gate) GHG footprint. This 
chain also had the lowest well-to-market (cradle to gate) emissions intensity among the studied 
European NG chains studied and all comparable literature values. 

Figure 58 also illustrates that emissions from NG produced in Complex A field in 2015 had an 
associated well-to-market (cradle to gate) emissions intensity 44% lower than the NG produced in 
the same field in the previous year. According to the analysis presented in this thesis (chapter 4), this 
difference can be explained by the higher 2014 diesel consumption and emergency flaring rates 
which produced abnormally high emissions footprint for Complex A NG that year. This difference 
highlights the effect that operating practices and unplanned emergencies can have on the well-to-
market (cradle to gate) footprint for NG produced offshore in the North Sea. 

It is also possible to note that the Complex B East, G and S natural gas well-to-market (cradle to gate) 
footprint in 2016 was 54% lower than the Complex B West and A N NG in that same year even 
though these are neighbouring offshore fields produced by the same offshore platforms complex. 
These differences, explained in chapter 4 by the different field and platforms configurations, prove 
that substantially different well-to-market (cradle to gate) emissions footprints exist between 
neighbouring fields located in the same basin and country. This observation also helps explain the 
uncertainty ranges reported in studies datamining literature values and those looking to devise 
country level aggregated NG emissions footprints. 
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Figure 58. Comparison between European NG value chains GHG footprints; Norwegian [80,82,84], UK [80,84], North Sea 
[83] and EU mix NG [81]. Note: Case study [1] = Complex A chain, Case study [2] field 1, 2, 3, 4 & 5: Complex B West, A N, 

East, G and S; Case study [3]: Complex C NG chain. 

The Complex C NG value chain was shown to have the highest well-to-market (cradle to gate) 
emission intensity among the analysed European NG chains, with liquefaction being the main GHG 
emitter and accounting for 45% of its well-to-market (cradle to gate) footprint. Although the 
Complex C project includes one of the most notable CCS projects currently operating in the world, 
including the removal of most of the CO2 present in the production flow to later send it for geological 
storage; the high CO2 content of its production flow creates at the same time higher energy 
requirements related to the AGR and CO2 compression unit processes, increasing the project’s 
emissions intensity. 

When comparing the analysed European NG chains against literature values referring to European 
produced NG (Figure 58) it is possible to note that the well-to-market (cradle to gate) emissions 
intensity for Complex A NG was 57-76% lower than the North Sea NG footprint estimated by CIRAIG 
[83], 44-68% lower than the average UK NG footprint reported by GaBi [80] and 57-76% lower than 
the footprint reported by Exergia [84] for UK NG. At the same time, the Complex B West and East NG 
in 2016 had emissions intensity 38 and 72% lower than the Norwegian NG footprint estimated by 
Exergia [84] and 12 and 60% lower than the Norwegian NG footprint estimated by DBI [82] 
respectively. This highlights that the NG produced at the Complex A and Complex B offshore 
platforms has the lowest well-to-market (cradle to gate) emissions intensity when compared to 
European produced NG values available in the literature. The differences between average country 
produced NG GHG footprints observed in the literature highlights that NG emissions intensity is still a 
matter of debate in the literature and that the models developed in this research can resolve 
adequately and entirely. 
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NG produced at the Complex A and B offshore platforms presented almost negligible emissions 
related to the NG transport. This is due to NG transport in offshore pipelines with negligible 
associated throughput leaks and negligible or low throughput use in intermediate compression 
stages - these NG chains perform NG compression inside the production offshore platforms which 
are accounted within the production and processing life cycle stages. In fact, according to the results 
from this research, the compression unit process accounted for over 60% of the total CO2 and CH4 
emissions generated during the operation of these platforms. 

When comparing NG produced in Complexes A, B and C against LNG imported into Europe from 
Qatar, Nigeria and the US (Figure 59) it is noted that locally produced NG has well-to-market (cradle 
to gate) emissions intensities between 56 and 96% lower than imports from far afield. Although 
intuitively transport to market related emissions should contribute substantially to such differences, 
it is the production and processing and liquefaction that contributing to this the most, highlighting 
the effect that technologies and operational practices present in different countries can have on the 
emissions intensity of a particular NG chain. 

NG production and processing in South America has been largely disregarded by the literature.  
Figure 60 includes NG emissions intensity estimates provided by IOGP [88] and YPF [89]. The first 
represents the aggregated emissions from NG and oil production in Central and South America and 
was derived using information provided by producers representing 45% of the hydrocarbon 
production in this area. The second estimate represents the aggregated emissions from the upstream 
oil and NG operations controlled by YPF in Argentina in 2016. Both estimates were converted into 
energy units using the 52.4 [MJ/kg] energy content reported for Complex M NG for the year 2016. 

From Figure 60 it is possible to note that the well-to-market (cradle to gate) emissions intensity for 
Complex M NG exported to Brazil in 2016 was 51% lower than the footprint reported by the GaBi 
database [80] for the average NG consumed in Brazil. The well-to-market (cradle to gate) emissions 
footprint of the Complex M NG exported to Argentina was observed to be 50% lower than the 
Argentinian upstream emissions intensity reported by YPF [89] for the same year. In fact, the NG 
processing emissions footprint for Complex M in 2016 were shown to be more than 60% lower than 
the aggregated footprints reported by IOGP and YPF for upstream hydrocarbon operations. Although 
no onshore pipeline transmission values were found for the South American context, the values 
included in this research were shown to account for 83% of the estimated well-to-market (cradle to 
gate) emissions intensity for Complex M NG. The Complex M plant construction and 
decommissioning emissions were observed to account for less than 1% of this total footprint. 
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Figure 59. Comparison of Complex A, B and C with LNG imported from outside Europe; Qatari LNG imported to the UK 
[69,262], Nigerian LNG imported to Portugal [72] and US LNG imported to the UK [263]. 

 

Figure 60. Comparison of GHG footprint of Complex M gas with other studies referring to NG production in South 
America; NG available for Brazilian consumption [80], Argentinian NG production [89] and regional average for Central 

and South America [88]. 

Figure 61 presents the comparison of the well-to-market (cradle to gate) emissions footprint 
estimated for Complex L NG exported to Japan and Chile against Australian produced NG footprints 
taken from the literature.   
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Figure 61. Comparison of GHG footprint for Complex L with other studies analysing Australian NG; Australian NG for local 
consumption [80,264], Australian LNG imported to the US [265], Japan [68] and Europe [86]. 

Not considering for LNG marine transport, the production and processing life cycle stage accounted 
for the largest share of Complex L’s NG well-to-market (cradle to gate) estimated emissions intensity, 
representing 36 and 26% of this value when the destination market is Japan and Chile respectively. 
The emissions footprints estimated for this life cycle stage, however, resulted below the Australian 
NG average reported by the Australian government [264] and the GaBi database [80]. 

The liquefaction life cycle stage also presented an important share of the Complex L NG estimated 
well-to-market (cradle to gate) GHG footprint, representing between 20-27% of this value depending 
on the considered destination market. The assessed liquefaction GHG footprint presented small 
differences with other Australian plants’ liquefaction footprints estimated by ICF [265], Skone et al. 
[68] and Thinkstep [86]. 

The important differences in LNG marine transport associated emissions intensity, depending on the 
distance to market, highlighted by the literature was also observed when assessing the Complex L NG 
value chain. Its LNG marine transport footprint for the Chilean market was shown to be 3.19 times 
larger than the footprint associated with the Japanese market. 

Skone et al. [68] analysed a NG chain including the export of Australian LNG to Japan with an 
estimated well-to-market (cradle to gate) footprint at 1.42 times higher than the one estimated in 
this study. This can be explained by the fact that Skone modelled Australian NG production and 
processing after US conventional sites as the authors focused in modelling the differences resulting 
from transporting NG for different distances. Skone et al.’s estimated LNG transport footprint, 
however, resulted lower than in this research for the Japanese market as Skone et al.’s study 
assessed the transportation of LNG from Darwin to Osaka, which has a shorter transport distance 
(20% lower) than the route considered in this research for the Japanese export market. 

Similar to results obtained for the other analysed NG value chains, the construction and 
decommissioning of the field production infrastructure, Central Processing plants, Water Treatment 
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Plants and the LNG plant for Complex L represented altogether 4 and 3% of the NG well-to-market 
(cradle to gate) emissions intensity for the Japanese and Chilean export markets respectively. 

Figure 61 also illustrates that Complex L NG has a low associated well-to-market (cradle to gate) 
emissions footprint when compared to other studies, except when compared to the ICF study [265]. 
The NG production and processing footprint contributed largely to this difference, as the ICF study 
considered the production of conventional NG and liquefaction in the Pluto, Gorgon and Darwin LNG 
plants. This difference helps to verify the impact that conventional NG and CBM production and 
processing in Australia can have on the total well-to-market (cradle to gate) footprint. 

6.6 Conclusions 
This chapter presented the life cycle inventory models developed to estimate CO2 and CH4 emissions 
from NG transport through offshore pipelines and marine vessels as LNG and a procedure to 
consistently aggregate emissions estimated for different life cycle stages under the defined 
functional unit of 1 MJ of NG delivered at gate. While currently available studies analysing European, 
South-American, and Australian NG product streams report generic regional averages, this research 
is the first study of its kind that performed an LCA for individual NG chains located in these regions at 
a unit process level of detail and with temporal extend for the whole life of the facilities. Specifically, 
the GHG footprint estimated for the Complex M NG chain represents the first available insight to the 
embodied emissions of Bolivian NG. 

In this chapter, this research showed that the embodied GHG footprint of NG products delivered at 
different markets will vary significantly even when it is originating from a single source. Although 
these differences had been previously noted for US produced NG by Skone et al. [68] and Abrahams 
et al. [73], the differences observed in this research are significantly higher. In particular, the 
embodied GHG footprint of Complex L’s CBM was observed to vary up to 26% when NG delivered in 
Chile is compared against NG delivered in Japan. 

Regarding the particular NG chains analysed, the European NG chains had GHG footprints in the 
range of 1.63-7.03 [gCO2e/MJ NG delivered]; which are 56-96% lower than the embodied GHG 
footprints of NG imported to Europe from overseas. This finding reinforces the notion that locally 
produced NG is cleaner than overseas imports in the European context. Furthermore, the Complex A, 
B and C NG product streams were observed to have, in fact, lower embodied GHG footprints than the 
European regional averages reported by Thinkstep [80], Edwards et al. [81], Exergia [84] and Roy et 
al. [83]. Most notable are the embodied GHG footprints of the Complex A and B NG which are among 
the lowest values compared to the other analysed case studies and literature referring to NG 
consumed in Europe. 

The results observed in Chapter 4 were further analysed from a whole value chain perspective 
confirming that there can be significant differences in GHG performance between neighbouring NG 
facilities, or within the same facility in consecutive years. Specifically, NG from neighbouring fields 
produced by the Complex B platforms were shown to have a difference of 54% in their estimated 
well-to-market (cradle to gate) footprints in 2016; while NG produced from Complex A area was 
shown to have a difference of 44% in its 2014 and 2015 well-to-market (cradle to gate) footprints.  

In the South American context, this research estimated that Complex M’s well-to-market (cradle to 
gate) footprint is 3.85 [gCO2e/MJ NG] when delivered to Guarema, Brazil, and 3.80 [gCO2e/MJ NG] 
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when delivered to Buenos Aires, Argentina. These footprints are 50% lower than literature reported 
Brazilian and Argentinian consumed NG GHG footprints. 

For the Australian context, this research estimated a well-to-market (cradle to gate) footprint for 
Complex L CBM produced in 2017 as ranging between 17.04 and 21.55 [gCO2e/MJ LNG delivered], 
when destinations such as China, Japan, Singapore and Chile are considered. These values are in line 
with estimates currently available in the literature. 

When looking at the contributions of individual life cycle stages to the overall well-to-market (cradle 
to gate) GHG footprints for the five case studies analysed, this research has shown that in most of 
the cases construction and decommissioning activities accounted for less than 5% of the delivered 
NG embodied GHG footprint. Of the 5 NG chains analysed, two had construction and 
decommissioning activities owing more than this percentage. Specifically, the Complex A to St Fergus 
and Complex B East, G and S to Zeebrugge chains had these activities representing 15% and 7% of 
their delivered NG GHG footprint respectively. These chains, however, had at the same time the 
lowest GHG footprints among the analysed cases and available literature for European chains, while 
producing NG in facilities approaching their end of life.    

Regarding operation emissions, this research has shown that for the offshore NG production and pre-
processing, onshore NG processing and onshore NG liquefaction processes, the NG compression and 
liquefaction unit processes were the highest emitting unit processes for both CO2 and CH4. For NG 
processing facilities particularly, it was also observed that the use of NG blanketing in produced 
water storage tanks can significantly increase a facility’s CH4 emissions. Emissions from this practice 
were observed to be the second highest CH4 emitting source in the Complex M plant in 2016, while 
water storage tanks in facilities that don’t use NG blanketing were observed to emit significantly less 
CH4 vents. 

The liquefaction unit process was estimated to account between 20-24% of Complex L’s delivered NG 
GHG footprint, and 45% of Complex C’s LNG footprint when exported to the Huelva terminal. This is 
in line with the liquefaction contribution to the embodied footprint of LNG delivered in Europe 
reported by Safaei et al. [72] and LNG produced in Australia reported by ICF [67], Skone et al. [68] 
and Schuller et al. [85].  

Marine NG transport related emissions were observed to vary significantly depending on whether NG 
is transported through offshore pipelines or in marine vessels as LNG. In the Complex A and B chains, 
where NG is transported through offshore pipelines, this research has shown that marine NG 
transport account for less than 5% of the delivered NG embodied GHG footprint. This is because NG 
compression was accounted in the platform’s pre-processing life cycle stage and transport through 
these pipelines have very low associated leaks and throughput losses. For the Complex C and L 
chains, on the other hand, where NG is transported in vessels as LNG, marine NG transport 
accounted for 26% and 16-41% of the well-to-market (cradle to gate) GHG footprint respectively, 
with the last case presenting a significant variation influenced by the distance to the destination 
market.  
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7 Natural gas supply chain GHG emissions mitigation – Development of 
Marginal Abatement Cost curves  

7.1 Introduction 
Currently, a high number of technological options are available for achieving GHG emissions 
abatement at different stages of the NG supply chain. As each of these has different implementation 
costs and emissions reduction potential, assessing their cost effectiveness has become important for 
decision making. 

Since the US EPA Gas STAR programme [94] published a list of technological options for CH4 
emissions abatement between 2006 and 2014, the use of Marginal Abatement Cost (MAC) curves 
has become extensively popular to compare abatement options, as they allow to rapidly select 
technologies depending on budgets and emissions reduction targets through visual examination. 
Since then, several studies, mostly focused on North American hydrocarbon operations, have 
estimated MAC curves for aggregated NG value chains. 

In this chapter, three industrial facilities were selected to analyse the implementation of emissions 
abatement options: 

• Complex B NG production and pre-processing offshore platforms; located in the Norwegian 
North Sea and currently entering the production decline phase.  

• Complex K NG processing and liquefaction plant; located onshore in Northern Norway and 
currently operating at plateau production. 

• Complex L CBM production, NG processing and liquefaction operations; located onshore in 
North Eastern Australia and currently operating at plateau production. 

The CO2 and CH4 emissions abatement options identified by this research and presented in Table 8, 
Table 9 and Table 10 (section 2.3) were then filtered for each case study based on feasibility 
considerations, the installed equipment and the level of information available to assess 
implementation costs and emission reduction benefits. The options considered feasible to implement 
and analyse (Table 166) were then included in the developed MAC curves. 

As reviewed in section 2.3, currently available studies providing MAC curves for Norwegian NG 
operations have suggested that GHG emissions reduction opportunities are limited due to the 
country’s strict environmental regulations [105]. However, a 29% of CO2 emissions reduction has 
been suggested as possible for offshore operations, mainly related to compressor revamps, 
combined heat power installation and renewables use [104]. To the best of the author’s knowledge, 
studies providing MAC curves for Australian CBM production facilities have not been published until 
now.  

In contrast to earlier MAC curve studies, this research developed MAC curves tailored to the 
operational parameters and characteristics of the analysed case studies, therefore, investment 
horizons, feasibility constraints, emissions abatement impacts and costs are adapted per analysed 
operation.  The resulting MAC curves developed are representative of individual operations rather 
than countries or regions and can reliably inform decision making. 
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Table 166. CO2 and CH4 emissions abatement options analysed in this research. 
Technology 
classification 

Abatement technology 

Monitoring Lead Detection Inspection and Repair (LIDAR) 
Well operation Route unloading vents to flare 
 Casing vent – Connect to VRU 
 Casing vent – Install recovery compressors 
 Green completions 
Pumps and valves Separator pneumatic vents – Convert to mechanical controls 
 Gas plant pneumatics – Replace gas system with instrument air using solar energy 
 Gas plant pneumatics – Replace gas system with instrument air using energy from the grid 
 Gas plant pneumatic vent – Capture and combust 
 Pneumatic vent – Replace high bleed by low bleed 
 Pneumatic vent – Replace high bleed with retrofit kit 
Gas turbines Run fewer turbines at higher load 
 Online turbines washing 
 Install waste heat recovery system 
 Replace open cycle by combined cycle turbine 
 Connect platform to onshore grid 
 Use offshore wind 
 Platform interconnection to share generated power 
Compressors Centrifugal compressor – Wet seal degassing recovery 
 Centrifugal compressor – Dry seal degassing recovery 
 Centrifugal compressor – Replace wet seal by dry seal 
 Reciprocating compressor – Route rod packing vent to flare 
 Compressor blowdown vent – route to fuel gas system 
 Keep compressors pressurised while off-line 
 Compressor gas starter vent – Replace with air 
 Compressor gas starter vent – Route to flare 
Dehydration Dehydration gas glycol pumps – Convert to air / solar pump 
 Dehydration vent – Install VRU 
 Dehydration vent – Optimise glycol circulation rates 

 

7.2 Methodology 
The procedure detailed in section 3.3 was used to construct the MAC curves developed. These were 
also interpreted for each of the selected operations. In summary: 

• Table 8, Table 9 and Table 10 (section 2.3) were used as the currently available CO2 and 
CH4 emissions abatement options considered sufficiently mature for implementation in 
NG operations. 

• The emissions abatement technological list was then filtered per case study considering 
design specification and feasibility constraints in the field. 

• The CO2 and CH4 emissions abatement effect for each of the selected emissions 
abatement options was estimated. 

• Implementation costs associated with each of the selected emissions abatement options 
were estimated. 

• Each operation specific MAC curve was developed by calculating the ratio between each 
option’s emissions abatement impact and implementation cost and organising the 
resulting ratios in increasing order. 

• MAC curve sensitivity relative to the investment horizon was assessed by trying two 
additional investment horizons. 

The following sections outline how each of the identified CO2 and CH4 emissions reduction options 
associated abatement impacts and implementation costs were assessed. 
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7.2.1 CO2 and CH4 emissions abatement estimation per technology 
The considered emissions abatement technologies were assessed in terms of their GHG abatement 
potential for Natural Gas operations. As some of the technological options reduce CH4 while 
increasing CO2 emissions, abatement potentials from different emissions reduction technologies 
were assessed in terms of CO2 equivalent using 100-years’ time span IPCC AR5 weights [20]. 

7.2.1.1 Monitoring 

7.2.1.1.1 Leak Detection Inspection and Repair (LDAR) 
These campaigns have been widely referred as a means to identify and repair fugitive emissions 
sources. Due to the probabilistic nature in which fugitives are distributed across a specific operation, 
the average factor approach of Equation 65 [92] was used to estimate the potential CH4 emissions 
abatement impact that these campaigns can have, based on literature estimates that depend on the 
frequency of execution of the campaigns. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑩𝑩𝑬𝑬 × 𝒂𝒂𝒕𝒕       Equation 65 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: Potential CH4 emissions abatement related to performing LDAR, expressed as [CH4 
volume/ year].  

• 𝐵𝐵𝐸𝐸: Annual fugitive emissions baseline for the operation, expressed as [mass CH4/ year]. 
• 𝑎𝑎𝑡𝑡: Estimated fugitive emission sources found and repaired through LDAR. Following ICF [92], 

it was considered that annual, semi-annual and quarterly campaigns have the potential to 
reduce 40, 60 and 80% of annual fugitive emissions. 

7.2.1.2 Well operation 

7.2.1.2.1 Route unloading vents to flare 
An onshore NG well that also produces water or oil may accumulate liquids during normal operation, 
reducing the NG production rate. Operators may choose to unload these wells to recover the original 
production rates in a procedure that vents NG containing mostly CH4 to the atmosphere. By routing 
these vents into a flaring stack, CH4 emissions are reduced by combusting the NG. The GHG emissions 
abatement benefits of this practice were estimated using Equation 66 derives using mass balance. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑵𝑵𝒘𝒘𝒕𝒕𝒇𝒇𝒇𝒇𝒄𝒄 × 𝑬𝑬𝑭𝑭𝒇𝒇𝒄𝒄𝒇𝒇𝒄𝒄𝒂𝒂𝒅𝒅𝒕𝒕𝒄𝒄𝒅𝒅,𝑵𝑵𝑮𝑮 × (𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 − 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐)   Equation 66 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: GHG emissions saving by routing unloading vents to flaring; as this practice reduces 
CH4 emissions but adds CO2 emissions, the abatement benefits were estimated in terms of 
CO2 equivalent and expressed in [mass CO2e/year]. 

• 𝑁𝑁𝑤𝑤𝑡𝑡𝑓𝑓𝑓𝑓𝑐𝑐: Number of wells operating in the analysed operation. 
• 𝐸𝐸𝐹𝐹𝑓𝑓𝑐𝑐𝑓𝑓𝑐𝑐𝑠𝑠𝑑𝑑𝑡𝑡𝑐𝑐𝑑𝑑,𝐿𝐿𝐿𝐿: Average well NG emission rate due to unloading, expressed in [mass NG/ 

well/ year]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2 : NG flaring CO2 emission factor, expressed as [mass CO2/mass NG]. 
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7.2.1.2.2 Casing vent – Connect to VRU 
Casing vents can be re-routed back into the system by connecting VRUs directly into well casings 
reducing CH4 vents while recovering valuable production flows. This option’s abatement potential is 
assessed using Equation 67 derived using API’s guidelines [49].  

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝒘𝒘𝒕𝒕𝒇𝒇𝒇𝒇𝒄𝒄 × 𝑬𝑬𝑭𝑭𝒄𝒄𝒂𝒂𝒄𝒄𝒕𝒕𝒄𝒄𝒅𝒅,𝑵𝑵𝑮𝑮 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 × 𝒕𝒕𝒇𝒇𝒇𝒇    Equation 67 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement potential from routing casing vents back into the system 
using VRUs, expressed as [mass CO2e/year]. 

• 𝑁𝑁𝑤𝑤𝑡𝑡𝑓𝑓𝑓𝑓𝑐𝑐: Number of wells operating in the analysed operation. 
• 𝐸𝐸𝐹𝐹𝑐𝑐𝑠𝑠𝑐𝑐𝑡𝑡𝑐𝑐𝑑𝑑,𝐿𝐿𝐿𝐿: Well casing average vent emission rate, expressed as [mass NG/well/year]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
• 𝑒𝑒𝑙𝑙𝑙𝑙: Casing vents recovery efficiency. 

7.2.1.2.3 Casing vent – Install recovery compressors 
Casing vents can also be recovered using recovery compressors. This option’s CH4 abatement 
potential is estimated similar to when VRUs are used to recover casing vents through Equation 67. 

7.2.1.2.4 Green completions 
Once a new well is drilled, the well is allowed to initiate the flow of oil and NG before production as 
this will help clean the well from drilling fluids, water, mud and others materials left in the well 
during drilling and completion. This initial well flow is normally referred to as flow back and is either 
vented or flared as it is not considered production. In order to offset the emissions related to flow 
back from newly completed wells, green completions have been proposed. These consist of a 
temporary system formed by a skid- or trailer- mounted set of piping connections and vessels 
including a plug catcher, a sand trap and a three phase separator that are connected to the well head 
and used to separate the water from the hydrocarbon fluids contained in the flow back [266]. This 
option’s abatement potential is assessed using Equation 68 derived after API’s guidelines [49]. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝒘𝒘𝒕𝒕𝒇𝒇𝒇𝒇𝒄𝒄 × 𝒕𝒕𝑭𝑭𝑩𝑩 × 𝑬𝑬𝑭𝑭𝑭𝑭𝑩𝑩 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 × 𝒕𝒕𝑮𝑮𝑪𝑪    Equation 68 

Where: 

• 𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒: CH4 emissions abatement potential from installing green completions, expressed as 
[mass CO2e/year]. 

• 𝑵𝑵𝒘𝒘𝒕𝒕𝒇𝒇𝒇𝒇𝒄𝒄: Number of wells operating in the analysed operation. 
• 𝑡𝑡𝐻𝐻𝐵𝐵: Average well flow back period, expressed as [days/well/year]. 
• 𝐸𝐸𝐹𝐹𝐻𝐻𝐵𝐵: Average well flow back vent emission rate, expressed as [mass NG/well/year]. 
• 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒: Average NG CH4 weight content, expressed as [% mass]. 
• 𝒕𝒕𝑮𝑮𝑪𝑪: Green completions flow back recovery efficiency. 

7.2.1.3 Pumps and valves 

7.2.1.3.1 Separator pneumatics vent – Convert to mechanical controls 
Remote and non-electrified sites normally use gas assisted pneumatic devices for process control in 
separators. These devices have considerable associated NG vents and can be replaced by mechanical 
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control devices, which serve the same purpose and don’t use NG in the liquid level measurement or 
in the valve actuation, therefore, have no associated NG vents [267]. The CH4 emissions abatement 
potential of this conversion option is evaluated using Equation 69 derived after API’s guidelines [49].  

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝒄𝒄𝒕𝒕𝒔𝒔 × 𝑬𝑬𝑭𝑭𝒔𝒔,𝑵𝑵𝑮𝑮 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒      Equation 69 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement potential from changing gas assisted pneumatic devices in 
separators by mechanical controls, expressed as [mass CO2e/year]. 

• 𝑁𝑁𝑐𝑐𝑡𝑡𝑠𝑠: Number of separators with gas assisted pneumatic devices in the operation. 
• 𝐸𝐸𝐹𝐹𝑠𝑠,𝐿𝐿𝐿𝐿: Separator’s gas assisted pneumatic devices average NG vent emission rate, 

expressed as [mass NG/separator/year]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 

7.2.1.3.2 Gas Plant pneumatics – Replace gas system with instrument air using solar energy 
Gas assisted pneumatic devices are also used in other equipment present in gas processing plants for 
process control purposes. Their associated NG vents can be reduced by using instrument air powered 
by solar energy. CH4 emissions abatement from this option is assessed using Equation 70 and 
considering that instrument air do not have associated NG vents. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝑷𝑷𝑴𝑴 × 𝑬𝑬𝑭𝑭𝒔𝒔,𝑵𝑵𝑮𝑮 × 𝑶𝑶𝑯𝑯 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒      Equation 70 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement potential from changing gas assisted pneumatic devices to 
instrument air using solar energy, expressed as [mass CO2e/ year]. 

• 𝑁𝑁𝑃𝑃𝑀𝑀: Number of gas assisted pneumatic devices in the operation. 
• 𝐸𝐸𝐹𝐹𝑠𝑠,𝐿𝐿𝐿𝐿: Gas assisted pneumatic device average NG vent emission rate, expressed as [mass 

NG/hour/pneumatic device]. 
• 𝑂𝑂𝑂𝑂: Operating hours for the facility, expressed as [hours/ year]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 

7.2.1.3.3 Gas Plant pneumatics – Replace gas system with instrument air using energy from the 
grid 
Similar to section 7.2.1.3.2, by installing instrument air using energy from the grid, an operation can 
reduce CH4 emissions related to gas assisted pneumatic device vents. As electricity consumption 
from instrument air is negligible compared to the NG vent savings [90], emissions associated with the 
energy purchased to power these devices is considered negligible and this option’s CH4 abatement 
potential was estimated as in 7.2.1.3.2 using Equation 70. 

7.2.1.3.4 Gas Plant pneumatics vent – Capture and combust 
Another option to reduce the impact on global warming from gas assisted pneumatic devices is to 
capture and combust their associated vents. This option takes advantage of the fact that the impact 
of CO2 on global warming is 28 times lower than that of CH4 for a 100-years’ time span according to 
IPCC AR5 [20]. This option’s GHG emissions abatement potential was assessed using Equation 71 
derived following API guidelines [49]. 
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𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑵𝑵𝑷𝑷𝑴𝑴 × 𝑬𝑬𝑭𝑭𝒔𝒔,𝑵𝑵𝑮𝑮 × 𝑶𝑶𝑯𝑯 × (𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑮𝑮𝑮𝑮𝑷𝑷− 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐)   Equation 71 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: GHG emissions abatement potential from capturing and combusting gas assisted 
pneumatic devices vents; as this option reduces CH4 emissions but adds CO2 emissions its 
abatement potential was expressed as [mass CO2e/ year]. 

• 𝑁𝑁𝑃𝑃𝑀𝑀: Number of gas assisted pneumatic devices in the operation. 
• 𝐸𝐸𝐹𝐹𝑠𝑠,𝐿𝐿𝐿𝐿: Gas assisted pneumatic device average NG vent emission rate, expressed as [mass 

NG/hour/pneumatic device]. 
• 𝑂𝑂𝑂𝑂: Operating hours for the facility, expressed as [hours/ year]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
• 𝐺𝐺𝐺𝐺𝑃𝑃100: CH4 associated Global Warming Potential for a 100-years’ time span in terms of CO2 

equivalent. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2: NG combustion CO2 emission factor, expressed as [mass CO2/ mass NG]. 

7.2.1.3.5 Pneumatic vent – Replace high bleed by low bleed 
Allen et al. [146] classified gas assisted pneumatic devices based on whether they vent at a 
continuous rate (high-bleed), or at an intermittent rate (low-bleed). The latter was found to have less 
associated NG volume vents. By replacing high-bleed by low-bleed gas assisted pneumatic devices, 
an operation can reduce its associated CH4 emissions by the magnitude estimated by the EF 
approach of Equation 72. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝑷𝑷𝑴𝑴 × (𝑬𝑬𝑭𝑭𝒔𝒔𝟕𝟕,𝑵𝑵𝑮𝑮 − 𝑬𝑬𝑭𝑭𝒔𝒔𝟐𝟐,𝑵𝑵𝑮𝑮) × 𝑶𝑶𝑯𝑯 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒    Equation 72 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement potential from changing high bleed gas assisted pneumatic 
devices for low/intermitted bleed pneumatic devices, expressed as [mass CO2e/ year]. 

• 𝑁𝑁𝑃𝑃𝑀𝑀: Number of high bleed gas assisted pneumatic devices in the operation. 
• 𝐸𝐸𝐹𝐹𝑠𝑠1,𝐿𝐿𝐿𝐿: High bleed gas assisted pneumatic device average NG vent emission rate, expressed 

as [mass NG/hour/pneumatic device]. 
• 𝐸𝐸𝐹𝐹𝑠𝑠2,𝐿𝐿𝐿𝐿: Low/intermitted bleed gas assisted pneumatic device average NG vent emission 

rate, expressed as [mass NG/hour/pneumatic device]. 
• 𝑂𝑂𝑂𝑂: Operating hours for the facility, expressed as [hours/ year]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 

7.2.1.3.6 Pneumatic vent – Replace high bleed with retrofit kit 
Similar to the option from section 7.2.1.3.5, this option reduces an operation’s CH4 vents by replacing 
high-bleed pneumatic devices by retrofit Mizer kits, which work for the same process control 
purposes and have lower associated NG vents. This option’s CH4 emissions abatement potential is 
estimated as for option 7.2.1.3.5 using this time the retrofit Mizer kit EF instead of the low-bleed gas 
assisted pneumatic device in Equation 72. 
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7.2.1.4 Gas turbines 

7.2.1.4.1 Run fewer turbines at higher load 
As operations are sized to operate comfortably during the most energy demanding period of a field, 
peak production, turbines are chosen to provide sufficient power during that period. Turbines 
efficiency, however, has been proved to decrease when turbines are operated at lower loads [268]. 
Fields experiencing production decline, as submitted to lower power requirements, have the 
opportunity to rearrange their power generation configuration to operate less turbines at higher 
loads and use the GHG abatement potential of generating power at higher efficiencies as shown in 
Equation 73 derived following EF estimation principles outlined in API [49].  

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑷𝑷𝒅𝒅 × 𝑶𝑶𝑯𝑯 × 𝟑𝟑,𝟕𝟕𝟏𝟏𝟏𝟏 ×
𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕
𝑬𝑬𝑪𝑪𝑵𝑵𝑮𝑮

× � 𝟕𝟕
𝝁𝝁𝟏𝟏
− 𝟕𝟕

𝝁𝝁𝟕𝟕
�    Equation 73 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated to operating fewer turbines at higher 
loads, expressed as [mass CO2 equivalent/ year]. 

• 𝑂𝑂𝑂𝑂: Operating hours for the facility per year, expressed as [hours/ year]. 
• 𝑃𝑃𝑑𝑑: Operation’s annual average power demand, expressed as [MW]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2𝑡𝑡: NG combustion CO2 equivalent EF, expressed as [mass CO2 equivalent/ mass 

combusted NG]. 
• 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿: NG energy content, expressed as [MJ/ mass NG]. 
• 𝜇𝜇0: Turbines power generation efficiency at base case load. 
• 𝜇𝜇1: Turbines power generation efficiency at improved load case. 

7.2.1.4.2 Online turbines washing 
During normal operation, particles are deposited on the turbines’ blades changing their aerodynamic 
profile, reducing their compressors mass flow rate, and thus, reducing the unit’s overall performance 
in a process known as fouling. Particles known to cause fouling in turbines range from airborne salt, 
industrial pollution, insects, ingestion of gas turbine exhaust, mineral deposits, impure water, among 
others. While not all fouling can be prevented, part of it is prevented using high quality air filtration 
and offline washing, a process during which the turbine is stopped and washed thoroughly to recover 
the power generation losses that built-up gradually. Besides off-line washing, online washing has 
been proposed to be performed during each turbine’s operating cycle in order to extend the 
duration of each washing cycle and reduce the build-up of deposits in the compressors, thus, 
reducing on-going incremental power losses [99]. This research estimates the abatement benefits of 
implementing online washing by calculating the saved NG combustion by reducing the power losses 
of each washing cycle by 𝑎𝑎 as shown in Equation 74. This equation, derived after [49] and [99], 
assumes that each cycle’s power loss builds up from zero until 𝑃𝑃𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 linearly during the duration 
𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑡𝑡  of the cycle, and that after the off-line wash, this power loss starts the cycle again from zero. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑷𝑷𝒇𝒇𝒄𝒄𝒄𝒄𝒄𝒄 × �𝒇𝒇𝟏𝟏 × 𝒅𝒅𝒄𝒄𝒄𝒄𝒄𝒄𝒇𝒇𝒕𝒕,𝟏𝟏 − 𝒇𝒇𝟕𝟕 × 𝒅𝒅𝒄𝒄𝒄𝒄𝒄𝒄𝒇𝒇𝒕𝒕,𝟕𝟕 × (𝟕𝟕 − 𝒂𝒂)� × 𝟕𝟕
𝟐𝟐

× 𝟑𝟑,𝟕𝟕𝟏𝟏𝟏𝟏
𝝁𝝁×𝑬𝑬𝑪𝑪𝑵𝑵𝑮𝑮

× 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 Equation 74 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated to performing online washing, 
expressed as [mass CO2 equivalent/ year]. 
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• 𝑙𝑙0: Turbines offline washing frequency when online washing is not being performed; 
expressed as [events/year]. 

• 𝑙𝑙1: Turbines offline washing frequency when online washing is being performed; expressed 
as [events/year]. 

• 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑡𝑡,0: Offline washing cycle duration with no online washing; expressed as [hours/event]. 
• 𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑡𝑡,1: Offline washing cycle duration with online washing; expressed as [hours/event]. 
• 𝑃𝑃𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐: Turbine’s power loss over offline washing cycle; expressed as [MW]. 
• 𝑎𝑎: Online washing power loss decrease effect; expressed as [%]. 
• 𝜇𝜇: Turbine power generation efficiency. 
• 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿: NG energy content; expressed as [MJ/ mass NG]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2𝑡𝑡: NG combustion CO2 equivalent EF, expressed as [mass CO2 equivalent/ mass 

combusted NG]. 

7.2.1.4.3 Install waste heat recovery system 
As reviewed in section 4.2.2.1, hot exhaust gases in simple cycle NG generation turbines are released 
into the atmosphere without using their heat content. Cogeneration cycles recover these exhaust 
gases and route them into heat recovery steam generators, where their heat content is used to raise 
steam, which in turn is later used in other thermal processes of the operation, resulting in overall 
power savings. As WHR systems are capital intensive, they are not widely used at the moment. This 
research estimates GHG abatement from installing WHR systems by considering a fixed decrease in 
the operation’s heat related power demand as described in Equation 75 derived following energy 
conservation principles and the EF estimation guidance outlined by API [49]. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑷𝑷 × 𝒄𝒄𝑮𝑮𝑯𝑯𝑮𝑮 × 𝑶𝑶𝑯𝑯 × 𝟑𝟑,𝟕𝟕𝟏𝟏𝟏𝟏
𝝁𝝁×𝑬𝑬𝑪𝑪𝑵𝑵𝑮𝑮

× 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕    Equation 75 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated with installing a waste heat recovery 
system, expressed as [mass CO2 equivalent/ year]. 

• 𝑃𝑃: Operation’s annual average power requirement, expressed as [MW]. 
• 𝑤𝑤𝑊𝑊𝐻𝐻𝑊𝑊: Operation’s power demand decrease by installing a WHR system, expressed as [%]. 
• 𝑂𝑂𝑂𝑂: Operation’s operating hours per year, expressed as [hours/ year]. 
• 𝜇𝜇: Turbine power generation efficiency. 
• 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿: NG energy content; expressed as [MJ/ mass NG]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2𝑡𝑡: NG combustion CO2 equivalent EF, expressed as [mass CO2 equivalent/ mass 

combusted NG]. 

7.2.1.4.4 Replace open cycle by combined cycle turbine 
As reviewed in 4.2.1.1, combined cycle NG turbines generate power as simple cycle turbines but in 
addition recover hot exhaust gases with a heat recovery steam generator and use them in a steam 
turbine Rankine cycle to generate additional power. These turbines have the highest efficiencies, but 
also one of the highest CAPEX costs among turbines. This option’s GHG abatement potential is 
evaluated using Equation 76 derived following energy and mass conservation principles and the EF 
estimation guidance outlined by API [49].  

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑷𝑷 × 𝑶𝑶𝑯𝑯 × 𝟑𝟑,𝟕𝟕𝟏𝟏𝟏𝟏
𝑬𝑬𝑪𝑪𝑵𝑵𝑮𝑮

× � 𝟕𝟕
𝝁𝝁𝟏𝟏
− 𝟕𝟕

𝝁𝝁𝟕𝟕
� × 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕    Equation 76 
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Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated with changing open cycle NG generation 
turbines to combined cycle NG turbines, expressed as [mass CO2 equivalent/ year]. 

• 𝑃𝑃: Operation’s annual average power requirement, expressed as [MW]. 
• 𝑂𝑂𝑂𝑂: Operating hours for the facility per year, expressed as [hours/ year]. 
• 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿: NG energy content; expressed as [MJ/ mass NG]. 
• 𝜇𝜇0: Open cycle turbine power generation efficiency; expressed as [%]. 
• 𝜇𝜇1: Combined cycle turbine power generation efficiency; expressed as [%]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2𝑡𝑡: NG combustion CO2 equivalent EF, expressed as [mass CO2 equivalent/ mass 

combusted NG]. 

7.2.1.4.5 Connect platform to onshore grid 
By connecting an offshore hydrocarbon platform with the onshore power grid the platform is given 
access to power generated typically at higher efficiencies in onshore power stations. Onshore power 
grids may also have a share of their power generated through renewable sources, which gives their 
electricity a lower GHG footprint. Equation 77 estimates the GHG emissions abatement of connecting 
an offshore platform with an onshore power grid considering the GHG emissions footprint difference 
of both power sources and the GHG emissions footprint from the cable used in this connection.  This 
equation was derived following energy and mass conservation principles and the EF estimation 
guidance outlined by API [49]. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑷𝑷 × 𝑶𝑶𝑯𝑯 × 𝟑𝟑,𝟕𝟕𝟏𝟏𝟏𝟏 × �
𝑬𝑬𝑭𝑭𝑵𝑵𝑮𝑮,𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕

𝝁𝝁×𝑬𝑬𝑪𝑪𝑵𝑵𝑮𝑮
−

𝑬𝑬𝑭𝑭𝑮𝑮𝒄𝒄𝒕𝒕𝒅𝒅,𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕

𝝁𝝁𝒄𝒄𝒂𝒂𝒄𝒄𝒇𝒇𝒕𝒕
� − 𝒕𝒕𝒄𝒄𝒂𝒂𝒄𝒄𝒇𝒇𝒕𝒕𝒄𝒄 × 𝑬𝑬𝑭𝑭𝑺𝑺𝒕𝒕𝒕𝒕𝒕𝒕𝒇𝒇,𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕  Equation 77 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated with changing powering an offshore oil 
& gas platform to energy from the onshore national grid, expressed as [mass CO2 equivalent/ 
year]. 

• 𝑃𝑃: Operation’s annual average power requirement, expressed as [MW]. 
• 𝑂𝑂𝑂𝑂: Operating hours for the facility per year, expressed as [hours/ year]. 
• 𝐸𝐸𝐹𝐹𝐿𝐿𝐿𝐿,𝐶𝐶𝑂𝑂2𝑡𝑡: NG combustion CO2 equivalent EF, expressed as [mass CO2 equivalent/ mass 

combusted NG]. 
• 𝜇𝜇: Operation power generation efficiency; expressed as [%]. 
• 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿: NG energy content; expressed as [MJ/ mass NG]. 
• 𝐸𝐸𝐹𝐹𝐿𝐿𝑐𝑐𝑡𝑡𝑑𝑑,𝐶𝐶𝑂𝑂2𝑡𝑡: Onshore national grid associated GHG footprint; expressed as [mass CO2 

equivalent / MJ]. 
• 𝜇𝜇𝑐𝑐𝑠𝑠𝑐𝑐𝑓𝑓𝑡𝑡: Cable transmission efficiency; expressed as [%]. 
• 𝑚𝑚𝑐𝑐𝑠𝑠𝑐𝑐𝑓𝑓𝑡𝑡𝑐𝑐: Necessary cables associated steel mass; expressed as [mass steel]. 
• 𝐸𝐸𝐹𝐹𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑓𝑓,𝐶𝐶𝑂𝑂2𝑡𝑡: Steel associated GHG footprint; expressed as [mass CO2 equivalent/ mass steel]. 

7.2.1.4.6 Use offshore wind  
Offshore wind generated power has a considerably lower GHG footprint than power generated by 
NG combustion in offshore platforms. Although not all of a platform’s power demand may be 
imported, due to energy security and power demand variability, by importing a share of a platform’s 
power demand from offshore wind projects it is expected that offshore platforms could reduce their 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

249 
 

GHG emissions as estimated by Equation 78, derived after the EF estimation guidance outlined by API 
[49]. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑷𝑷 × 𝒂𝒂 × 𝑶𝑶𝑯𝑯 × 𝟑𝟑,𝟕𝟕𝟏𝟏𝟏𝟏 × �
𝑬𝑬𝑭𝑭𝑵𝑵𝑮𝑮,𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕

𝝁𝝁×𝑬𝑬𝑪𝑪𝑵𝑵𝑮𝑮
− 𝑬𝑬𝑭𝑭𝑶𝑶𝑮𝑮�   Equation 78 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated with purchasing offshore wind 
generated power; expressed as [mass CO2 equivalent/ year]. 

• 𝑃𝑃: Operation’s annual average power requirement, expressed as [MW]. 
• 𝑎𝑎: Maximum power demand share allowed to be imported, expressed as [%]. 
• 𝑂𝑂𝑂𝑂: Offshore platform’s operating hours per year, expressed as [hours/ year]. 
• 𝐸𝐸𝐹𝐹𝐿𝐿𝐿𝐿,𝐶𝐶𝑂𝑂2𝑡𝑡: NG combustion CO2 equivalent EF, expressed as [mass CO2 equivalent/ mass 

combusted NG]. 
• 𝜇𝜇: Operation’s power generation efficiency; expressed as [%]. 
• 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿: NG energy content; expressed as [MJ/ mass NG]. 
• 𝐸𝐸𝐹𝐹𝑂𝑂𝑊𝑊: Offshore wind generated power associated GHG footprint; expressed as [mass CO2 

equivalent/ MJ]. 

7.2.1.4.7 Platform interconnection to share generated power 
 
When offshore fields enter the production decline phase, their platforms operate at part-load 
conditions. Operating NG turbines at part-load conditions will decrease their energy generation 
efficiency [268]. By connecting a group of offshore platforms, allowing them to share power 
generation enables the operation of fewer NG turbines at higher loads and higher generation 
efficiencies, which decreases the network’s overall GHG footprint. This option’s GHG abatement 
potential was evaluated using Equation 79 considering as a base case four neighbouring offshore 
platforms with a demand of 92 MW in total, which they generate operating two 23 MW NG turbines 
each at 50% load. The proposed improved scenario considered power generation using only 5 NG 
turbines in the network at 80% load. As these platforms were considered to be neighbouring, the 
necessary cable connections GHG footprints were considered negligible. This equation was  derived 
after the EF estimation guidance outlined by API [49]. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑷𝑷𝒄𝒄𝒕𝒕𝒕𝒕𝒘𝒘𝒄𝒄𝒄𝒄𝒏𝒏 × 𝑶𝑶𝑯𝑯 × 𝟑𝟑,𝟕𝟕𝟏𝟏𝟏𝟏 × � 𝟕𝟕
𝝁𝝁𝟏𝟏
− 𝟕𝟕

𝝁𝝁𝟕𝟕
� ×

𝑬𝑬𝑭𝑭𝑵𝑵𝑮𝑮,𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕

𝑬𝑬𝑪𝑪𝑵𝑵𝑮𝑮
   Equation 79 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated with joint power generation between 
offshore hydrocarbon platforms, expressed as [mass CO2 equivalent/ year]. 

• 𝑃𝑃𝑐𝑐𝑡𝑡𝑡𝑡𝑤𝑤𝑐𝑐𝑐𝑐𝑛𝑛: Offshore platforms’ network aggregated average power requirement, expressed as 
[MW]. 

• 𝑂𝑂𝑂𝑂: Offshore platform’s operating hours per year, expressed as [hours/ year]. 
• 𝜇𝜇0: Power generation efficiency when platforms are not connected; expressed as [%]. 
• 𝜇𝜇1: Power generation efficiency when platforms are connected; expressed as [%]. 
• 𝐸𝐸𝐹𝐹𝐿𝐿𝐿𝐿,𝐶𝐶𝑂𝑂2𝑡𝑡: NG combustion CO2 equivalent EF, expressed as [mass CO2 equivalent/ mass 

combusted NG]. 
• 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿: NG energy content; expressed as [MJ/ mass NG]. 
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7.2.1.5 Compressors 

7.2.1.5.1 Centrifugal compressor – Wet seal degassing recovery 
Centrifugal compressor’s wet seals have associated NG vents to their normal operation. These 
systems typically route the oil seal with the entrained NG to an atmospheric pressure degassing tank 
where oil is separated from the entrained NG that is later vented to the atmosphere. By routing the 
seal oil with entrained gas into a circuit of separator at seal oil pressure and gas demister, both the 
seal oil and the entrained NG can be recovered separately and routed for reuse [269]. This option’s 
CH4 abatement potential was estimated following the EF approach of Equation 80. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝑮𝑮𝑺𝑺 × 𝑬𝑬𝑭𝑭𝑮𝑮𝑺𝑺,𝑵𝑵𝑮𝑮 × 𝝆𝝆𝑵𝑵𝑮𝑮 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑶𝑶𝑯𝑯 × 𝒕𝒕𝒇𝒇𝒇𝒇   Equation 80 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement associated to the recovery of wet seal vents, expressed as 
[mass CO2 equivalent/ year]. 

• 𝑁𝑁𝑊𝑊𝑆𝑆: Number of wet seal in the operation, expressed as [units]. 
• 𝐸𝐸𝐹𝐹𝑊𝑊𝑆𝑆,𝐿𝐿𝐿𝐿: Wet seal degassing vent NG EF, expressed as [volume NG/ hour/ wet seal]. 
• 𝜌𝜌𝐿𝐿𝐿𝐿: Processed NG density, expressed as [mass NG/ volume NG]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
• 𝑂𝑂𝑂𝑂: Operation’s operating hours per year, expressed as [hours/ year]. 
• 𝑒𝑒𝑙𝑙𝑙𝑙: Wet seal degassing recovery efficiency. 

7.2.1.5.2 Centrifugal compressor – Dry seal degassing recovery 
Following the concept as wet seal centrifugal compressors degassing recovery, this option connects a 
separator and NG deminster circuit to recover the NG vents associated to the normal operation of 
centrifugal compressor’s dry seals. This option’s CH4 emissions abatement potential was estimated as 
for option 7.2.1.5.1, using Equation 80 but considering the EF of centrifugal compressor’s dry seals 
instead. 

7.2.1.5.3 Centrifugal compressor – Replace wet seal by dry seal 
Centrifugal compressor dry seals are more environmentally friendly than wet seals, not only because 
they have lower associated NG vents, but also because they have lower power requirements as they 
do not have accessory oil circulation pumps and systems associated to their operation [151]. The 
potential GHG emissions abatement of replacing wet seals by dry seals accounts for both reduced NG 
vents and reduced power consumption, as is estimated using Equation 81 derived after EPA [151]. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑵𝑵𝑮𝑮𝑺𝑺 × ��𝑬𝑬𝑭𝑭𝑮𝑮𝑺𝑺,𝑵𝑵𝑮𝑮 − 𝑬𝑬𝑭𝑭𝑴𝑴𝑺𝑺,𝑵𝑵𝑮𝑮� × 𝝆𝝆𝑵𝑵𝑮𝑮 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 +
(𝑷𝑷𝑮𝑮𝑺𝑺−𝑷𝑷𝑴𝑴𝑺𝑺)×𝟑𝟑.𝟕𝟕×𝝆𝝆𝑵𝑵𝑮𝑮×𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕

𝜺𝜺×𝑬𝑬𝑪𝑪𝑵𝑵𝑮𝑮
� × 𝑶𝑶𝑯𝑯 Equation 81 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated with changing centrifugal compressors 
wet seals by dry, expressed as [mass CO2 equivalent/ year]. 

• 𝑁𝑁𝑊𝑊𝑆𝑆: Number of centrifugal compressors with wet seals in the operation, expressed as 
[units]. 

• 𝐸𝐸𝐹𝐹𝑊𝑊𝑆𝑆,𝐿𝐿𝐿𝐿: Centrifugal compressor wet seal degassing vent NG EF, expressed as [volume NG/ 
hour/ wet seal]. 
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• 𝐸𝐸𝐹𝐹𝑀𝑀𝑆𝑆,𝐿𝐿𝐿𝐿: Centrifugal compressor dry seal degassing vent NG EF, expressed as [volume NG/ 
hour/wet seal]. 

• 𝜌𝜌𝐿𝐿𝐿𝐿: Processed NG density, expressed as [mass NG/ volume NG]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
• 𝑃𝑃𝑊𝑊𝑆𝑆: Centrifugal compressor wet seal associated power requirement, expressed as 

[kW/compressor]. 
• 𝑃𝑃𝑀𝑀𝑆𝑆: Centrifugal compressor dry seal associated power requirement, expressed as 

[kW/compressor]. 
• 𝜀𝜀: Power generation efficiency. 
• 𝐸𝐸𝐶𝐶𝐿𝐿𝐿𝐿: Combusted NG energy content, expressed as [mass NG/MJ]. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2𝑡𝑡: Combustion NG CO2 and CH4 EF, expressed as [mass CO2 equivalent /mass 

combusted NG]. 
• 𝑂𝑂𝑂𝑂: Operating hours for the facility per year, expressed as [hours/year]. 

7.2.1.5.4 Reciprocating compressor – Route rod packing vent to flare 
Reciprocating compressor’s rod packing systems have NG vents associated with their normal 
operation. By installing a piping system that allows routing these vents to a flare stack, an operation 
could benefit from savings on CH4 emissions, 28 times more impactful on global warming than CO2 
for a 100-years’ time span [20]. As this option reduces CH4 while adding CO2 emissions, its GHG 
emissions abatement potential is estimated using the EF approach of Equation 82. 

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑵𝑵𝑮𝑮𝑪𝑪 × 𝑬𝑬𝑭𝑭𝑮𝑮𝑪𝑪 × 𝑶𝑶𝑯𝑯 × 𝝆𝝆𝑵𝑵𝑮𝑮 × (𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑮𝑮𝑮𝑮𝑷𝑷𝟕𝟕𝟏𝟏𝟏𝟏 − 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕,𝑭𝑭)  Equation 82 

Where: 

• 𝐸𝐸𝐶𝐶𝑂𝑂2𝑡𝑡: CO2 and CH4 emissions abatement associated with the routing of reciprocating 
compressors’ rod packing vent to flare, expressed as [mass CO2 equivalent/ year]. 

• 𝑁𝑁𝑊𝑊𝐶𝐶: Number of reciprocating compressors in operation, expressed as [units]. 
• 𝐸𝐸𝐹𝐹𝑊𝑊𝐶𝐶: Reciprocating compressor’s associated NG vent EF, expressed as [volume NG/hour/ 

compressor]. 
• 𝑂𝑂𝑂𝑂: Operating hours for the facility per year, expressed as [hours/year]. 
• 𝜌𝜌𝐿𝐿𝐿𝐿: Processed NG density, expressed as [mass NG/ volume NG]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
• 𝐺𝐺𝐺𝐺𝑃𝑃100: CH4’s weight in CO2 equivalent expressing its impact on global warming for a 100-

years’ time span. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2𝑡𝑡,𝐻𝐻: Natural gas flaring CO2 and CH4 emissions, expressed as [mass CO2 equivalent/mass 

flared NG]. 

7.2.1.5.5 Compressor blowdown vent – Route to fuel gas system 
NG production and processing facilities normally operate with a number of compressors in load 
mode and others in peak mode. While the first group attends the operation’s normal NG throughput, 
the second is used in high throughput conditions. While peak compressors are normally taken offline 
many times per year as they operate only when needed, load compressors are taken offline fewer 
times, mainly for maintenance [270]. When a compressor is taken offline the volume of the NG 
contained in them is normally vented. These vents can be saved by installing a piping system that 
routes these vents to the fuel gas system. Equation 83 considers this option and the difference in 
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compressor’s valves venting rates, depending on whether they are offline or pressurised. This 
equation was derived after [270] and following the EF estimation guidance outlined by API [49]. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = �𝑬𝑬𝑭𝑭𝑩𝑩𝑴𝑴,𝑵𝑵𝑮𝑮 × (𝑵𝑵𝑳𝑳 × 𝒇𝒇𝑳𝑳 + 𝑵𝑵𝑷𝑷 × 𝒇𝒇𝑷𝑷) + (𝑵𝑵𝑳𝑳 × 𝒕𝒕𝑳𝑳 + 𝑵𝑵𝑷𝑷 × 𝒕𝒕𝑷𝑷) × (𝑬𝑬𝑭𝑭𝑶𝑶 − 𝑬𝑬𝑭𝑭𝑷𝑷)� × 𝝆𝝆𝑵𝑵𝑮𝑮 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒  Equation 83 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement associated to routing compressors’ blow down vents to the 
fuel gas system, expressed as [mass CO2 equivalent/ year]. 

• 𝐸𝐸𝐹𝐹𝐵𝐵𝑀𝑀,𝐿𝐿𝐿𝐿: Compressor blow down vent NG EF, expressed as [volume NG/ event]. 
• 𝑁𝑁𝐿𝐿: Number of compressors used in loading mode, expressed as [units]. 
• 𝑁𝑁𝑃𝑃: Number of compressors used in peak mode, expressed as [units]. 
• 𝑙𝑙𝐿𝐿: Frequency at which loading compressors are stopped per year, expressed as [events/ 

year]. 
• 𝑙𝑙𝑃𝑃: Frequency at which peak compressors are stopped per year, expressed as [events/ year]. 
• 𝑡𝑡𝐿𝐿: Loading compressors average operating hours per year, expressed as [hours/ year]. 
• 𝑡𝑡𝑃𝑃: Peak compressors average operating hours per year, expressed as [hours/ year]. 
• 𝐸𝐸𝐹𝐹𝑂𝑂: Compressor valve’s associated vents in offline condition, expressed as [volume NG/ 

hours]. 
• 𝐸𝐸𝐹𝐹𝑃𝑃: Compressor valve’s associated vents in pressurised condition, expressed as [volume 

NG/ hours]. 
• 𝜌𝜌𝐿𝐿𝐿𝐿: Processed NG density, expressed as [mass NG/ volume NG]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 

7.2.1.5.6 Keep compressors pressurised while off-line 
Following the same concept as option 7.2.1.5.5, compressors can be kept pressurised when taken 
offline to abate the CH4 from blow down vents. This option’s CH4 abatement potential was evaluated 
as for option 7.2.1.5.5 using Equation 83. 

7.2.1.5.7 Compressor gas starter vent – Replace with air 
Taking compressors online may take more than one attempt. If compressors use NG for the starting 
process, NG will be vented on each start attempt. By using compressed air or nitrogen, compressor 
start CH4 vents can be abated [150] as estimated by Equation 84 derived following the indications of 
EPA [150]. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝑪𝑪 × 𝒇𝒇𝒄𝒄 × 𝑬𝑬𝑭𝑭𝑺𝑺,𝑵𝑵𝑮𝑮 × 𝝆𝝆𝑵𝑵𝑮𝑮 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒     Equation 84 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement associated with shifting compressor start systems from NG 
aided to air or nitrogen aided, expressed as [mass CO2 equivalent/ year]. 

• 𝑁𝑁𝐶𝐶: Number of compressors in operation. 
• 𝑙𝑙𝑐𝑐: Number of compressor starts per year, expressed as [events/ compressor/ year]. 
• 𝐸𝐸𝐹𝐹𝑆𝑆,𝐿𝐿𝐿𝐿: Average NG aided compressor start vent volume, expressed as [volume NG/ event]. 
• 𝜌𝜌𝐿𝐿𝐿𝐿: Processed NG density, expressed as [mass NG/ volume NG]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
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7.2.1.5.8 Compressor gas starter vent – Route to flare 
NG vents from gas assisted compressor start can also be abated by routing these into a flare stack. 
This option takes advantage of the higher impact that CH4 has on global warming compared to CO2 
and its abatement potential was estimated using Equation 85 derived after the indications of EPA 
[150].  

𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕 = 𝑵𝑵𝑪𝑪 × 𝒇𝒇𝒄𝒄 × 𝑬𝑬𝑭𝑭𝑺𝑺,𝑵𝑵𝑮𝑮 × 𝝆𝝆𝑵𝑵𝑮𝑮 × �𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 × 𝑮𝑮𝑮𝑮𝑷𝑷𝟕𝟕𝟏𝟏𝟏𝟏 − 𝑬𝑬𝑭𝑭𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕�  Equation 85 

Where: 

• 𝑬𝑬𝑪𝑪𝑶𝑶𝟐𝟐𝒕𝒕: CO2 and CH4 emissions abatement associated to routing compressor start vents to 
flaring, expressed as [mass CO2 equivalent/year]. 

• 𝑁𝑁𝐶𝐶: Number of compressors in operation. 
• 𝑙𝑙𝑐𝑐: Number of compressor starts per year, expressed as [events/compressor/year]. 
• 𝐸𝐸𝐹𝐹𝑆𝑆,𝐿𝐿𝐿𝐿: Average NG aided compressor start vent volume, expressed as [volume NG/event]. 
• 𝜌𝜌𝐿𝐿𝐿𝐿: Processed NG density, expressed as [mass NG/ volume NG]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
• 𝐺𝐺𝐺𝐺𝑃𝑃100: CH4’s weight in CO2 equivalent expressing its impact on global warming for a 100-

years’ time span. 
• 𝐸𝐸𝐹𝐹𝐶𝐶𝑂𝑂2𝑡𝑡: Natural gas flaring CO2 and CH4 emissions, expressed as [mass CO2 equivalent/mass 

flared NG]. 

7.2.1.6 Dehydration 

7.2.1.6.1 Dehydration gas glycol pumps – Convert to air/solar pump 
By replacing the gas assisted glycol pumps, used in the dehydration unit process, with instrument air 
or solar powered electric pumps (with no associated NG vents), operators can abate the CH4 emitted 
by gas assisted pumps during their normal operation [149]. This option’s CH4 abatement potential is 
estimated using the EF approach detailed in Equation 86. This equation considers that air/solar 
pumps have no associated emissions. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑵𝑵𝑮𝑮𝑷𝑷 × 𝑬𝑬𝑭𝑭𝑮𝑮𝑷𝑷,𝑵𝑵𝑮𝑮 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒       Equation 86 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement potential from converting gas assisted glycol pumps into 
instrument air or solar powered electric pumps, expressed as [mass CO2 equivalent/year]. 

• 𝑁𝑁𝐿𝐿𝑃𝑃: Number of gas assisted glycol pumps in the operation. 
• 𝐸𝐸𝐹𝐹𝐿𝐿𝑃𝑃,𝐿𝐿𝐿𝐿: Gas assisted glycol pump average NG vent emission rate, expressed as [mass 

NG/year/gas assisted pump]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 

7.2.1.6.2 Dehydration vent – Install VRU  
VRUs can be incorporated into the dehydration unit processes to recover the associated NG vents. 
This option’s abatement potential was estimated using the EF approach described in Equation 87. 
This EF approach, predicts different NG emissions depending on whether the dehydration unit 
process has incorporated a flash tank or uses stripping gas following the indications of EPA [148]. 
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𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = 𝑽𝑽𝑵𝑵𝑮𝑮 × 𝒕𝒕 × 𝑬𝑬𝑭𝑭𝑴𝑴 × 𝒘𝒘𝑪𝑪𝑯𝑯𝟒𝟒 × 𝒕𝒕𝒇𝒇𝒇𝒇𝑽𝑽𝑮𝑮𝑽𝑽    Equation 87 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement potential from installing VRU the dehydration unit process 
associated vents, expressed as [mass CO2 equivalent/year]. 

• 𝑉𝑉𝐿𝐿𝐿𝐿: Dehydration unit process associated NG throughput, expressed as [NG volume/day].  
• 𝑡𝑡: Dehydration unit process number of operating days per year, expressed as [days/year]. 
• 𝐸𝐸𝐹𝐹𝑀𝑀: Dehydration unit NG emission factor, expressed as [volume NG/dehydration volume 

NG throughput]. 
• 𝑤𝑤𝐶𝐶𝐻𝐻4: Average NG CH4 weight content, expressed as [% mass]. 
• 𝑒𝑒𝑙𝑙𝑙𝑙𝑉𝑉𝑊𝑊𝑉𝑉: VRU dehydrator vents recovery efficiency. 

7.2.1.6.3 Dehydration vent – Optimise glycol circulation rates 
Dehydration systems using glycol will have CH4 vents associated with (i) the CH4 that the glycol 
adsorbs from the NG flow and (ii) the NG this system’s energy exchange pumps use. These vents 
have been reported proportionally to the glycol circulation rates. As low glycol circulation rates can 
cause problems with tray hydraulics, contactor performance and fouling of glycol-to-glycol heat 
exchangers, operators prefer to operate the dehydration units with higher glycol rates than needed 
[271]. Considering that optimal glycol rates depend on the dehydration NG throughput, the CH4 
emissions abatement potential from optimising glycol rates are estimated assuming that the 
operation has a fixed glycol rate set for the maximum expected NG throughput. This research then 
proposed a CH4 abatement potential estimated by Equation 88 [271] by optimising the glycol rates 
annually using Equation 89 [271]. 

𝑬𝑬𝑪𝑪𝑯𝑯𝟒𝟒 = (𝑪𝑪𝑮𝑮𝟏𝟏 − 𝑪𝑪𝑮𝑮𝒄𝒄𝒔𝒔𝒕𝒕) × (𝒂𝒂𝟕𝟕 + 𝒂𝒂𝟐𝟐) × 𝒄𝒄 × 𝒕𝒕    Equation 88 

𝑪𝑪𝑮𝑮𝒄𝒄𝒔𝒔𝒕𝒕 = 𝑽𝑽𝑵𝑵𝑮𝑮 × (𝑰𝑰𝒘𝒘𝒂𝒂𝒕𝒕𝒕𝒕𝒄𝒄 − 𝑶𝑶𝒘𝒘𝒂𝒂𝒕𝒕𝒕𝒕𝒄𝒄)/𝟐𝟐𝟒𝟒 × 𝑮𝑮𝑮𝑮𝑮𝑮 × (𝟕𝟕 + 𝑺𝑺𝑴𝑴)  Equation 89 

Where: 

• 𝐸𝐸𝐶𝐶𝐻𝐻4: CH4 emissions abatement potential from installing optimising glycol circulation rates, 
expressed as [mass CO2e/ year]. 

• 𝐶𝐶𝐺𝐺0: Current glycol circulation rate, expressed as [gallon TEG/hour]. 
• 𝐶𝐶𝐺𝐺𝑐𝑐𝑠𝑠𝑡𝑡: Optimal glycol circulation rate, expressed as [gallon TEG/hour]. 
• 𝑎𝑎1: Methane TEG adsorption rate; considered as 1 [CH4 ft3/gallon Glycol circulated] according 

to EPA [271]. 
• 𝑎𝑎2: Energy exchange pump NG vent; considered as 2 [CH4 ft3/gallon glycol circulated] 

according to EPA [271]. 
• 𝑏𝑏: Vent adjustment factor; according to EPA 𝑎𝑎1 and 𝑎𝑎2 will be vented totally if the 

dehydration system does not have a flash tank incorporated. The proportion between 
dehydration with and without flash tank vents reported by Myer’s et al. [147] were used to 
deduce that 2% of 𝑎𝑎1 and 𝑎𝑎2 vents will be vented in dehydration units with flash tanks. 

• 𝑡𝑡: Dehydration unit operating hours per year, expressed as [hours/year]. 
• 𝑉𝑉𝐿𝐿𝐿𝐿: Dehydration unit process associated NG throughput, expressed as [NG volume/ day]. 
• 𝐼𝐼𝑤𝑤𝑠𝑠𝑡𝑡𝑡𝑡𝑐𝑐: Water content in the NG flow entering the dehydration unit process, expressed as 

[mass water/ volume NG entering]. 
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• 𝑂𝑂𝑤𝑤𝑠𝑠𝑡𝑡𝑡𝑡𝑐𝑐: Desired water content in the NG flow leaving the dehydration unit process, 
expressed as [mass water/ volume NG output]. 

• 𝐺𝐺𝐺𝐺𝐺𝐺: Glycol to water ratio, in absence of operational data, the rule of thumb 3 [gallon TEG/ 
lb water] [271] was used. 

• 𝑆𝑆𝑆𝑆: Safety margin, considered as 15% following EPA [271]. 

7.2.2 Cost estimation per technology 
Each option’s implementation cost was estimated by calculating the NPV of their associated CAPEX, 
OPEX and Revenues following the procedure explained in section 3.3.1 and using Equation 90. 
Following the method outlined section 3.3.1, the NPV calculations were carried out using interest 
rates equal to 10.0% for the Complex L case study and 13.6% for the platforms of Complex B and the 
Complex K plant, in line with operator specific requirements.  

𝑴𝑴𝑨𝑨𝑪𝑪 = 𝑵𝑵𝑷𝑷𝑽𝑽𝑪𝑪𝑨𝑨𝑷𝑷𝑬𝑬𝑪𝑪+𝑵𝑵𝑷𝑷𝑽𝑽𝑶𝑶𝑷𝑷𝑬𝑬𝑪𝑪−𝑵𝑵𝑷𝑷𝑽𝑽𝑮𝑮𝑬𝑬𝑽𝑽
∑ 𝑬𝑬𝒕𝒕𝒕𝒕𝒄𝒄𝒄𝒄𝒕𝒕𝒄𝒄𝒄𝒄𝒄𝒄 𝒂𝒂𝒄𝒄𝒂𝒂𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒄𝒄𝒕𝒕𝒕𝒕

     Equation 90 

The following subsections refer to other relevant parameters used to calculate each option’s 
implementation cost (NPV). 

7.2.2.1 General costing considerations 

7.2.2.1.1 Investment horizons 
From Equation 90 it can be noted that if a longer evaluation horizon is considered, a higher emissions 
reduction is included in the MAC calculation resulting in a lower MAC. For shorter investment 
horizons, the opposite is true. This deduction, however, depends on how constant the OPEX and 
incremental revenues are over the years, and the operational life time of the new equipment 
considered in the option’s CAPEX. For these reasons, this research set a base case investment 
horizon for each case study, based on the current asset production life stage and the available 
production forecast. The MAC was then estimated for an investment horizon 5 years shorter and 5 
years longer than the base case to analyse the effect that investment horizons can have on the 
estimated MACs. 

As the Complex B area fields are reaching their end of life and no more than 10 years of production 
forecast were available at the time this research was carried out, a 5-year investment horizon was set 
as a base case, and an additional 10-year investment horizon was considered for this case study. 

Complex K is in the production plateau life stage and a production forecast until 2054 was available 
for the Complex Kprocessing and liquefaction plant. Although a longer investment horizon is 
available for this case study, investment horizons longer than 20-years are uncommon when 
analysing equipment change in oil and gas projects. Thus, an investment horizon of 15-years was set 
as a base case, and further investment horizons of 10 and 20 years were also included in the analysis. 

For the Complex L production case study, as only 15 years of production forecast were available, a 
10-years investment horizon was set as a base case and the 5-years and 15-years investment 
horizons were included for sensitivity analysis. 

7.2.2.1.2 Interest rates 
The Weighted Average Cost of Capital (WACC) was used to discount future flows and costs. Table 167 
presents the WACCs used depending on the company operating the project under consideration. 
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The following currency conversion rates were considered fixed and invariant: 

• 1 GBP = 1.30 US$ 
• 1 GBP = 1.14 EUR 
• 1 CAN = 0.76 US$ 

Table 167. Major oil & gas companies WACC as estimated by Bloomberg and published by The Oxford Institute for Energy 
Studies [272]. 

Company Estimated WACC [%] 
Total 7.0 
Repsol 7.0 
Shell 10.0 
BP 10.8 
Equinor 13.6 

 

7.2.2.1.3 NG price forecast 
Increased production related revenues were assessed for the Complex B and Complex K case studies 
considering IEA’s current policy scenario EU NG price forecast shown in Table 168. 

Increased NG production from the Complex L case study was assessed considering it was sold to 
China using IEA’s current policy NG price forecast for China shown in Table 169. 

Table 168. Price forecast for NG sold in the EU under IEA’s current policy scenario. [1] 
Year 2016 2017 2018 2019 2020 2021 2022 2023 2024 
NG price 
[US$/MMBtu] 

4.90  5.27  5.63  6.00  6.37  6.73  7.10  7.47  7.83  

Year 2025 2026 2027 2028 2029 2030 2031 2032 2033 
NG price 
[US$/MMBtu] 

8.20  8.35  8.51  8.66  8.81  8.97  9.12  9.27  9.43  

Year 2034 2035 2036 2037 2038 2039 2040   
NG price 
[US$/MMBtu] 

9.58  9.73  9.89  10.04  10.19  10.35  10.50    

 

Table 169. Price forecast for NG sold in China under IEA’s current policy scenario. [1] 
Year 2016 2017 2018 2019 2020 2021 2022 2023 2024 
NG price 
[US$/MMBtu] 

5.80  6.31  6.82  7.33  7.84  8.36  8.87  9.38  9.89  

Year 2025 2026 2027 2028 2029 2030 2031 2032 2033 
NG price 
[US$/MMBtu] 

10.40  10.45  10.49  10.54  10.59  10.63  10.68  10.73  10.77  

Year 2034 2035 2036 2037 2038 2039 2040   
NG price 
[US$/MMBtu] 

10.82  10.87  10.91  10.96  11.01  11.05  11.10    

 

7.2.2.1.4 CO2 price forecast 
For the Complex B and Complex K case studies, IEA’s current policy scenario EU CO2 price forecast 
(Table 170) was used to assess future revenues from CO2 abatement. 

For the Complex L case study, CO2 pricing was considered differently. After Australia dropped its 
Carbon Pricing Programme in 2013 and introduced the Safeguard Mechanism in 2016, an emissions 
trading system covering only some operations [273], CO2 pricing has applied to some sectors of the 
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economy and it is uncertain whether tighter CO2 pricing systems will be implemented in the future. 
Considering these uncertainties, this research took the conservative approach of not considering any 
revenues from potential abatement related CO2 tax reduction in Australian operations. 

Table 170. EU CO2 price forecast under IEA’s current policy scenario. [1] 
Year 2017 2018 2019 2020 2021 2022 2023 2024 2025 
CO2 price 
[US$/tonne] 

6.48  8.42  10.36  12.30  14.24  16.18  18.12  20.06  22.00  

Year 2026 2027 2028 2029 2030 2031 2032 2033 2034 
CO2 price 
[US$/tonne] 

23.20  24.40  25.60  26.80  28.00  29.20  30.40  31.60  32.80  

Year 2035 2036 2037 2038 2039 2040    
CO2 price 
[US$/tonne] 

34.00  35.20  36.40  37.60  38.80  40.00     

 

7.2.2.1.5 CAPEX parameters and location factors 
The following CAPEX parameters were considered in the economic evaluation of each emissions 
abatement option: 

• Equipment 
• Owner’s cost 
• Engineering and project management 
• Bulk materials 
• Construction 

In occasions when only equipment costs were available in the literature, the remaining CAPEX 
components were estimated using their relation to the equipment cost estimated by the Oxford 
Institute for Energy Studies [135] and shown in Table 171. 

Table 171. Estimation of CAPEX parameters derived by the Oxford Institute for Energy Studies for NG projects [135]. 
CAPEX item % of equipment cost 
Owner’s cost 30 
Engineering and project management 25 
Bulk materials 60 
Construction 100 

 

As the majority of the equipment costs referred to US or Canadian onshore operations, the location 
factors shown in Table 172, derived by the Oxford institute for Energy studies [135], were used to 
scale these to each case study’s location costing environment. 

Table 172. Location factors used to scale US and Canadian costs to the North Sea, Onshore Arctic and Onshore Australian 
cost environments. 

Location Location factor 
North Sea 1.10 
Onshore Arctic 1.43 
Onshore Australia  1.35 

 

7.2.2.2 Modelled economic impacts by abatement technology 
For each of the selected emissions abatement options, impacts on the facility’s CAPEX, OPEX and 
revenues were modelled as summarised in Table 173. 



Table 173. Selected emissions abatement options modelled economic impacts on the facility CAPEX, OPEX and Revenues. 

  Modelled economic impact 
Classification Abatement option CAPEX OPEX Revenues 
Monitoring Lead Detection Inspection and Repair (LIDAR) None LDAR campaigns depending on the chosen 

frequency 
Avoided NG fugitives 

Well operation Route unloading vents to flare Purchase and installation of trailer mounted flare 
system with capacity for 10 wells 

None None 

 Casing vent – Connect to VRU Purchasing and install VRUs with 25 Mcfd NG 
throughput capacity 

Incremental OPEX related to the installed 
VRUs 

Avoided NG vents 

 Casing vent – Install recovery compressors Purchasing and installing recovery compressors 
with 180 Mcfd NG throughput capacity 

Incremental OPEX related to the installed 
recovery compressors 

Avoided NG vents 

 Green completions Purchase of trucks with green completion 
equipment. Number of equipment estimated 
assuming an average flowback duration of 16 
[days/well] [266] 

Extra labour costs Avoided NG vents 

Pumps and 
valves 

Separator pneumatic vents – Convert to 
mechanical controls 

Convert gas assisted separator pneumatics by 
mechanical controls 

None Avoided NG vents 

 Gas plant pneumatics – Replace gas system with 
instrument air using solar energy 

Replace gas pneumatic by instrument air with 
solar energy 

Incremental instrument air OPEX Avoided NG vents 

 Gas plant pneumatics – Replace gas system with 
instrument air using energy from the grid 

Convert gas pneumatics by instrument air and 
connection with grid 

Added energy costs were considered 
negligible 

Avoided NG vents 

 Gas plant pneumatic vent – Capture and combust Install a combustor and associated piping system None None 
 Pneumatic vent – Replace high bleed by low bleed Intermittent bleed pneumatic devices purchase 

and installation 
None Avoided NG vents due to lower vent rates 

from intermittent bleed pneumatics 
 Pneumatic vent – Replace high bleed with retrofit 

kit 
Retrofit Mizer kit purchase and installation None Avoided NG vents due to lower vent rates 

from retrofit kits 
Gas turbines Run fewer turbines at higher load None None Increased NG throughput due to increased 

power generation efficiency.  
Avoided CO2 tax (European case studies for 
Complex B and K). 

 Online turbines washing None Added annual online washing OPEX minus 
one offline washing cost; as with online 
washing offline washing events are reduced 
by one event/year in the assumed scenario 

Increased NG throughput due to reduced 
power losses during each offline washing 
cycle.  
Avoided CO2 tax (European case studies for 
Complex B and K). 
 

 Install waste heat recovery system Installation Waste Heat Recovery system None Increased NG throughput due to reduced 
heat related power demand.  
Avoided CO2 tax (European case studies for 
Complex B and K). 
 

 Replace open cycle by combined cycle turbine Installation of new combined cycle turbines, one Simple cycle and combined cycle differential Increased NG throughput due to combined 
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  Modelled economic impact 
Classification Abatement option CAPEX OPEX Revenues 

per each simple cycle turbines in the site OPEX and maintenance costs cycle turbines higher generation efficiency 
 Connect platform to onshore grid Installation of cables connecting offshore platform 

with the onshore national power grid during the 
first year 

Power purchased from the onshore grid Avoided CO2 tax; estimated as the 
difference between generating power 
onshore by NG combustion and the GHG 
footprint of the purchased energy from the 
grid. 
Avoided NG combustion.  
Avoided NG turbines annual maintenance 
costs. 

 Use offshore wind Installation of cables connecting offshore platform 
with offshore wind farm during the first year 

Offshore wind generated power purchase Avoided CO2 tax (European case studies for 
Complex B and K). 
Avoided NG combustion.   

 Platform interconnection to share generated 
power 

Installation of cables connecting considered 
offshore platform cluster during the first year 

None Avoided CO2 tax (European case studies for 
Complex B and K). 
Avoided NG combustion 

Compressors Centrifugal compressor – Wet seal degassing 
recovery 

Wet seal degassing recovery CAPEX Wet seal degassing recovery system added 
OPEX 

Avoided NG vent 

 Centrifugal compressor – Dry seal degassing 
recovery 

Dry seal degassing recovery CAPEX Dry seal degassing recovery system added 
OPEX 

Avoided NG vent 

 Centrifugal compressor – Replace wet seal by dry 
seal 

Dry seal installation Difference between dry seal and wet seal 
OPEX 

Avoided NG vent.  
Increased NG throughput related to the 
lower dry seal operating energy 
requirement. 

 Reciprocating compressor – Route rod packing 
vent to flare 

Purge system and piping installation. Assuming 
existing flare stack in the site 

Added maintenance costs None 

 Compressor blowdown vent – route to fuel gas 
system 

Reprogram control system to open suction 
pressure and piping modifications [90] 

None Avoided NG vent 

 Keep compressors pressurised while off-line None None Avoided NG vent 
 Compressor gas starter vent – Replace with air Air compressor installation plus necessary 

foundation and piping work [90] 
Associated maintenance costs Avoided NG vent 

 Compressor gas starter vent – Route to flare Tie starter vent piping to flaring system[90] Added maintenance None 
Dehydration Dehydration gas glycol pumps – Convert to air / 

solar pump 
Instrument air pump replacement None Avoided NG vent 

 Dehydration vent – Install VRU Install VRU and associated piping Added energy consumption, estimated as 
0.05% [274] of saved NG vents and deduced 
from the option’s incremental revenues 

Avoided NG vent 

 Dehydration vent – Optimise glycol circulation 
rates 

None Additional 4 hours of inspection time and 2 
hours to adjust circulation rates per year [90] 

Avoided NG vent 



7.3 Case studies 

7.3.1 Complex B production and pre-processing platforms 

7.3.1.1 Complex B – Abatement options feasibility 
Table 174 lists the identified CO2 and CH4 emissions abatement options applicable to offshore NG 
platforms and indicates which of these were selected as potential candidates for implementation in 
the Complex B considering the currently installed equipment and available information. 

Table 174. Emissions abatement options feasibility for offshore gas production and relevance for the Complex B 
platforms. 

Technology Emissions type Emissions 
targeted 

Costs estimated 

LDAR Fugitives CH4 Considered 
Centrifugal compressor – Dry seal degassing 
recovery 

Vent – Compressor 
dry seal 

CH4 Considered 

Compressor blow-down vent – Route to fuel 
gas system 

Vent – Compressor 
blow-down 

CH4 Considered 

Keep compressors pressurised while off-line Vent – Compressor 
blow-down 

CH4 Considered 

Compressor gas starter vent – Replace with air Vent – Compressor 
gas starter 

CH4 Considered 

Compressor gas starter vent – Route to flare Vent – Compressor 
gas starter 

CH4 Considered 

Dehydration vent – Install VRU Vent – Glycol 
regeneration 

CH4 Not considered. VRU already 
installed in the operation 

Dehydration gas glycol pumps – convert to 
air/solar pump 

Vent – Gas Glycol 
pumps 

CH4 Not considered. No gas assisted 
pumps in the operation 

Dehydration vent – Optimise Glycol circulation 
rates 

Vent – Glycol 
regeneration 

CH4 Not considered as dehydration 
vents already recovered 

AGR optimisation Vent – AGR 
regeneration 
+ Combustion 

CH4,CO2 Not considered as AGR vents 
already captured 

AGR Carbon Capture & Storage Vent - AGR CO2 Not considered as AGR vents 
already captured 

Optimise water injection pump power demand Combustion CO2 Not considered as there was not 
sufficient information available 
from water injection pumps. 

Run fewer turbines at higher load Combustion CO2  Considered 
Online turbines washing Combustion CO2 Considered 
Install Waste Heat Recovery System Combustion CO2 Considered 
Replace open cycle by combined cycle turbine Combustion CO2 Not considered for high costs and 

infeasibility in offshore platforms 
reaching end of life 

Connect platform to onshore grid Combustion CO2 Considered 
Platform interconnection to share generated 
power 

Combustion CO2 Considered 

Use offshore wind power Combustion CO2 Considered 
Re-wheel compressors Combustion CO2 Not considered as compressor 

technical parameters unavailable 
Use efficient compressor filters Combustion CO2 Not considered as main benefits 

are cost savings 
Fewer compressor start ups Vents CH4 Not considered as operation 

assumed to have optimal number 
compressor start ups 

Stranded gas Vents CH4 Not considered as there was no 
stranded gas in this operation 
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7.3.1.2 Complex B – Abatement options costs and emissions reduction parameters 
Table 175 presents the activity factors used to estimate the selected technologies abatement 
potential relative to Complex B, while Table 176 presents the economic parameters used to estimate 
the implementation costs for this case study. Table 177 and Table 178 include Complex B platforms’ 
power demand and compressor and turbine use, estimated for the considered investment horizon, 
alongside NG related parameters used in the development of the Complex B MAC curve. 

Table 175. Activity factors used to estimate the  abatement potential for different technologies in the Complex B 
platforms. 

Parameter Units Value 
Monitoring   
Frequency LDAR [times/year] 1 
Complex B platforms fugitives baseline [tonnes CH4/year] 258 
Turbines   
Number operating NG turbines [units] 3 
NG turbines rated power output [MW/turbine] 23 
Off-line washing frequency with no online washing [99] [events/year] 4 
Off-line washing cycle with no online washing [99] [months] 3 
Off-line washing frequency with no online washing [99] [events/year] 3 
Off-line washing cycle with no online washing [99] [months] 4 
Maximum power output decrease per cycle[99] [MW] 2.3 
Online washing power loss decrease effect[98] [%] 10.6 
WHR system power savings [% total power demand] 15 
Cable to shore connection length [km] 292 
Cable to shore – steel mass [tonnes] 3,526 
Transmission to shore efficiency – 292 km [275] [%] 90 
Norway’s power grid GHG footprint[188] [tonnes CO2/TJ] 29.6 
Steel GHG footprint [80] [tonne CO2 e/ tonne steel] 3.52 
Maximum power demand share to be imported [%] 30 
Offshore wind generated power GHG footprint [276] [gCO2e/MJ] 2.7 
Compressors   
Number dry seal centrifugal compressors [units] 6 
Number wet seal centrifugal compressors [units] 0 
Number reciprocating compressors [units] 0 
Operating hours [hours/year] 8,000 
Loading compressors offline hours[270] [hours/year/compressor] 500 
Peak compressors offline hours [270] [hours/year/compressor] 4,760 
Frequency load compressor taken offline[270] [events/year/compressor] 1 
Frequency peak compressor taken offline[270] [events/year/compressor] 40 
Frequency compressor start attempts [150] [events/year] 10 
Dry seal compressor NG EF [151] [NG ft3/min/compressor] 3 
Pressurised compressor valves EF[270] [NG ft3/hour/compressor] 1,400 
Offline compressor valves EF [270] [NG ft3/hour/compressor] 150 
Compressor start NG vent [150] [NG ft3/event] 1,500 
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Table 176. Parameters used to estimate the selected abatement technologies implementation costs for the Complex B 
platforms. 

Monitoring   
LDAR – platform OPEX [90,92] [US$/year]2019 16,616 
Compressors   
Dry seal degassing recovery CAPEX[90] [US$/compressor]2019 124,210 
Dry seal degassing recovery OPEX[90] [US$/system /year]2019 3,885 
Route compressor blowdown to fuel gas system CAPEX [90] [US$/site]2019 12,554 
Replace gas starter by air CAPEX [90] [US$/site]2019 249,009 
Replace gas starter by air OPEX [90] [US$ /year]2019 3,885 
Gas starter vent – route to flare CAPEX [90] [US$/site]2019 10,144 
Gas starter vent – route to flare OPEX [90] [US$/compressor/year]2019 117 
Turbines   
Cable length to connect Complex B with offshore wind farm [km] 2 
Cable length to connect 4 offshore platforms [km] 80 
Cable length to connect Complex B with onshore grid [km] 292 
Offshore cable cost [101] [EUR/km]2006 335,616 
Offshore wind generated power price [277] [GBP/MWh]2019 40 
Norway’s onshore power grid electricity price [EUR/MWh]2019 55 
NG turbine annual maintenance costs [101] [EUR/year]2006 550,000 
Install Waste Heat Recovery system[278] [million US$/project]2019 21.81 
NG turbines online washing OPEX[98] [US$/turbine/year]2019 10,345 
NG turbines offline washing OPEX[98] [US$/turbine/event]2019 370 
 

Table 177. Estimated power demand and dry seal centrifugal compressor use per year for Complex B platforms. 
Operation year 1 2 3 4 5 6 7 8 9 10 
Power demand [kW] 55.20  52.13  49.07  46.00  42.93  39.87  36.80  33.73  30.67  27.60  

Load/peak compressors 3/1 3/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 2/1 

[Base case] Number of 
operating turbines/ load/ 
efficiency 

4/ 
60%/ 
31.6% 

4/ 
57% / 
31.2% 

4/ 
53% / 
30.8% 

4/ 
50%/ 
30.5% 

4/ 
47%/ 
30.1% 

4/ 
43% / 
29.7% 

4/ 
40%/ 
29.4% 

4/ 
37%/ 
29.0% 

4/ 
33%/ 
28.7% 

4/ 
30%/ 
28.3% 

[Proposed] Number of 
operating turbines/ load/ 
efficiency 

3/ 
80%/ 
33.7% 

3/ 
76%/ 
33.2% 

4/ 
71%/ 
32.8% 

4/ 
67%/ 
32.3% 

4/ 
62%/ 
31.8% 

4/ 
58%/ 
31.3% 

4/ 
53%/ 
30.8% 

4/ 
49%/ 
30.3% 

4/ 
44%/ 
29.9% 

4/ 
40%/ 
29.4% 

 

Table 178. Combusted NG parameters for Complex B. 
Parameter Unit Value 
NG energy content (LHV) [MJ/kg] 33.586 
NG density [kg/m3] 0.815 
NG CH4 weight content [%] 0.683 
NG combustion CO2 EF [tonnes CO2/ ton NG ] 2.64 
NG combustion CH4 EF [tonnes CH4/ ton NG ] 6.82x10-4 
 

7.3.1.3 Complex B – Development of MAC curve 
Figure 62 presents the estimated MAC curve for the Complex B platforms for two investment 
horizons of 5 and 10 years. 

This MAC presents GHG emissions reduction options with a total abatement potential of 2,522 
ktonnes CO2 equivalent for the operation of Complex B platforms for a period of 5 years. It must be 
noted that total emissions reduction for a specific site cannot be obtained by adding each individual 
option’s abatement potential as MAC curves may include mutually exclusive options, and options 
that may limit or enhance other options’ abatement potential, if implemented simultaneously.  
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Figure 62. Extract from the estimated MAC curve for Complex B platforms. No shade: Marginal abatement costs 
excluding incremental revenues; Solid shaded area: Marginal abatement costs including incremental revenues; both for 

the base case of emissions mitigation for 5 years investment horizon. Dotted line: emissions mitigation for 10-year 
investment horizon including incremental revenues. Refer to Appendix A to see this MAC curve at full scale. 

Although half of the analysed abatement options targeted CH4 emissions primarily, with the 
remaining focusing on CO2, 97% of the emissions reduction potential was related to options targeting 
primarily CO2 emissions. This suggests that the abatement potential in the Complex B platforms is by 
enlarge are related to CO2 mitigation. 

When an investment horizon of 5 years was considered, several options were shown to contribute a 
net economic gain to the Complex B platforms: 

• Run fewer turbines at higher loads. 
• Turbines online washing. 
• Keep compressors pressurised while off-line. 
• Route compressor blow down vents to the fuel gas system. 
• Perform LDAR campaigns on an annual basis. 

However, the added economic value was estimated considering CO2 tax savings and incremental 
production throughput, the later assumed as sold at EU NG prices with no transport losses. 
Therefore, it is likely that these figures might be optimistic and further commercial assessment is 
required to establish the percentage of increased throughput production that has the potential to be 
monetised under the operator’s current selling contracts and pipeline transport capacities. 

For the same investment horizon, the following were the abatement options with the highest 
emissions reduction potential: 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

264 
 

• Connect offshore platform with onshore grid; with an associated abatement potential of 
1,566 ktonnes CO2 equivalent at 63 [US$/tonneCO2e]. 

• Platform interconnection to share generated power; with an associated abatement potential 
of 333 ktonnes CO2 equivalent at 74 [US$/tonneCO2e]. 

• Power generation – install Waste Heat Recovery system; with an associated abatement 
potential of 272 ktonnes CO2 equivalent at 15 [US$/tonneCO2e]. 

While all these options increase costs even after discounting CO2 tax reductions and considering 
incremental revenues, they also target emissions from the same source, onsite power generation 
through NG combustion in turbines, making their combined emissions abatement potential likely 
lower, if implemented jointly. 

When the considered investment horizon is increased by 5 years, the combined proposed emissions 
abatement increased by 79% and the number of abatement options with a positive associated 
economic value increased from 5 to 6. 

While the use of WHR and renewables were also indicated by Endresen et al. [104] as potential 
means of reducing GHG emissions in Norwegian continental shelf offshore platforms, this research 
has moreover highlighted the effect that managing existing NG turbines (so they operate at 
increased loads) can have a substantial benefit in GHG emissions reduction in the Complex B 
platforms. 

7.3.2 Complex K processing and liquefaction plant 

7.3.2.1 Complex K – Abatement options feasibility 
Table 179 lists the CO2 and CH4 emissions abatement options identified as relevant for onshore NG 
processing and liquefaction plants and indicates which of these are applicable for implementation at 
the Complex K plant given the currently installed equipment and available information. 

Table 179. Emissions abatement options feasibility for onshore NG processing and liquefaction and relevance for 
Complex K. 

Technology Emissions type Emissions 
targeted 

Costs estimated 

LDAR Fugitives CH4 Considered 
Separator pneumatics vent – convert to 
mechanical controls 

Vent – Gas driven 
pneumatic devices 

CH4 Not considered as no gas 
assisted pneumatic devices in 
the operation 

Gas Plant pneumatics – Replace gas system 
with instrument air using solar energy 

Vent – Gas driven 
pneumatic devices 

CH4 Not considered as no gas 
assisted pneumatic devices in 
the operation 

Gas Plant pneumatics – Replace gas system 
with instrument air using energy from the 
grid 

Vent – Gas driven 
pneumatic devices 

CH4 Not considered as no gas 
assisted pneumatic devices in 
the operation 

Gas Plant pneumatics vent – Capture and 
combust 

Vent – Gas driven 
pneumatic devices 

CH4 Not considered as no gas 
assisted pneumatic devices in 
the operation 

Compressor gas starter vent – Replace with 
air 

Vent – Compressor 
gas starter 

CH4 Not considered as no gas 
assisted start is used 

Compressor gas starter vent – Route to flare Vent – Compressor 
gas starter 

CH4 Not considered as no gas 
assisted start is used 

Centrifugal compressor – Wet seal degassing 
recovery 

Vent – Compressor 
wet seal 

CH4 Not considered as no wet seals 
in the operation 

Centrifugal compressor – Dry seal degassing 
recovery 

Vent – Compressor 
dry seal 

CH4 Considered 
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Technology Emissions type Emissions 
targeted 

Costs estimated 

Centrifugal compressor – Replace wet seal by 
dry seal 

Vent – Compressor 
wet seal 

CH4 Not considered as no wet seals 
in operation 

LNG storage tanks - Install VRU Vent – LNG 
vaporisation in 
storage 

CH4 Not considered. All generated 
BOG already recycled into the 
system 

Reciprocating compressor – Route rod 
packing vent to flare 

Vent – Compressor 
rod pack 

CH4 Not considered as no 
reciprocating compressor in 
operation 

Compressor blowdown vent – Route to fuel 
gas system 

Vent – Compressor 
blowdown 

CH4 Considered 

Keep compressors pressurised while off-line Vent – Compressor 
blowdown 

CH4 Considered 

Dehydration vent – Install VRU Vent – Glycol 
regeneration 

CH4 Not considered. VRU already 
installed in the operation 

Dehydration gas glycol pumps – convert to 
air/solar pump 

Vent – Gas Glycol 
pumps 

CH4 Not considered. No gas assisted 
pumps in the operation 

Dehydration vent – Install flash tank 
separator 

Vent – Glycol 
regeneration 

CH4 Not considered. Dehydration 
unit already with Flash tank 
separator 

Dehydration vent – Optimise glycol 
circulation rates 

Vent – Glycol 
regeneration 

CH4 Not considered as dehydration 
vents already recovered 

AGR optimisation Vent – AGR 
regeneration 
+ Combustion 

CH4 ,CO2 Not considered as AGR vents 
already captured 

AGR Carbon Capture & Storage Vent – AGR CO2 Not considered as AGR vents 
already captured 

Run fewer turbines at higher load Combustion CO2 Not considered as operation in 
production plateau 

Online turbines washing Combustion CO2 Considered 
Install Waste Heat Recovery System Combustion CO2 Not considered. Operation 

already has WHR system 
Replace open cycle by combined cycle 
turbine 

Combustion CO2 Not considered as efficiencies 
are close to combined cycle 

Swingline between plants Combustion CO2 Not considered as not sufficient 
information available 

Re-wheel compressors Combustion CO2 Not considered as operation in 
production plateau 

Use efficient compressor filters Combustion CO2 Not considered as main benefits 
are cost savings 

LNG water cooling Combustion CO2 Not considered as not sufficient 
information available 

Fewer compressor start ups Vents CH4 Not considered as operation 
assumed to have optimal 
number compressor start ups 

Replace glycol dehydrators with desiccant 
dehydrators 

Vents CH4 Not considered 

Stripping gas elimination Vents CH4 Not considered as no stripping 
gas used 

 

7.3.2.2 Complex K – Abatement options costs and emissions reduction parameters 
Table 180 presents the activity factors used to estimate the selected technologies abatement 
potential for the Complex K plant. Table 181 presents the economic parameters used to estimate the 
implementation costs for this case study. 

Table 182 and Table 183 include the Complex K plant power demand and turbine use estimated for 
the considered investment horizon, as well as the NG related parameters used in the development of 
the Complex K plant MAC curve. 
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Table 180. Activity factors used to estimate the abatement potential for different technologies in the Complex K plant. 
Parameter Units Value 
Monitoring   
Frequency LDAR [times/year] 1 
Complex K LNG plant fugitives baseline [tonnes CH4/year] 2 
Turbines   
Number operating NG turbines [units] 5 
NG turbines rated power output [MW/turbine] 42 
Off-line washing frequency with no online washing [99] [events/year] 4 
Off-line washing cycle with no online washing [99] [months] 3 
Off-line washing frequency with no online washing [99] [events/year] 3 
Off-line washing cycle with no online washing [99] [months] 4 
Maximum power output decrease per cycle [99] [MW] 4.2 
Online washing power loss decrease effect [98] [%] 10.6 
Compressors   
Number dry seal centrifugal compressors [units] 8 
Number wet seal centrifugal compressors [units] 0 
Number reciprocating compressors [units] 0 
Operating hours [hours/ year] 8,760 
Loading compressors offline hours [270] [hours/year/compressor] 500 
Peak compressors offline hours [270] [hours/year/compressor] 4,760 
Frequency load compressor taken offline [270] [events/year/compressor] 1 
Frequency peak compressor taken offline [270] [events/year/compressor] 40 
Number dry seal centrifugal compressor [units] 8 
Load/peak compressors Load/peak compressors 8/1 
Dry seal compressor NG EF [151] [NG ft3/min/compressor] 3 
Pressurised compressor valves EF [270] [NG ft3/hour/compressor] 1,400 
Offline compressor valves EF [270] [NG ft3/hour/compressor] 150 

 

Table 181. Parameters used to estimate the selected abatement technologies implementation costs for the Complex K 
plant. 

Monitoring   
LDAR – Plants  [US$/year]2019 19,682 
Compressors   
Dry seal degassing recovery CAPEX [90] [US$/compressor]2019 144,625 
Dry seal degassing recovery OPEX [90] [US$/system /year]2019 3,885 
Route compressor blowdown to fuel gas system CAPEX [90] [US$/site]2019 12,554 
Turbines   
NG turbines online washing OPEX [98] [US$/turbine/year]2019 10,345 
NG turbines offline washing OPEX [98] [US$/turbine/event]2019 370 

 

Table 182. Estimated power demand and turbine use per year for Complex K.  
Operation year 1 2 3 4 5 6 7 8 9 10 
Power demand 
[kW] 

                        
188.10  

                        
169.51  

                        
189.94  

                        
190.58  

                        
171.02  

                        
188.77  

                        
192.60  

                        
170.22  

                        
188.97  

                        
190.15  

Number of 
operating 
turbines/ load/ 
efficiency 

5/ 
88%/ 
41% 

5/ 
79%/ 
40% 

5/ 
89%/ 
41% 

5/ 
89%/ 
41% 

5/ 
80%/ 
40% 

5/ 
88%/ 
41% 

5/ 
90%/ 
41% 

5/ 
80%/ 
40% 

5/ 
88%/ 
41% 

5/ 
89%/ 
41% 

Operation year 11 12 13 14 15 16 17 18 19 20 
Power demand 
[kW] 

                        
154.20  

                        
185.63  

                        
189.02  

                        
169.13  

                        
189.16  

                        
189.70  

                        
170.36  

                        
185.89  

            
190.97  

               
153.82  

Number of 
operating 
turbines/ load/ 
efficiency 

5/ 
72%/ 
39% 

5/ 
87%/ 
40% 

5/ 
88%/ 
41% 

5/ 
79%/ 
40% 

5/ 
88%/ 
41% 

5/ 
89%/ 
41% 

5/ 
80%/ 
40% 

5/ 
87%/ 
40% 

5/ 
89%/ 
41% 

5/ 
72%/ 
39% 
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Table 183. Combusted NG plant parameters for Complex K. 
Parameter Unit Value 
NG energy content (LHV) [MJ/kg] 41.500 
NG density [kg/m3] 0.739 
NG CH4 weight content [%] 0.847 
NG combustion CO2 EF [tonnes CO2/ ton NG ] 2.50 
NG combustion CH4 EF [tonnes CH4/ ton NG ] 6.54x10-4 

 

7.3.2.3 Complex K – Development of MAC curve 
The estimated MAC curve for the Complex K plant was made for three investment horizons of 10, 15 
and 20 years and is presented in Figure 63. 

 

Figure 63. Extract from the estimated MAC curve for Complex K plant. No shade: Marginal abatement costs excluding 
incremental revenues; Solid shaded area: Marginal abatement costs including incremental revenues; both for the base 

case of emissions mitigation for a 15-year investment horizon. Dotted and dashed lines: emissions mitigation for 10-year 
and 20-year investment horizons respectively, both including incremental revenues. Refer to Appendix A to see this MAC 

curve at full scale. 

This curve presents GHG emissions reduction options with a total abatement potential of 346 
ktonnes CO2 equivalent for the Complex K plant for an investment horizon of 15 years. As this MAC 
curve includes options targeting the same emission sources, this value does not represent the total 
abatement potential if all options are implemented simultaneously in the NG processing and 
liquefaction plant.  

Only one of the proposed options targeted CO2 emissions primarily and represented 23% of the total 
abatement potential, indicating that most of the identified mitigation opportunities are related to 
CH4 venting. 

When an investment horizon of 15 years was considered, the following options were identified as 
contributing with a net economic gain for the Complex K plant, benefitting the operator: 
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• Turbines online washing. 
• Keep compressors pressurised while off-line. 
• Route compressor blow down vents to the fuel gas system. 

However, their added economic value was related to CO2 tax deductions and increased LNG 
throughput revenues estimated by this research. 

From the 5 identified emissions abatement options, four had a share of the total proposed 
abatement of between 23 and 27%; while performing LDAR campaigns had low associated reduction 
potential and a high marginal abatement cost due to the low fugitive emissions baseline for the 
facility. 

The low number of identified abatement options and a 15-years aggregated abatement potential 
equivalent to only 33% of the annual Complex K plant total operating GHG emissions reflects the high 
environmental standards and equipment electrification with which this plant was designed.  

Finally, by varying the investment horizons to 10 and 15 years to assess temporal sensitivity of the 
results, the combined proposed emissions abatement decreased and increased respectively by 33% 
when compared to the base case, while the number of abatement options with a positive associated 
economic remained constant. This indicates that the sooner the abatement options are 
implemented, the better the economic benefit for the operator. 

7.3.3 Complex L production, processing and liquefaction processes 

7.3.3.1 Complex L – Abatement options feasibility 
Table 184 and Table 185 list the identified CO2 and CH4 emissions abatement options applicable to 
onshore well operation and NG processing and liquefaction plants. These tables also indicate which 
options were selected as relevant candidates for implementation in the Complex L CBM production, 
Central Processing Plants and LNG plant considering the currently installed equipment and available 
information. 

Table 184. Emissions abatement options feasibility for onshore gas production and relevance for the Complex L CBM 
operation. 

Technology Emissions type Emissions 
targeted 

Considered/Not considered 

LDAR Fugitives CH4 Considered 
Pneumatic vent – Replace high bleed 
by low bleed 

Vents – Gas driven 
pneumatic devices 

CH4 Considered 

Pneumatic vent – Replace high bleed 
with retrofit kit 

Vents – Gas driven 
pneumatic devices 

CH4 Considered 

Install Plunger lift Vents - Liquids 
unloading 

CH4 Not considered based on findings 
by Allen et al.[279] 

Route unloading vents to flare Vents – Well 
unloading 

CH4 Considered 

Casing  vent – Connect to VRU Vents - Casing CH4 Considered 
Casing  vent – Install recovery 
compressors 

Vents - Casing CH4 Considered 

Green completions Vents - Completions CH4 Considered 
Casing vent – use as fuel Vents - Casing CH4 Not considered as facility is far 

from energy intensive NG 
processing plants 

Stranded gas flare Vents CH4 No stranded NG in this operation 
Stranded gas capture and convert LNG Vents CH4 No stranded NG in this operation 
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Stranded gas re-inject into formation Vents CH4 No stranded NG in this operation 
Table 185. Emissions abatement options feasibility for onshore NG processing and liquefaction and relevance for the 

Complex L Central Processing Plants and LNG plant. 
Technology Emissions type Emissions 

targeted 
Costs estimated 

LDAR Fugitives CH4 Considered 
Separator pneumatics vent – 
convert to mechanical controls 

Vent – Gas driven pneumatic 
devices 

CH4 Considered 

Gas Plant pneumatics – Replace 
gas system with instrument air 
using solar energy 

Vent – Gas driven pneumatic 
devices 

CH4 Considered 

Gas Plant pneumatics – Replace 
gas system with instrument air 
using energy from the grid 

Vent – Gas driven pneumatic 
devices 

CH4 Considered 

Gas Plant pneumatics vent – 
Capture and combust 

Vent – Gas driven pneumatic 
devices 

CH4 Considered 

Compressor gas starter vent – 
Replace with air 

Vent – Compressor gas starter CH4 Considered 

Compressor gas starter vent – 
Route to flare 

Vent – Compressor gas starter CH4 Considered 

Centrifugal compressor – Wet 
seal degassing recovery 

Vent – Compressor wet seal CH4 Considered 

Centrifugal compressor – Dry 
seal degassing recovery 

Vent – Compressor dry seal CH4 Considered 

Centrifugal compressor – 
Replace wet seal by dry seal 

Vent – Compressor wet seal CH4 Considered 

LNG storage tanks - Install VRU Vent – LNG vaporisation in 
storage 

CH4 Not considered, VRU already installed 
in LNG tanks 

Reciprocating compressor – 
Route rod packing vent to flare 

Vent – Compressor rod pack CH4 Considered 

Compressor blowdown vent – 
Route to fuel gas system 

Vent – Compressor blowdown CH4 Considered 

Keep compressors pressurised 
while off-line 

Vent – Compressor blowdown CH4 Considered 

Dehydration vent – Install VRU Vent – Glycol regeneration CH4 Considered 
Dehydration gas glycol pumps – 
convert to air/solar pump 

Vent – Gas Glycol pumps CH4 Considered 

Dehydration vent – Install flash 
tank separator 

Vent – Glycol regeneration CH4 Not considered. Dehydration unit 
already with Flash tank separator 

Dehydration vent – Optimise 
Glycol circulation rates 

Vent – Glycol regeneration CH4 Considered 

Smaller AGR pumps Combustion CO2 Not considered as no related energy 
saving information available 

AGR Carbon Capture & Storage Vent – AGR CO2 Not considered 
Run fewer turbines at higher 
load 

Combustion CO2 Not considered as operation in 
production plateau 

Online turbines washing Combustion CO2 Considered 
Install Waste Heat Recovery 
System 

Combustion CO2 Considered 

Replace simple cycle by 
combined cycle turbine 

Combustion CO2 Considered 

Swingline between plants Combustion CO2 Not considered. Plants considered as 
connected by flexible network of 
flowlines. 

Re-wheel compressors Combustion CO2 Not considered as operation in 
production plateau 

Use efficient compressor filters Combustion CO2 Not considered as main benefits are 
cost savings 

Fewer compressor start ups Vents CH4 Not considered. Compressor starts 
assumed already optimised. 

Replace glycol dehydrators with 
desiccant dehydrators 

Vents CH4 Not considered as these operate best 
at temperatures below 700F 
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Stripping gas elimination Vents CH4 Not considered as no striping gas used 

7.3.3.2 Complex L – Abatement options costs and emissions reduction parameters 
Table 186 presents the activity factors used to estimate the selected technologies abatement 
potential relative to the Complex L case study, while Table 187 presents the economic parameters 
used to estimate the implementation costs for this case. 

Other parameters used in the development of the Complex L case study MAC curve such as the 
number of wells operating per year, wells completed per year, dehydration unit process NG 
throughput, LNG plant power demand, turbine use per year and NG related parameters are 
presented in Table 188, Table 189, Table 190, and Table 191.  

Table 186. Activity factors used to estimate the abatement potential for different technologies in the Complex L 
operations. 

Parameter Units Value 
Monitoring   
Frequency LDAR [times/year] 1 
Well head fugitive EF [49] [NG 

tonnes/wellhead/hour] 
1.80×10-5 

Wells fugitives baseline [tonnes CH4/year] Variable, depending 
on number of wells 
in operation 

Complex L LNG plant fugitives baseline [tonnes CH4/year] 492 
Well Operation   
Number wells [wells] See Table 188 
Average well with no plunger lift CH4 unloading vent [279] [tonne CH4/well/year] 3.18 
Average NG casing vent [280] [million ft3/well/year] 1.46 
VRUs/recovery compressors casing recovery efficiency [%] 100 
NG flaring CO2 EF [tonne CO2/tonne NG] 2.61 
Flow back NG EF [266] [million NG 

ft3/day/well] 
1.25 

Average flow back duration [266] [days/well/year] 16 
Green completion flow back recovery efficiency [266] [%] 50 
Pumps and valves   
Operating hours [hours/year] 8,760 
Separator’s gas assisted pneumatic devices EF [267] [NG ft3/separator/year] 255,000 
Intermittent bleed gas assisted pneumatic device NG EF [146] [NG ft3/hour/device] 9.76 
High/continuous bleed gas assisted pneumatic device NG EF [146] [NG ft3/hour/device] 24.10 
High bleed retrofit Mizer kit NG EF[281] [NG ft3/hour/device] 10.17 
Number separators with gas assisted pneumatic devices [units] 4 
Number intermittent bleed gas assisted pneumatic devices in CPPs [units] 5 
Number high bleed gas assisted pneumatic devices in well operation [units] 6 
Turbines   
Number operating NG turbines [units] 3 
NG turbines rated power output [MW/turbine] 23 
Off-line washing frequency with no online washing [99] [events/year] 4 
Off-line washing cycle with no online washing [99] [months] 3 
Off-line washing frequency with no online washing [99] [events/year] 3 
Off-line washing cycle with no online washing [99] [months] 4 
Maximum power output decrease per cycle [99] [MW] 2.3 
Online washing power loss decrease effect [98] [%] 10.6 
WHR system power savings [% total power 

demand] 
15 

Combined cycle turbine efficiency[282] [%] 40 
Compressors   
Number dry seal centrifugal compressors [units] 3 
Number wet seal centrifugal compressors [units] 8 
Number reciprocating compressors [units] 18 
Load/peak compressors [units] 27/3 
Operating hours [hours/ year] 8,760 
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Parameter Units Value 
Loading compressors offline hours[270] [hours/year/compresso

r] 
500 

Peak compressors offline hours[270] [hours/year/compresso
r] 

4,760 

Frequency load compressor taken offline [270] [events/year/compress
or] 

1 

Frequency peak compressor taken offline [270] [events/year/compress
or] 

40 

Frequency compressor start attempts[150] [events/year] 10 
Generation efficiency [%] 33 
Wet seal compressor NG EF [151] [NG 

ft3/min/compressor] 
63 

Dry seal compressor NG EF [151] [NG 
ft3/min/compressor] 

3 

Reciprocating compressor rod packing vent EF (4 rod packs)[270] [NG 
ft3/hour/compressor] 

300 

Compressor blow down vent [NG ft3/event] 15,000 
Pressurised compressor valves EF[270] [NG 

ft3/hour/compressor] 
1,400 

Offline compressor valves EF [270] [NG 
ft3/hour/compressor] 

150 

Compressor start NG vent [150] [NG ft3/event] 1,500 
Centrifugal compressor wet seal associated power requirement 
[151] 

[kW] 75 

Centrifugal compressor dry seal associated power requirement [151] [kW] 5 
Wet seal degassing recovery efficiency [269] [%] 99 
Dehydration   
Operating days per year [days/year] 365 
Gas assisted glycol pump NG EF [NG million 

ft3/year/pump] 
2.5 

Number gas assisted glycol pumps [units] 3 
Dehydration NG vent EF – circuit with flash tank [148] [CH4 ft3/million NG 

throughput] 
3.57 

VRU dehydration vent capture efficiency [%] 90 
Glycol to water ratio [gallon TEG/ lb water] 3 
NG input water content [lb water/ million ft3 

NG] 
60 

NG output water content [lb water/ million ft3 
NG] 

4 

LNG Storage   
Percentage BOG vented [%] 100 
Number LNG Storage tanks units 2 
Volume LNG Storage tank [m3] 125,000 
Average LNG storage occupancy [%] 80 
BOG generation rate [% volume/day] 0.05 
 

Table 187. Parameters used to estimate the selected abatement technologies implementation costs for the Complex L 
operations. 

Parameter Units Value 
Monitoring   
LDAR – wells – Once a year OPEX [90] [US$/year]2019 14,579 
LDAR – Plants  [US$/year]2019 20,849 
Well operation    
Route unloading to flare – trailer mounted flare CAPEX [90] [US$/well]2019 4,922 
Casing vent - Number 25 Mcfd VRU units needed [units] 32 
Casing vent - VRU CAPEX [283] [US$/VRU]2019 64,658 
Casing vent - VRU OPEX [283] [US$/VRU]2019 9,873 
Casing vent - Number 180 Mcfd recovery compressor units needed [units] 5 
Casing vent – Recovery compressors CAPEX [284] [US$/compressor]2019 66,012 
Casing vent – Recovery compressors OPEX [284] [US$/compressor]2019 6,018 
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Parameter Units Value 
Number green completion trucks needed considering Table 188 [units] 11 
Green completion trucks CAPEX [266] [US$/truck]2019 1,923,764 
Green completions incremental OPEX [266] [US$/day]2019 2,062 
Pumps and valves   
Convert separator gas pneumatics into mechanical controls CAPEX 
[267] 

[US$/separator]2019 7,616 

Replace gas plant pneumatics by instrument air powered by solar 
CAPEX [90] 

[US$/pneumatic]2019 46,141 

Replace gas plant pneumatics by instrument air powered by solar 
OPEX [90] 

[US$/pneumatic/year]2019 121 

Replace gas plant pneumatics by instrument air powered by grid 
CAPEX [90] 

[US$/pneumatic]2019 23,757 

Gas plant pneumatics capture and combust CAPEX [90] [US$/site]2019 32,144 
Intermittent bleed installation CAPEX [90] [US$/pneumatic]2019 2,663 
Retrofit Mizer kit installation CAPEX [90] [US$/pneumatic]2019 1,165 
Turbines   
Combined cycle turbine CAPEX [285] [million US$/turbine]2019 38.28 
Combined cycle turbine differential OPEX compared to simple 
cycle[286] 

[US$/kW/year]2019 -1.8 

Install Waste Heat Recovery system[278] [million US$/project]2019 26.76 
NG turbines online washing OPEX[98] [US$/turbine/year]2019 10,345 
NG turbines offline washing OPEX[98] [US$/turbine/event]2019 370 
Compressors   
Wet seal degassing recovery CAPEX[90] [US$/compressor]2019 271,740 
Dry seal degassing recovery CAPEX[90] [US$/compressor]2019 216,063 
Wet/dry seal degassing recovery OPEX [90] [US$/system /year]2019 3,885 
Dry seal installation CAPEX[151] [US$/compressor]2019 962,786 
Dry seal OPEX [151] [US$/compressor]2019 15,788 
Wet seal OPEX [151] [US$/compressor]2019 115,476 
Routing rod pack vents to flare CAPEX [90] [US$/compressor]2019 189,639 
Routing rod pack vents to flare OPEX[90] [US$/compressor]2019 3,885 
Route compressor blowdown to fuel gas system CAPEX [90] [US$/site]2019 12,554 
Replace gas starter by air CAPEX [90] [US$/site]2019 305,602 
Replace gas starter by air OPEX [90] [US$ /year]2019 3,885 
Gas starter vent – route to flare CAPEX [90] [US$/site]2019 12,449 
Gas starter vent – route to flare OPEX [90] [US$/compressor/year]2019 117 
Dehydration   
Convert gas glycol pump to instrument air CAPEX [149] [US$/pump]2019 8,299 
Dehydration vent – install VRU CAPEX [90,274] [US$/dehydration system]2019 99,582 
Dehydration vent – optimise glycol circulation rates added OPEX [90] [US$/year]2019 420 
 

Table 188. Complex L estimated number of operating wells per year. Provided by MERG [261]. 
Year 1 2 3 4 5 6 7 8 
Number of 
wells operating 

200 200 200 170 170 170 170 170 

Number of 
wells completed 

250 200 200 200 200 100 100 100 

Year 9 10 11 12 13 14 15  
Number ofwells 
operating 

170 140 90 90 50 50 50  

Number wells 
completed 

50 10 - - - - -  

         
 

Table 189. Estimated NG throughput via the dehydration unit for Complex L. 
Year of operation 1 2 3 4 5 6 7 8 
Dehydration NG throughput 
[Million NG ft3/day] 

1,787  1,872  1,904  1,952  1,994  1,831  1,834  1,833  

Year of operation 9 10 11 12 13 14 15  
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Dehydration NG throughput 
[Million NG ft3/day] 

1,781  1,712  1,601  1,471  1,341  1,210  1,103   

Table 190. Estimated power demand and turbines use for Complex L LNG plant [211]. 
Operation year 1 2 3 4 5 6 7 8 
Power demand [kW] 48.00 48.00  48.00  48.00  48.00  48.00  48.00  48.00  
Number of 
operating turbines/ 
load/ efficiency 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

Operation year 9 10 11 12 13 14 15  
Power demand [kW] 48.00  48.00  48.00  48.00  48.00  48.00  48.00   
Number of 
operating turbines/ 
load/ efficiency 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

2 / 73% 
/ 32.9% 

 

Table 191. Combusted NG parameters for Complex L. 
Parameter Unit Value 
NG energy content (LHV) [MJ/kg] 52.890 
NG density [kg/m3] 0.693 
NG CH4 weight content [%] 0.92 
NG combustion CO2 EF [tonnes CO2/ tonne NG ] 2.61 
NG combustion CH4 EF [tonnes CH4/ tonne NG ] 9.48×10-4 
NG flaring CO2 EF [tonnes CO2/ tonne NG ] 2.68 
NG flaring CH4 EF [tonnes CH4/ tonne NG ] 1.98×10-2 

7.3.3.3 Complex L – Development of MAC curve 
Figure 64 presents the MAC curve developed for the Complex L for three investment horizons of 5, 
10, and 15 years. 

 

Figure 64. Extract from the estimated MAC curve for Complex L.  No shade: Marginal abatement costs excluding 
incremental revenues; Solid shaded area: Marginal abatement costs including incremental revenues; both for the base 
case of emissions mitigation for a 10-year investment horizon. Dotted and dashed lines: emissions mitigation for 5-year 

and 15-year investment horizons respectively, including incremental revenues. Refer to Appendix A to see this MAC 
curve at full scale. 
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The analysed GHG emissions reduction options had a total abatement potential for the Complex L 
well operation, Central Processing Plants and LNG plant equivalent to 13,947 ktonnes CO2 equivalent 
during a 10-years period. As this MAC curve includes mutually exclusive options, and options 
targeting the same emissions source as other options, this figure does not represent the total 
abatement that may be achieved when implementing these options simultaneously.  

Of the 26 abatement options analysed only three target CO2 emissions primarily, representing 7% of 
the total estimated abatement. This highlights the high CH4 abatement potential identified for the 
Complex L case study. 

For a 10-year investment horizon, 16 options aiming to reduce or reuse dehydration, compressors, 
gas pneumatics, unloading and casing vents were identified to contribute with net economic gain 
when implemented in the Complex L operations. These economic gains, however, were estimated 
considering increased NG production revenues. 

For the same investment horizon, the following were the options identified to have the highest 
associated emissions abatement potential for this case study: 

• Use green completions systems; with an associated abatement potential of 6,914 ktonnes 
CO2 equivalent and an associated profit of 4 [US$/tonneCO2e abated]. 

• Install wet seal degassing recovery for the wet seal centrifugal compressors; with an 
associated abatement potential of 1,328 ktonnes CO2 equivalent and an associated profit of 
8 [US$/tonneCO2e abated]. 

• Replace wet seals by dry seals in wet seal centrifugal compressors; with an associated 
abatement potential of 1,304 ktonnes CO2 equivalent and an associated profit of 3 
[US$/tonneCO2e abated]. 

• Connect VRUs to recover casing vents; with an associated abatement potential of 1,301 
ktonnes CO2 equivalent and an associated profit of 8 [US$/tonneCO2e abated]. 

• Connect recovery compressors to recover casing vents; with an associated abatement 
potential of 1,301 ktonnes CO2 equivalent and an associated profit of 11 [US$/tonneCO2e 
abated]. 

When investment horizons of 5 and 15 years were considered, the combined proposed emissions 
abatement decreased by 37% and increased by 19% respectively; while the number of abatement 
options with positive associated NPV were reduced by two for the 5-years investment horizon and 
remained unchanged for the 15-years horizon. 

These results highlight the high GHG abatement potential of the Complex L operation with options 
that offer positive NPV mainly related to the recapture or reduction of NG vents in the wells 
operation, as well as in the compression and dehydration unit processes. 

7.4 Conclusions 
This section presented a methodology developed to compare the cost effectiveness of different 
emissions reduction technologies through Marginal Abatement Cost Curves for a large range of CO2 
and CH4 emissions mitigation options. The cost models developed account for capital and operational 
expenditure, as well as effects on revenues and tax liabilities. The approach was validated for the 
Complex B platforms, Complex K NG processing and liquefaction plant and the Complex L CBM 



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions 
mitigation 

275 
 

production, processing and liquefaction. With the majority of the currently available Marginal 
Abatement Cost curve studies addressing aggregated facilities or production regions, this work is the 
first study that has developed site specific MAC curves. Moreover it is the first to have considered an 
Australian unconventional NG operation, European mature offshore NG platforms, and a rather 
streamlined European onshore NG processing and liquefaction facility. 

By analysing a large range of CO2 and CH4 emissions mitigation options applied to the selected case 
studies, this research has shown that while integration with renewables and efficiency improvements 
could perform well for conventional offshore operations in Europe, in Australian unconventional 
onshore operations, targeting well completions, casing and tank vents could have a higher GHG 
reduction potential. Particularly, for the Complex L case study, 93% of the identified abatement 
potential was found to be related to options targeting CH4 vents mainly, specifically casing and wet 
seal vents. On the other hand, for the Complex B and K facilities, 97 and 23% of their abatement 
potential, respectively, was found to be related to CO2 focused options.  

While the Complex B platforms’ highest abatement potential options were related to increasing NG 
turbines operating loads and avoiding compressors related vents, and the Complex K plant highest 
abatement options also related to avoiding compressor vents, for Complex L the highest abatement 
opportunities were related to casing and wet seal vents. Of course, technical specificity affects which 
mitigation options are relevant in different environments. However it is clear that where the low 
emissions options are already implemented, due to stricter environmental regulations, such as in 
Norway, lower mitigation gains are possible. This is true for example for Norwegian operations. In 
addition, it is also shown that the higher vents associated with onshore unconventional NG 
production also provide opportunities for emissions mitigation as compared to offshore conventional 
NG production which are already operating under more stringent safety regimes. 

In line with the results of studies like IEA [8], this research also identified mitigation options with net 
economic benefits associated with their implementation. Notably the Complex L case study identified 
that 16 out of the 26 abatement options analysed fall in this category. Such benefits come from 
mitigation of vents from dehydration, compressors, gas pneumatics, unloading and casings which, 
again, do not apply to offshore NG production, or are already targeted by the design of the offshore 
platforms and processing and liquefaction plants. The European platforms and processing and 
liquefaction plant of Complexes B an K, subjected to stricter Norwegian environmental regulations, 
were found to have considerably fewer of these types of opportunities. These net economic benefits, 
however, were estimated considering the incremental production throughput and reduced CO2 
taxes, which will ultimately depend on the ability that operating companies have to monetise 
increased production throughputs and their CO2 allowance management constraints. 

These results further support, with site specific information this research provides, evidence from 
other aggregated or regional studies, proving thus with certainty that NG operators currently have 
available emission mitigation options with no associated implementation costs. 

By varying the investment horizons by 5 years in the cases analysed, this research has shown that the 
cumulative individual emissions reduction effects could change substantially. This was in the range of 
approximately 30% for Complex K and Complex L case studies, and 79% for Complex B highlighting 
the sensitivity of the investment horizon definition, particularly in cases where the end of life of the 
asset is close, as is the case in the Complex B platforms. 
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If the requirement for emissions mitigation was to be set by regulations for the Complex B, K and L 
simultaneously, the investment horizons of 5, 15 and 10 years examined would render emissions 
mitigation with an added individual mitigation of 2,522, 346, and 13,947 ktonnes CO2 equivalent. This 
suggests that near/medium term horizon for regulations could do much for the climate. That said, 
this research, recognises that such a total abatement potential, estimated as the summation of each 
option’s individual abatement would differ from the total abatement effect achieved if all options 
were to be simultaneously implemented, due to synergistic effects and mutually exclusive 
constraints. 

These are explored more effectively through the multi-objective optimisation research conducted in 
this thesis and presented in the next chapter. 
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8 Natural gas supply chain GHG emissions reduction – Multi-objective 
optimisation  

8.1 Introduction 
This chapter addresses the simultaneous optimisation of costs and GHG emissions when specific 
emissions abatement options are implemented to offshore NG platform networks. 

Following the review of section 2.4.2, from the abatement options currently being considered by the 
industry and policy makers to effectively decarbonise offshore hydrocarbon production in the North 
Sea, the following options were selected for analysis in this chapter:  

(i) The implementation of shared power generation between offshore platforms 
(ii) The integration of offshore wind farms with offshore platforms.  

The previous options have not been modelled or optimised to simultaneously reduce costs and GHG 
emissions in the context of offshore platform networks. It is also believed that their abatement 
potential can be higher when implemented to networks rather than individual platforms. 

The proposed approach aims to minimise simultaneously an offshore platform network’s associated 
GHG emissions and the abatement options’ implementation costs, while also allowing to consider 
the implementation of the abatement options at different times within a defined investment 
horizon.This section later presents the case study used to test and validate the methodology 
developed. The selected offshore platforms, located in the UK Southern North Sea, were chosen due 
to their proximity to the Hornsea project – currently the largest operating offshore wind farm in the 
world [287] – and because many of these are currently experiencing production decline with the 
consequential generation efficiency loss. 

This chapter later presents how the multi objective optimisation approach was implemented to the 
chosen case study, followed by discussion of the obtained results to then finalise with the 
conclusions. 

8.2 Multi objective optimisation model formulation 
The proposed 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 (Figure 65). 
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Figure 65. Schematic illustration of the offshore network modelled with NG platforms and wind farms (nodes) and 
electrical cable connections (arcs). 

Each platform was considered to have a set of gas turbines (gt) fixed at the time of its construction. 
This set was assumed as invariable during a platform’s life. 

In the proposed 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). 

8.2.1 Variables definition 
The following decision variables were considered for this approach: 

• 𝑦𝑦𝑖𝑖𝑖𝑖𝑖𝑖  – Binary variable defining whether the arc between nodes 𝑖𝑖  and 𝑗𝑗 is installed in period 𝑡𝑡 
or not.  

• 𝑥𝑥𝑖𝑖𝑖𝑖𝑖𝑖  – Electricity flow from node 𝑖𝑖 to 𝑗𝑗  in period 𝑡𝑡 in [GWh]. 
• 𝑜𝑜𝑖𝑖𝑖𝑖  – Electricity generated by platform 𝑖𝑖 combusting diesel in period 𝑡𝑡 in [GWh]. 
• 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖  – Electricity generated by platform 𝑖𝑖 combusting natural gas in its turbine  , during 

period 𝑡𝑡 in [GWh]. 
• 𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖  – Binary variable defining whether turbine 𝑘𝑘 from platform 𝑖𝑖 is used for electricity 

generation combusting natural gas in period 𝑡𝑡 or not. 

Additional parameters used in the developed model are presented in Table 192. 

Table 192. Parameters used in the proposed model. 
𝐸𝐸𝐹𝐹𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 GHG emissions associated with the combustion of 1 

[GWh] of diesel equivalent; expressed in tonnes CO2 
equivalent 

𝑎𝑎, 𝑏𝑏 Gas turbine heat consumption linear 
fitting parameters 

𝐸𝐸𝐹𝐹𝑂𝑂𝑂𝑂𝑖𝑖𝑂𝑂𝑑𝑑 Offshore wind generated power life cycle GHG 
emissions; expressed as tonnes of CO2 equivalent per 
[GWh] of generated energy 

T Chosen investment horizon [years] 

𝐷𝐷𝑑𝑑𝑒𝑒𝑒𝑒 Diesel generator efficiency r Interest rate 
𝐸𝐸𝐹𝐹𝑔𝑔𝑔𝑔𝑑𝑑 GHG emissions associated with the combustion of 1 

tonne of NG; expressed as tonnes CO2 equivalent 
c1 Subsea electricity cable unit 

installation cost [$USmillion/km] 
GCikt Gas combustion [tonnes/year] in turbine 𝑘𝑘 of 

platform 𝑖𝑖, period 𝑡𝑡.   
dij Distance [km] separating nodes 𝑖𝑖 and 

𝑗𝑗 
𝜇𝜇 Gas turbine generation efficiency Op Set of offshore platforms under 

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

consideration 
𝐻𝐻𝐻𝐻 Gas turbine heat rate [Btu/GWh] gti Set of gas turbines associated to 

offshore platform 𝑖𝑖 
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𝐻𝐻𝐻𝐻 Gas turbine part load heat consumption rate [Btu/h] c2,t Offshore wind generated electricity 
price [US$million/GWh] in period 𝑡𝑡  

𝐻𝐻𝐻𝐻0 Gas turbine base load heat consumption rate [Btu/h] c3,t Diesel price [US$million/GWh 
generated] in period 𝑡𝑡  

𝑃𝑃 Gas turbine power output [GW] GPt Price paid [US$million/GWh] to the 
operating company for gas delivered 
in period 𝑡𝑡 

𝑃𝑃0 Gas turbine maximum design power output [GW] 𝐷𝐷𝑖𝑖𝑖𝑖 Node ‘i’ electricity demand in period 
𝑡𝑡 [GWh] 

𝑚𝑚𝑖𝑖𝑚𝑚_𝑙𝑙𝑜𝑜𝑎𝑎𝑙𝑙 Gas turbine minimum operating load 𝑀𝑀 Sufficiently large constant: 𝑀𝑀 ≫ 𝑥𝑥𝑖𝑖𝑗𝑗𝑡𝑡  
𝑂𝑂𝐻𝐻 Gas turbine operating hours [hours/year]   

 

8.2.2 Objective functions definition 
Two objective functions were considered. The first, presented in Equation 91, 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 [US$ million]2020 related to the 
implementation of the considered abatement options. Equation 91-Equation 96 further detail how 
this objective function is derived. 

𝑴𝑴𝑴𝑴𝑴𝑴: ∑(𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 + 𝑶𝑶𝑪𝑪𝑪𝑪𝑪𝑪 + 𝑳𝑳𝑶𝑶𝑳𝑳𝑳𝑳_𝑹𝑹𝑪𝑪𝑹𝑹)     Equation 91 

The abatement options’ implementation CAPEX Net Present Value (NPV) was calculated considering 
the cable installation costs, the installation timing and the discount rate 𝑟𝑟. 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 =  ∑ ∑ 𝒚𝒚𝑴𝑴𝒊𝒊𝒊𝒊∙𝒄𝒄𝟏𝟏∙𝒅𝒅𝑴𝑴𝒊𝒊
(𝟏𝟏+𝒓𝒓)𝒊𝒊(𝑴𝑴,𝒊𝒊)𝒊𝒊   ∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳},∀(𝑴𝑴, 𝒊𝒊) ∈ {𝒐𝒐𝒐𝒐,𝒘𝒘𝒘𝒘}  Equation 92 

The network’s OPEX NPV was calculated considering the costs associated with electricity purchase 
from offshore wind farms (𝑾𝑾𝑪𝑪𝒊𝒊𝑴𝑴𝒊𝒊) and diesel purchase (𝑫𝑫𝑪𝑪𝑴𝑴𝒊𝒊) for power generation within the 
offshore platforms. Although diesel consumption occurs on offshore platforms, even when the 
considered abatement options are not implemented, this approach included it as offshore wind 
generated power and higher generation efficiencies from joint power generation can reduce diesel 
consumption. 

OPEX = ∑ ∑ �∑ WCjitj + DCit�it  ∀t ∈ {1, . . , T},∀i ∈ {op},∀j ∈ {wf}   Equation 93 

𝑾𝑾𝑪𝑪𝒊𝒊𝑴𝑴𝒊𝒊 = 𝒙𝒙𝒊𝒊𝑴𝑴𝒊𝒊∙𝒄𝒄𝟐𝟐,𝒊𝒊

(𝟏𝟏+𝒓𝒓)𝒊𝒊   ∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳},∀𝒊𝒊 ∈ {𝒘𝒘𝒘𝒘},∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐}    Equation 94 

 𝑫𝑫𝑪𝑪𝑴𝑴𝒊𝒊 = 𝒐𝒐𝑴𝑴𝒊𝒊∙𝒄𝒄𝟑𝟑,𝒊𝒊
(𝟏𝟏+𝒓𝒓)𝒊𝒊   ∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳},∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐}    Equation 95 

The lost revenues NPV (Equation 96) were estimated 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. 

𝑳𝑳𝑶𝑶𝑳𝑳𝑳𝑳_𝑹𝑹𝑪𝑪𝑹𝑹 =  ∑ ∑ ∑ 𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊∙𝑮𝑮𝑪𝑪𝒊𝒊
(𝟏𝟏+𝒓𝒓)𝒊𝒊𝒊𝒊𝑴𝑴𝒊𝒊     ∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳},∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴} Equation 96 

The second objective function (Equation 97) minimises the network’s cumulative energy 
consumption related greenhouse gas (GHG) emissions due to natural gas combustion in turbines 
(NGE), diesel combustion in engines (DE) and offshore wind generated power imports (OW) over the 
considered investment horizon. Equation 98-Equation 107 further detail how this function was 
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calculated. This function considered the top three greenhouse gases emitted by NG combustion in 
turbines [130], CO2, CH4 and N2O, which were aggregated in terms of [tonnesCO2  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 [288]. Although NG combustion in turbines emits other GHG, these 
represent less than 1.5%  of the total GHG emissions estimated by EPA for this process [130], for 
which they were not considered. 

𝑴𝑴𝑴𝑴𝑴𝑴: ∑ (𝑵𝑵𝑮𝑮𝑪𝑪𝒊𝒊 + 𝑫𝑫𝑪𝑪𝒊𝒊 + 𝑶𝑶𝑾𝑾𝒊𝒊)𝒊𝒊     ∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}    Equation 97 

Natural gas combustion associated GHG emissions, detailed in Equation 98, were estimated following 
API [49] guidelines. 

𝑵𝑵𝑮𝑮𝑪𝑪𝒊𝒊 = ∑ ∑ 𝑮𝑮𝑪𝑪𝑴𝑴𝒊𝒊𝒊𝒊 ∙ 𝑪𝑪𝑭𝑭𝒈𝒈𝒈𝒈𝒈𝒈𝒊𝒊𝑴𝑴  ∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳},∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴}   Equation 98 

Equation 99 relates the natural gas combusted in a turbine (𝐺𝐺𝐻𝐻𝑖𝑖𝑖𝑖𝑖𝑖) with the turbine’s energy demand 
(𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖) and the combusted gas calorific value (𝐻𝐻𝑉𝑉). 

𝐺𝐺𝐻𝐻𝑖𝑖𝑖𝑖t = 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖
𝜇𝜇∙𝐶𝐶𝐶𝐶

        Equation 99 

Gas turbine generation efficiency, 𝜇𝜇, by definition can be expressed in terms of the heat rate (𝐻𝐻𝐻𝐻) 
(Equation 100) or the heat consumption, 𝐻𝐻𝐻𝐻, and turbine power, 𝑃𝑃 (Equation 101), with the 
denominators used in these equations referring to the conversion of 1 [GWh] into [Btu] units.   

𝝁𝝁 = 𝟑𝟑.𝟒𝟒𝟏𝟏𝟐𝟐∙𝟏𝟏𝟏𝟏𝟗𝟗

𝑯𝑯𝑹𝑹
        Equation 100 

𝝁𝝁 = 𝟑𝟑.𝟒𝟒𝟏𝟏𝟐𝟐∙𝟏𝟏𝟏𝟏𝟗𝟗

𝑯𝑯𝑪𝑪/𝑪𝑪
       Equation 101 

This research modelled the relation between turbine heat consumption, 𝐻𝐻𝐻𝐻, and turbine load as 
linearly dependent (Equation 102) following the gas turbine behaviour described by GE [268] 
allowing to express heat consumption through the linear relation showed in Equation 103. Equation 
104 expresses part load turbine power output 𝑃𝑃 in terms of the electricity produced by the turbine in 
a determined period (𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖) and the site’s operating hours (𝑂𝑂𝐻𝐻). 

𝑯𝑯𝑪𝑪
𝑯𝑯𝑪𝑪𝟏𝟏

= 𝒈𝒈 + 𝒃𝒃 ∙ 𝑪𝑪
𝑪𝑪𝟏𝟏

        Equation 102 

𝑯𝑯𝑪𝑪 = 𝑯𝑯𝑪𝑪𝟏𝟏 ∙ �𝒈𝒈 + 𝒃𝒃 ∙ 𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊
𝑪𝑪𝟏𝟏∙𝑶𝑶𝑯𝑯

�       Equation 103 

𝑪𝑪 = 𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊
𝑶𝑶𝑯𝑯

        Equation 104 

By replacing Equation 99 to Equation 104 in Equation 98, natural gas combustion GHG emissions can 
be expressed as shown in Equation 105. 

 𝑵𝑵𝑮𝑮𝑪𝑪𝒊𝒊 = ∑ ∑ � 𝑯𝑯𝑪𝑪𝟏𝟏
𝟑𝟑.𝟒𝟒𝟏𝟏𝟐𝟐∙𝟏𝟏𝟏𝟏𝟗𝟗∙𝑪𝑪𝑹𝑹

� ∙ �𝒈𝒈 ∙ 𝑶𝑶𝑯𝑯 ∙ 𝒘𝒘𝑴𝑴𝒊𝒊𝒊𝒊 + 𝒃𝒃∙𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊
𝑪𝑪𝟏𝟏

� ∙ 𝑪𝑪𝑭𝑭𝒈𝒈𝒈𝒈𝒈𝒈𝒊𝒊𝑴𝑴  ∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳},∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴}   

Equation 105 

Diesel combustion GHG emissions were estimated depending on the diesel generated electricity (𝑜𝑜i𝑖𝑖) 
[GWh] and the diesel generation efficiency, 𝐷𝐷𝑑𝑑𝑒𝑒𝑒𝑒 , as shown in Equation 106. 

𝑫𝑫𝑪𝑪𝒊𝒊 = 𝒐𝒐𝑴𝑴𝒊𝒊 ∙ 𝑪𝑪𝑭𝑭𝒅𝒅𝑴𝑴𝒅𝒅𝒈𝒈𝒅𝒅𝒅𝒅/𝑫𝑫𝒅𝒅𝒘𝒘𝒘𝒘     ∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳},∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐}   Equation 106 
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While emissions associated with the purchased offshore wind generated power were estimated 

using Equation 107. 

OWt = ∑ ∑ xijt ∙ EFOwindji      ∀t ∈ {1, . . , T},∀i ∈ {wf},∀j ∈ {op}    Equation 107 

From these definitions it is noted that relations in Equation 91 to Equation 97 and Equation 105 to 
Equation 107 are linear in relation to the decision variables. 

8.2.3 Constraints definition 
The defined decision variables are submitted to the binary and non-negativity constraints described 
in Equation 108-Equation 112. 

𝒚𝒚𝑴𝑴𝒊𝒊𝒊𝒊 ∈ {𝟏𝟏,𝟏𝟏}  ∀(𝑴𝑴, 𝒊𝒊) ∈ {𝒐𝒐𝒐𝒐,𝒘𝒘𝒘𝒘},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}    Equation 108 

𝒘𝒘𝑴𝑴𝒊𝒊𝒊𝒊 ∈ {𝟏𝟏,𝟏𝟏}  ∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}    Equation 109 

𝒙𝒙𝑴𝑴𝒊𝒊𝒊𝒊 ≥ 𝟏𝟏   ∀(𝑴𝑴, 𝒊𝒊) ∈ {𝒐𝒐𝒐𝒐,𝒘𝒘𝒘𝒘},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}     Equation 110 

𝒐𝒐𝑴𝑴𝒊𝒊 ≥ 𝟏𝟏   ∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}     Equation 111 

𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊 ≥ 𝟏𝟏  ∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}     Equation 112 

Equation 113 secures that for all periods, each node’s incoming, outgoing and self-generated 
electricity is balanced with its energy demand. The present model does not consider the possibility of 
inventorying electricity for future periods.  

∑ 𝒙𝒙𝒊𝒊𝑴𝑴𝒊𝒊𝒊𝒊 − ∑ 𝒙𝒙𝑴𝑴𝒅𝒅𝒊𝒊𝒅𝒅 + ∑ 𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊𝒊𝒊𝑴𝑴 + 𝒐𝒐𝑴𝑴𝒊𝒊 = 𝑫𝑫𝑴𝑴𝒊𝒊   ∀(𝑴𝑴, 𝒊𝒊, 𝒅𝒅) ∈ {𝒐𝒐𝒐𝒐,𝒘𝒘𝒘𝒘},∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳} Equation 113 

Equation 114 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 period to be operative 
since the investment costs are assumed, meaning that if a cable’s investment costs are assumed in 
period 𝑡𝑡, this cable can be used from period 𝑡𝑡+1 on. 

𝒙𝒙𝑴𝑴𝒊𝒊𝒊𝒊 ≤ 𝑴𝑴 ∙ ∑ �𝒚𝒚𝑴𝑴𝒊𝒊𝒊𝒊 + 𝒚𝒚𝒊𝒊𝑴𝑴𝒊𝒊�𝒊𝒊−𝟏𝟏
𝒊𝒊    ∀(𝑴𝑴, 𝒊𝒊) ∈ {𝒐𝒐𝒐𝒐,𝒘𝒘𝒘𝒘},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}    Equation 114 

Equation 115 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.  

∑ �𝒚𝒚𝑴𝑴𝒊𝒊𝒊𝒊 + 𝒚𝒚𝒊𝒊𝑴𝑴𝒊𝒊� ≤  𝟏𝟏𝒊𝒊    ∀(𝑴𝑴, 𝒊𝒊) ∈ {𝒐𝒐𝒐𝒐,𝒘𝒘𝒘𝒘},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}    Equation 115 

This methodology does not optimises the network’s cable voltages and transmission losses; instead, 
when optimising a particular offshore platform network, it chooses cable costs (c1) from a 
comparable offshore cable installation project to secure that the cable’s voltage levels are adequate 
to the case study being optimised. 

Equation 116 and Equation 117 limit the gas turbine generated electricity to the turbine’s design 
capacity and require a minimum operating load for a turbine to operate in line with Riboldi et al. 
[17]. Equation 118 limits the diesel generated energy to be below the natural gas turbine minimum 
operating range to prioritise natural gas combustion over diesel combustion. 

𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊 ≤ 𝑪𝑪𝟏𝟏 ∙ 𝒘𝒘𝑴𝑴𝒊𝒊𝒊𝒊   ∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴},∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}     Equation 116 

𝒘𝒘𝑴𝑴𝒊𝒊𝒊𝒊 ∙ 𝒎𝒎𝑴𝑴𝑴𝑴_𝒅𝒅𝒐𝒐𝒈𝒈𝒅𝒅 ∙ 𝑪𝑪𝟏𝟏 ≤ 𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊   ∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴},∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}  Equation 117 
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𝒐𝒐𝑴𝑴𝒊𝒊 ≤ 𝒎𝒎𝑴𝑴𝑴𝑴 _𝒅𝒅𝒐𝒐𝒈𝒈𝒅𝒅 ∙ 𝑪𝑪𝟏𝟏   ∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐,𝒘𝒘𝒘𝒘},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}      Equation 118 

Equation 119 secures that no closed cycles are formed inside the network. 

∑ 𝒚𝒚𝑴𝑴𝒊𝒊𝒊𝒊(𝑴𝑴,𝒊𝒊) ≤ 𝟏𝟏𝟐𝟐    ∀(𝑴𝑴, 𝒊𝒊) ∈ {𝒐𝒐𝒐𝒐,𝒘𝒘𝒘𝒘},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}     Equation 119 

Lastly, Equation 120 secures that at least 65% of an individual platform’s energy demand in a 
determined period is self-generated within each platform. Considering offshore wind generation 
variability and energy security reasons, a large portion of a platform’s energy demand has been 
required to be self-generated in similar projects in the North Sea. As an example, Equinor’s Hywind 
Tampen project, which integrates floating offshore wind turbines with the Snorre and Gullfaks 
hydrocarbon offshore platforms, considered that only 35% of these platforms’ annual power demand 
would be provided by offshore wind turbines [289]. 

𝟏𝟏.𝟔𝟔𝟔𝟔 ∙ 𝑫𝑫𝑴𝑴𝒊𝒊 ≤ ∑ 𝒖𝒖𝑴𝑴𝒊𝒊𝒊𝒊𝒊𝒊 + 𝒐𝒐𝑴𝑴𝒊𝒊   ∀𝑴𝑴 ∈ {𝒐𝒐𝒐𝒐},∀𝒊𝒊 ∈ {𝒈𝒈𝒊𝒊𝑴𝑴},∀𝒊𝒊 ∈ {𝟏𝟏, . . ,𝑳𝑳}  Equation 120 

8.2.4 Chosen solution method 
As Binary integer programming problems are proven to be NP-Hard [290] and also are a special case 
of Mixed Integer Linear Programming, the proposed MILP approach can be considered a NP-Hard 
type of problem. 

As outlined in section 3.4.3, the present research used the augmented 𝜖𝜖-constraint method defined 
by Mavrotas [139]. A grid of 130 points and a coefficient 𝜖𝜖 = 10−3 accompanying the optimised 
objective function were used to run this method. 

8.3 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 [141,287] 
and emitted 13.2 million tonnes of CO2 to the atmosphere [291]. 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 research chose three offshore platform clusters located in the UK Southern North Sea 
shown in Figure 66. The number of platforms per cluster, fields per platform, and each 
infrastructure’s current operating state - active (a) or inactive (n) - is presented in Table 193. 
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Figure 66. Location of the gas production assets (coloured circles), non-producing platforms (black circles) and associated 
gas pipelines in the UK Southern North Sea.  

8.3.1 Available data and assumptions 
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 thesis was written, which is why it was estimated using the stepwise approach outlined in 
section 3.4.4.1. Table 193 presents further information on how the energy demand was allocated per 
platform, while the allocated energy demands per platform are presented in Table 194.   



Santibanez-Borda, E. (2020) | Techno-economic-environmental optimisation of natural gas supply chain GHG emissions mitigation 

284 
 

Table 193. Analysed offshore hydrocarbon network composition and relevant modelling parameters [141,292]. 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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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. 

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, 𝑃𝑃0, of 21.8 [MW], a heat rate, 𝐻𝐻𝐻𝐻0, of 9,835 [Btu/kWh] [293] and a 
recommended minimum operating load of 10% [294]. 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 193) so that they are capable of 
handling their individual life cycle peak energy demand [15]. 

Table 194.Case study estimated power demand per operating platform 
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 (𝑂𝑂𝐻𝐻) 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 Equation 102 with associated coefficients a = 2.171 × 10−1 
and b = 7.753 × 10−1, which were obtained by regressing the experimental GT behaviour data 
made available by GE [268] 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 [268]. 

This research considered that the natural gas fed to the considered turbines – the same these 
platforms produce and process – had an associated calorific value 𝐻𝐻𝑉𝑉 of 1.412 × 10−2 [GWh/tonne] 
and a combustion emission factor (𝐸𝐸𝐹𝐹𝑔𝑔𝑔𝑔𝑑𝑑) equivalent to of 3.373 [tonnes CO2 equivalent/tonne NG] 
based on the latest data referring to natural gas combustion for energy generation in offshore 
hydrocarbon operations in the UK [295]. 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 (GPt) equivalent to IEA’s [1] European natural gas price forecast for the current policies scenario 
adjusted to 2020 values using UK Department for Business’s [296] gas associated consumer price 
index. 

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 
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modelled to operate at 40% efficiency 𝐷𝐷𝑑𝑑𝑒𝑒𝑒𝑒 and use diesel with a Lower Heating Value (LHV) of 
3.67 × 1010 [J/m3] and a combustion emission factor 𝐸𝐸𝐹𝐹𝑑𝑑𝑖𝑖𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  equivalent to 669.184 [tonnes CO2 

equivalent/GWh generated diesel] [49]. The time dependent diesel price (c3,t) used in this analysis 
was derived by projecting the 2019 UK average price, £1.315/L [297], to change proportionally to 
IEA’s [1] current policies scenario oil crude price forecast. An exchange rate of US$1.276 per £1, the 
2019 average [298], 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] [299,300], 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 [301], 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 (c2,t) as the current £140/MWh initial strike price secured by 
Hornsea One’s current 15-year subsidised contract [302], 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 or 
HVDC converter stations in the project [303]. Emissions from the power purchased from this offshore 
wind project (𝐸𝐸𝐹𝐹𝑂𝑂𝑂𝑂𝑖𝑖𝑂𝑂𝑑𝑑) were considered to be equivalent to 11.0 [tonnes CO2 equivalent/GWh] after 
NREL [276]. 

It was assumed that none of these platforms are electrically connected to each other, meaning that 
the modelled network’s initial condition 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. Offshore transmission cable costs, however, depend on several parameters 
[304], in addition, their production and installation is concentrated in a small number of companies 
[287] for which their cost data is rarely available to the public [304]. For the selected case study, this 
research used the offshore cable installation costs reported by Nexans [101] for the electrical 
connexion of the Vallhall offshore platform with the Norwegian onshore power grid; equivalent to 
421.400 [kUS$/km] at that year’s (2006) average conversion rate USD$1.2556 per 1€ [305]. Vallhall’s 
connection was performed using a High Voltage Direct Current cable of 150 [kV] to provide 35% of 
that platform’s energy demand. Although Valhall’s expected peak gas processing is 3 times smaller 
than the considered network, Valhall is expected to produce and process oil at a peak rate of 150 
[mbopd] compared to only 1.7 [mbopd] from the considered network.  

As noted in Figure 66, cluster I is located at the north of the Hornsea project, while clusters 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 shown in Table 193. 
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Although recent offshore wind farm projects in the UK have had associated interest rates in the order 
of 5% [306], this chapter analyses the connection of electrical cables between offshore NG platforms 
and cables between offshore NG platforms and offshore wind farms with the purpose of facilitating 
hydrocarbon production. It was then assumed that this project would be financed by an oil and gas 
company and an interest rate (r) of 10%, in line with the WACCS reviewed in section 7.2.2.1.2, 
selected for calculating the Net Present Value of the project. 

8.3.2 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) Offshore wind generated power cost: As the base case assumed this price 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 [307,308]; the present 
study defined a lower bound of 57.50 [£/MWh], equivalent to the Hornsea Phase Two strike 
price [307] 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 the one 
considered for the base case. 

b) Natural gas sell price: A lower bound was defined using IEA’s [1] natural gas price forecast for 
Europe in the sustainable development scenario; 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, a 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 [309], Nieradzinska et al. [310] and Edif ERA [304] 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], a value 3 times higher than the considered base case cable cost. 

d) Network’s power demand: 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 [295], being these 
3.076 and 3.455 [tonnes CO2 equivalent/tonne NG] respectively. 

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. 

8.3.4 Results and discussion 
Considering that an investment horizon of 10 years was set, the present case study was modelled 
with 1,120 binary, 1,240 non-negative variables and 13 constraint groups through the proposed 
mathematical formulation (section 8.2). Solving each case 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 
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version 23.5; obtaining the Pareto Front approximation for the 10 cases defined in this research took 
approximately 22 hours of CPU time. 

The results obtained for the defined base case and uncertainty scenarios are shown in the Pareto 
front approximations presented in Figure 67. 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 [$US million] with associated emissions of 
4,956.8 [ktonnes CO2e]. These results imply that a reduction of 1,636.5 [ktonnes CO2e] (25% GHG 
emission mitigation) would be possible over a period of 10 years at an additional cost of 607.0 [US$ 
million], this would be equivalent to an emissions reduction ratio of 370.9 [US$/tonne CO2], a value 
31% higher than Hywind Tampen’s 284.03 [US$/tonne CO2] emissions reduction ratio calculated 
considering 200 ktonnes of annual CO2 reduction over a period of 10 years [289] at an exchange rate 
of NOK$ 8.802/US$ [311]; with Hywind Tampen being one of the world’s first projects integrating 
offshore hydrocarbon operations with offshore wind generation. 

 

Figure 67. Base case and uncertainty defined scenarios obtained Pareto front approximations. Refer to Appendix B to 
check this figure at a magnified scale. 

By examining the distribution and spread quality indicators presented in Table 195, 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 r were 
observed in neighbouring solutions. Furthermore, solutions presented a stable behaviour around the 
mean distance separating neighbouring solutions (�̅�𝑙) 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 
195. 

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

9,000

0 200 400 600 800 1,000 1,200 1,400 1,600

Cu
m

ul
at

iv
e 

CO
2

em
iss

io
ns

 [k
to

ns
CO

2e
]

NPV Costs [millionUS$]
Base case Cable cost - Lower bound
Cable cost - Upper bound Natural Gas price - Lower bound
Natural Gas price - Upper bound Wind power cost - Lower bound
Platforms' power demand - Lower bound Platforms' power demand - Upper bound
Natural Gas EF - Lower bound Natural Gas EF - Upper bound



Santibanez-Borda, E. (2020) 
 
 

289 
 

Table 195. Pareto front approximation quality indicators for the base case. Notes: (1) S is the Pareto set approximation, 
(2) 𝒅𝒅𝑴𝑴 = 𝒎𝒎𝑴𝑴𝑴𝑴

�𝒈𝒈𝑴𝑴,𝒈𝒈𝒊𝒊�𝝐𝝐𝑳𝑳,𝒈𝒈𝑴𝑴≠𝒈𝒈𝒊𝒊
�𝑭𝑭(𝒈𝒈𝑴𝑴) − 𝑭𝑭(𝒈𝒈𝒊𝒊)� 

Classification Indicator Value Formula 

Cardinality Overall non-dominated vector 
generation (ONVG) 

125 𝑂𝑂𝑂𝑂𝑉𝑉𝐺𝐺(𝑆𝑆) = |𝑆𝑆|  

Distribution 
and spread 

Spacing (SP) 7.65 
𝑆𝑆𝑃𝑃(𝑆𝑆) = � 1

|𝑆𝑆|−1
∑ ��̅�𝑙 − 𝑙𝑙𝑖𝑖�

2|𝑆𝑆|
𝑖𝑖=1   

 Delta index (∆′) [312] 2.49 ∆′(𝑆𝑆) = ∑ �𝑑𝑑𝑖𝑖−𝑑𝑑���
|𝑆𝑆|−1

|𝑆𝑆|−1
𝑖𝑖=1   

 Γ [313] 90.74 Γ(𝑆𝑆) = max
𝑖𝑖𝑗𝑗{1,2,..,𝑚𝑚}

max
𝑖𝑖𝑗𝑗{1,2,..,|𝑆𝑆|}

𝛿𝛿𝑖𝑖,𝑖𝑖    

Where  𝛿𝛿𝑖𝑖,𝑖𝑖 = 𝑓𝑓𝑖𝑖(𝑠𝑠𝑖𝑖+1) − 𝑓𝑓𝑖𝑖(𝑠𝑠𝑖𝑖) 
 Hole relative size (HRS) [314] 6.53 𝐻𝐻𝐻𝐻𝑆𝑆(𝑆𝑆) = �1

𝑑𝑑�
� max
𝑖𝑖𝑗𝑗{1,2,..,|𝑆𝑆|}

𝑙𝑙𝑖𝑖  

 

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 68 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 67), 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), 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 installing cable connections for using shared power generation in the network 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 
68). The predominance of offshore wind power purchase over shared power generation was 
observed in the optimum even though this study considered Hornsea One’s agreed strike price, 
which is considerably higher than recently awarded offshore wind farm strike prices in the UK.  

Platforms with strong energy demand (Table 194), such as platforms 5, 8 and 11, were among the 
first to be connected to the offshore wind farm; while platforms with comparatively weak energy 
demand, such as platforms 2 and 3, or with energy demand ceasing early, such as platforms 3, 6, 7 
and 13, are connected to the network only in the most expensive optimal solutions. 
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Figure 68. Sample of obtained optimal solutions network representation with the initial network state represented at the 
top left with no cable connections installed, and the Roman numerals (I) to (V) indicating the year a particular cable 

connection starts being used. 

By calculating the cost and emissions optimal value differences 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 69. With an average of 388.3 [US$/tonneCO2e], 66.9% of the obtained marginal abatement 
costs were under Hywind Tampen’s estimated abatement cost of 284.03 [US$/tonneCO2]. The small 
number of marginal abatement costs that presented abnormally high values were mostly associated 
with the connection of distant platforms or platforms with weak cumulative power demand profiles.  

 

Figure 69. Base case associated instant GHG Marginal Abatement Costs; derived from the obtained Pareto front 
approximation. 
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From Figure 67 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. 
This 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 is the preferred 
self-generation method set in this approach. 

As the optimal solutions with lower GHG emissions relied heavily on offshore wind generated power 
imports to optimally reduce their emissions, and this imports were only possible after installing the 
network cables, higher cable costs increased the costs of the most environmentally friendly obtained 
optimal solutions. Specifically, until a network’s emission level of 5,150 ktonneCO2, the NPV of the 
higher cost scenario and base case were separated by less than US$300 million when equal levels of 
network emissions were compared, being this equivalent to having a NPV for the higher cable cost 
scenario 50% higher than the base case; 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 more environmentally friendly solutions. 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]. 

Natural gas price associated uncertainties were observed to produce comparatively lower variations 
in the Pareto front approximations. 

As the current study considered that platforms can only import 35% of their internal energy demands 
following similar projects currently under development, the impact of relaxing this constraint was 
analysed by allowing platforms to import all their energy demand which resulted in potential 5,054.0 
[ktonnes CO2e] emissions reduction across the network 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 Hywind Tampen’s associated ratio this time. The most environmentally friendly option in 
this case would purchase the totality of the network’s power demand from the Hornsea’s offshore 
wind farm from period two on. 
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The base case results obtained, besides reflecting the clear trade-off between GHG emissions and 
cost reduction in offshore hydrocarbon operations, extend the analysis of Riboldi et al. [17] and 
Riboldi and Nord [18] by showing the predominance of offshore wind energy integration over shared 
power generation in an hydrocarbon offshore platform network experiencing production decay. 
Furthermore, the analysed possibility of postponing the investments associated with these 
environmentally friendly options over a period of 10 years, showed that a higher number of Pareto 
optimal options are generated further increasing the range of cost and emissions options from which 
companies can decide on to invest considering their cost and emissions targets. 

8.4 Conclusions 
This chapter presented a first-time proposed multi objective optimisation model developed to assess 
the implementation of (i) joint power generation between offshore platforms and (ii) the integration 
of offshore wind farms with offshore natural gas platforms. This methodology is the first multi 
objective optimisation approach proposed to assess the implementation of mitigation options (i) and 
(ii) in a portfolio of offshore platforms securing, through mathematical methods, the identification of 
the optimal set of decisions that generate the lowest possible portfolio’s GHG emissions and 
implementation costs. 

The developed 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 
while setting an investment horizon of 10 years. The applied model was solved using the augmented 
𝜖𝜖-constraint method, through which a Pareto front approximation was obtained showing a clear 
trade-off between GHG emissions reduction and costs in the analysed context. The obtained results 
suggested that the analysed offshore platform network has the potential of reducing its energy 
generation GHG emissions over the next 10 years by 25%, or 1,636.5 tonnes of CO2e, at an average 
reduction cost of 370.9 [US$/tonne CO2e]. This cost was shown to decrease to 203.3 [US$/tonne 
CO2e] if the network was allowed to import to the totality of its energy demand from offshore wind 
farms.  

The obtained Pareto front approximation was used to estimate the network’s Marginal Abatement 
Cost curve at different level of network’s emissions; 66.9% of these costs resulted below Hywind 
Tampen’s 284.03 [US$/tonneCO2] emissions reduction cost level. 

By allowing the model to decide between shared power generation and offshore wind energy 
purchase in the multi objective optimisation, this research showed the clear advantage of the last 
mitigation option along the obtained Pareto front approximation. The implementation of both 
technologies at the same time, however, was also observed among the obtained optimal solutions. 
The low mitigation potential of shared power generation in offshore platform networks had already 
been suggested by Riboldi et al. [17] who obtained a reduction of less than 5% of a network’s GHG 
emissions through a single objective optimisation approach. 

This research also showed that 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. 
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The proposed model also enabled to prove that the Pareto front approximation is particularly 
sensitive to the network’s associated power demand in the analysed context. 

The obtained results can be particularly helpful for decision makers aiming to decide how and when 
to electrify these networks depending on emissions reduction targets and budget constraints, and to 
policy makers who wish to explore the effects that offshore wind power price has in these network’s 
power related GHG emissions. The joint implementation of other environmentally friendly options, 
such as the connection with an onshore grid, is recognised as a future research opportunity. 
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9 Conclusions and recommendations for future work  

9.1 Summary of present research 
This research developed a whole value chain Life Cycle Assessment model covering the offshore NG 
production, offshore NG pre-processing, onshore NG processing, onshore NG liquefaction, and NG 
marine transport of the NG supply chain with the aim of improving the modelling of this chain’s GHG 
emissions in terms of process accuracy and granularity but also temporal resolution. The proposed 
approach enables to estimate well-to-market (cradle to gate) GHG emissions for natural gas and 
associated product streams using a functional unit of 1 MJ of NG delivered at the market. Using site 
specific production projections and the composition of the treated NG, this research was able to 
estimating CO2 and CH4 emissions and report them in terms of their impact on global warming for a 
100-years’ time span. 

The modular Life Cycle Inventory models developed provide significant advances compared to 
previous efforts: (i) they capture the impact of different operational practices, technologies, 
operational site constraints, environmental regulation and climatic conditions on the emissions, (ii) 
emission estimations are made for the whole life of facilities, historically and with future projections, 
using a combination of material balance and engineering calculations; these are configured to the 
specifics of facilities analysed increasing substantially estimation accuracy, (iii) they enable the 
assessment of uncertainty for emission estimations allowing the coupling of these models with 
mathematical simulation techniques, such as Monte Carlo simulation, to perform statistical 
comparisons with other emission estimation methodologies. 

The developed models were validated using industry data for the following five NG chains: 

1) Complex A: Located in the UK North Sea under a temperate oceanic climate; it includes NG 
offshore production and pre-processing activities in offshore platforms and NG transport 
through the Frigg NG pipeline to the St Fergus gas processing terminal, which was considered 
as the system gate and destination market. 

2) Complex B: Located in the Norwegian North Sea under a temperate oceanic climate; it 
includes the offshore NG production of five offshore fields, pre-processing, Carbon Capture 
and Storage and NG compression in the offshore platforms, and two export routes; NG 
transport to the Zeebrugge terminal (Belgium) through the Zeepipe offshore pipeline route, 
and NG transport to the Emden terminal (Germany) through the Norpipe and Statpipe 
offshore pipelines route. Besides producing and processing NG from five offshore fields, the 
Complex B platforms also receive and process hydrocarbon flows from two external 
platforms making the emissions allocation to each NG production stream challenging. 

3) Complexes C and K forming one complete chain: Located in the Norwegian Barents Sea 
under a Sub-Arctic climate, Complex C includes NG production from three offshore fields, 
carried out remotely via manifolds controlled from shore with no surface infrastructure. 
Hydrocarbon production is transported from the fields to the Complex K natural gas 
processing and liquefaction terminal through a 143 km offshore pipeline. At the terminal NG 
processing and liquefaction, LNG storage, and loading to LNG ships is conducted for export to 
the international LNG market. The Complex K natural gas processing facility also strips the 
high CO2 content from the product feed and sends it back to the field for storage. The market 
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site evaluated as system gate and destination market is the Huelva regasification terminal in 
Spain.  

4) Complex L: Located in Australia under a Humid Subtropical climate, it includes the 
production, processing, liquefaction and LNG export of Coal Bed Methane extracted in 
Queensland. This research focused particularly in assessing in detail the processing, 
liquefaction and LNG marine transport stages of this chain considering the ports of Ogishina 
(Japan), Guangdong Dapeng (China),  Jurong (Singapore) and Quinteros (Chile) as system 
gates and different destination markets. 

5) Complex M: Located in Southern Bolivia under a Sub-Tropical climate, it includes the 
production, processing and transmission via onshore pipelines of NG produced from the two 
conventional NG fields. This research focused in the emissions assessment of NG processing 
at the Complex M plant; however it also estimated the delivery to Buenos Aires (Argentina) 
and Guarema (Brazil) as system gates and destination markets. 

A methodology to compare the cost effectiveness of different emissions reduction technologies 
through Marginal Abatement Cost Curves was also developed for a large range of CO2 and CH4 
emissions mitigation options. The developed cost models account for capital and operational 
expenditure, as well as effects on revenues and tax liabilities. The approach was validated using three 
of the above NG operations: 

1) Complex B platforms complex; which performs offshore NG production, NG processing and 
NG compression activities. 

2) Complex K plant; which performs NG processing, liquefaction and LNG storage activities. 
3) Complex L CBM production, NG processing and liquefaction processes, comprising the 

processes taking place within the Surat Basin area, Central Processing Plants, and LNG Plant. 

This research used the developed models to estimate the costs and emissions reduction effects of 
each emission mitigation option as if they were implemented independently and used these results 
to construct Marginal Abatement Cost curves specific to each of the selected NG operations. 

Finally, a first time proposed techno-economic and environmental optimisation framework was 
developed to identify effective and cost efficient GHG emissions reduction options for NG operations 
in a regional context. The developed mixed-integer multi-objective optimisation model identifies 
opportunities for GHG emissions reduction and cost minimisation for a portfolio of offshore 
production operations in a given region through (1) joint power generation and (2) connection with 
offshore wind farms. This approach contributes significantly in terms of climate change mitigation for 
the oil and gas industry and provides a number of advances to currently available emissions 
mitigation comparison methods: (i) it assesses the simultaneous implementation of the emissions 
mitigation options (1) and (2), which are expected to produce joint mitigation effects different from 
the addition of their individual mitigation effects as they target the same emission’s source. This 
research therefore improved substantially upon the estimations provided by currently available 
Marginal Abatement Cost curves that assess technologies as being implemented individually. (ii) This 
is the first study that assesses the simultaneous implementation of options (1) and (2) in a portfolio 
of offshore production operations through a multi-objective optimisation approach. Thus, the 
proposed model identifies through mathematical methods the optimal set of decisions that generate 
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the lowest possible portfolio’s GHG emissions and implementation costs in this context. Finally, (iii) 
this research addresses the implementation of the emissions mitigation options (1) and (2) through a 
flexible multi-period approach, which allows to plan and gradually implement the electrification of 
offshore hydrocarbon networks in line with budget constraints and GHG emissions reduction targets. 
This model was tested for a set of 12 offshore platforms located in the UK Southern North Sea in the 
proximity of the Hornsey One offshore wind farm, by applying the model to this case study, 1,120 
binary and 1,240 non-negative variables were used. The resulting multi-objective optimisation 
problem was solved using the augmented 𝜖𝜖-constraint method for the selected case study. 

9.2 Main conclusions 
This research has proven for the first time that there can be significant differences in GHG 
performance between neighbouring NG facilities, or within the same facility in consecutive years. 
Specifically, NG from neighbouring fields in Complex B located offshore Norway were shown to 
present a difference of 54% in their 2016 estimated well-to-market (cradle to gate) footprints. 
Moreover, NG produced from the Complex A area was shown to present a difference of 44% in its 
2014 and 2015 well-to-market (cradle to gate) footprints. Whilst the first was explained by 
differences in platform configurations, the second was explained by variations in operational 
practices and unplanned events, which indicate that generically derived regional emission factors are 
not accurate enough in GHG emissions accounting and for comparative assessments. 

This research also observed that the embodied GHG footprint of NG products delivered at different 
markets will vary significantly even when it is originating from a single source. Although these 
differences had been previously noted for US produced NG by Skone et al. [68] and Abrahams et al. 
[73], the differences proven by this research are significantly higher, namely, the embodied GHG 
footprint of Complex L CBM was observed to vary up to 26% when NG is delivered in Chile is 
compared against NG delivered in Japan. 

While currently available studies analysing European, South-American, and Australian NG product 
streams report generic regional averages, this research is the first study of its kind that performed an 
accurate LCA accounting of GHG emissions for individual NG chains located in these regions 
conducted at a unit process level of detail and using chain specific operational parameters. The 
observed differences in the embodied GHG footprints between the analysed individual chains and 
the currently available regional averages suggest that the GHG footprints often employed by LCA 
practitioners are not reliable for the industry’s own reporting and for regulatory purposes. 

Regarding the particular NG chains analysed, the European NG chains had GHG footprints in the 
range of 1.63-7.03 [gCO2e/MJ NG delivered], which are 56-96% lower than the embodied GHG 
footprints of NG imported to Europe from overseas, reinforcing the notion that native NG is cleaner 
than its overseas imports in the European context. Furthermore, the Complex A, B and C NG product 
streams were shown to have, in fact, lower embodied GHG footprints than the European regional 
averages reported by Thinkstep [80], Edwards et al. [81], Exergia [84] and Roy et al. [83].  

In the South American context, this research estimated a well-to-market (cradle to gate) GHG 
footprint for NG produced in the Complex M of 3.85 and 3.80 [gCO2e/MJ NG delivered] when 
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delivered at the Brazilian and Argentinean markets respectively. These footprints are 50% lower than 
Brazilian and Argentinian consumed NG GHG footprints reported in literature. 

For the Australian context, this research estimated a well-to-market (cradle to gate) footprint for 
Complex L CBM produced in 2017 as ranging between 17.04 and 21.55 [gCO2e/MJ LNG delivered] 
when destinations such as China, Japan, Singapore and Chile are considered, values that are in line 
with estimates currently available in the literature. 

When looking at the contributions of individual life cycle stages to the overall well-to-market (cradle 
to gate) GHG footprints for the chains analysed, this research has shown that in many of the cases, 
construction and decommissioning activities accounted for a relatively low fraction, in several cases 
less than 5% and up to 15% of the delivered NG embodied GHG footprint. This contribution is value 
chain specific and depends on geographic and technology constraints, such as whether fields are 
conventional, the length of long pipelines to market and even decommissioning practices.  

Regarding operation emissions, this research has shown that among the offshore NG production and 
pre-processing, onshore NG processing and onshore NG liquefaction processes chain elements, the 
NG compression and liquefaction were the highest emitting processes for both, CO2 and CH4 
emissions. For NG processing facilities particularly, it was also shown that the use of NG blanketing in 
produced water storage tanks can significantly increase a facility’s CH4 emissions. Emissions from this 
practice were shown to be the second highest CH4 emitting source in the Complex M plant in 2016, 
while water storage tanks in facilities that do not use NG blanketing were observed to emit 
significantly CH4 vents. 

The liquefaction unit process was estimated to account between 20-24% of Complex L NG GHG 
footprint in line with studies by ICF [67], Skone et al. [68] and Schuller et al. [85]. The corresponding 
footprint of liquefaction for Complex K LNG was 45% of the total estimated well-to-market (cradle to 
gate) footprint, which is in agreement with the embodied footprint of LNG delivered at European 
markets reported by Safaei et al. [72].  

NG transport related emissions were shown to vary significantly depending on whether NG is 
transported through offshore pipelines or in marine vessels as LNG. For Complex A and B NG, where 
NG is transported through offshore pipelines, this research has shown the NG pipeline transport 
accounting for less than 5% of the delivered NG embodied GHG footprint. For the Complex K and L 
LNG chains, on the other hand, where NG is transported in vessels, transport accounted for 26% and 
16-41% respectively, with the last case presenting a significant variation depending on the distance 
to the destination market. 

The obtained LCA results also highlighted the effect that technologies and equipment choices can 
have in total well-to-market (cradle to gate) NG footprints. Among the assessed NG chains, remotely 
operated offshore NG production, equipment electrification and avoiding the use gas assisted pumps 
and pneumatic devices were observed to produce important CO2 and CH4 emissions savings to their 
respective NG chains. These observations are relevant considering the wide range of technologies 
currently available for GHG emission mitigation. 
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Benefitting from the bottom-up approach used to develop the emission estimation methodology 
presented in this research, when comparing the CH4 emission estimates with those derived from top-
down estimates based on monitoring in Complex K, this research has shown a discrepancy (top down 
was 1.79 times higher). Differences of this kind have already been reported by other authors (Brandt 
et al. [75], Johnson et al. [205] and Lavoie et al. [77]) for oil and gas operations in North America 
highlighting the importance of improving the accuracy of bottom-up estimation approaches and 
need for further efforts to reconcile results. When exploring the possible reasons for the disparity for 
Complex K CH4 estimates, despite the possibility of inaccurate EFs and operational variability, this 
research suggested as likely explanations that pig receivers, LNG tanks and dehydrators may be 
leaking in the facility, and that its NG turbines might be operating at 99.8% rather than 99.9% carbon 
combustion efficiency. 

Regarding the emissions reduction options and cost considerations, this research analysed the 
Complex B platforms, Complex K plant and Complex L CBM production, processing and liquefaction, 
finding that while integration with renewables and efficiency improvements could perform well for 
conventional offshore operations in Europe; while targeting well completions, casing and tank vents 
have a higher GHG reduction potential in unconventional onshore operations. Particularly, for the 
Complex L case study, 93% of the identified abatement potential was found to be related to options 
targeting CH4 vents mainly, particularly casing and wet seal vents. On the other hand for the Complex 
B and K facilities, 97 and 23% of their abatement potential respectively was found to be related to 
CO2 focused options. These findings reflect the effect of stricter environmental regulations in 
Norwegian operations, and the higher vents associated to onshore unconventional NG production 
compared to offshore conventional NG production. 

In line with the results of studies like IEA [8], this research also identified mitigation options with net 
economic benefits associated to their implementation. Notably the Complex L case was identified to 
have 16 out of the 26 analysed abatement options in this category, while the Complex K plant, 
subjected to stricter Norwegian environmental regulations, was found to have considerably fewer of 
these type of opportunities, with the majority of its mitigation options having important associated 
implementation costs. These net economic benefits, however, were estimated considering the 
incremental production throughput and reduced CO2 taxes, which will ultimately depend on the 
ability that operating companies have to monetise increased production throughputs and their CO2 
allowance management constraints. This research produced the first Marginal Abatement Cost 
curves for an Australian unconventional NG operation, and for an individual offshore platform and 
onshore NG processing and liquefaction facility in Europe. Therefore, these conclusions are 
important as they support with site specific evidence the notion that NG facilities currently have 
available emission mitigation options with no associated implementation costs. The developed 
facility specific Marginal Abatement Cost curves constitute an important contribution as they target 
the inaccuracies and uncertainties generally criticised to generically derived Marginal Abatement 
Cost studies that address aggregated facilities and regions. 

This research also explored the sensitivity of the obtained Marginal Abatement Cost curves to the 
investment horizon, varying this by 5 years for each study considered. The sum of the individual 
emissions reduction effects from the analysed options was observed to change by approximately 
30% for the Complex K and L, and by 79% for Complex B highlighting the impact of determining an 
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adequate investment horizon, which is even more important in mature operations close to their end 
of life. 

For the Complex B, K and L case studies analysed investment horizons of 5, 15 and 10 years were set 
respectively rendering emission mitigation options with added individual mitigation of 2,522 for 
Complex B, 346 for Complex K, and 13,947 ktonnes CO2 equivalent for Complex L. This research, 
however, noted that such simple aggregation of the total abatement potential is expected to differ 
from the combined abatement effect achieved if all options were to be simultaneously implemented, 
due to synergistic effects and mutually exclusive constraints. 

In order to address this limitation and analyse options that have potentially higher abatement effects 
when implemented in networks rather than individual facilities, this research developed a multi 
objective optimisation framework to assess the implementation of (i) shared power generation 
among offshore platforms, and (ii) integration of offshore wind farms with offshore platforms while 
minimising a network’s associated GHG emissions and these option’s associated implementation 
costs. When the methodology developed was implemented to a network of 12 operating platforms 
located in the UK Southern North Sea, setting an investment horizon of 10 years separated in periods 
of 1 year, the network’s power related GHG emissions was observed to have a reduction potential of 
25%, equivalent to 1,636.5 tonnes of CO2e over the investment horizon, suggesting an average 
reduction cost of 370.9 [US$/tonne CO2e].  This was shown to decrease to 203.3 [US$/tonne CO2e] if 
the network was allowed to import the totality of its energy demand. 

The Pareto front approximation obtained through this approach was also used in this research to 
estimate the network’s CO2 Marginal Abatement costs relative to different network’s emissions 
levels. 66.9% of these estimated Marginal Abatement costs resulted lower than Hywind Tampen’s 
floating offshore wind farm average emissions reduction cost  of 284.03 [US$/tonnes CO2]. 

The solutions obtained through this first time proposed multi-objective method showed a clear 
advantage in purchasing offshore wind generated power, over shared power generation in the 
optima, with much stronger evidence and cost benefits than earlier results obtained using single 
objective optimisation (Riboldi et al. [17]) which suggested that shared power generation could 
reduce less than 5% of an offshore platform’s network GHG emissions. Moreover, optimal solutions 
with both shared power generation and offshore wind generated power import were also observed 
in the analysed case study but at significantly lower frequency.  

By analysing the sensitivity of the obtained Pareto front approximation, this research also found that 
this front was particularly sensitive to the network’s associated power demand when tested between 
different uncertainty scenarios. This is an important conclusion and opens opportunities for further 
research as indicated in the next section. 

9.3 Recommendations for future research 
Regarding the Life Cycle Assessment performed on the NG supply chain by this research, equivalent 
resolution analysis for onshore NG production and well operation, LNG regasification, onshore 
pipeline transmission, and NG distribution are still lacking. While current literature studies largely 
address their emission estimation using coarse, aggregated emission averages derived in North 
America, there is an opportunity for developing finer resolution LCI models at unit process resolution 
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level that privilege the use of material balance and engineering calculations to improve their 
emission estimation accuracy. Furthermore, it is also important to consider the NG consumption life 
cycle stage to obtain the GHG emissions associated to the whole life cycle of NG. By analysing the 
whole value chain including the consumption stage, it would also be possible to obtain further 
insights on how the mitigation options proposed in this research affect the whole life cycle of NG. 

Although the processes of offshore NG production, offshore NG pre-processing and onshore NG 
liquefaction were assessed during this research; the emission assessment of facilities such as Floating 
Production Storage and Offloading (FPSO), and Floating Liquefied Natural Gas (FLNG); used to 
produce, process, store and (in the last option) liquefy NG; were not included in the present 
research. 

This thesis focused on estimating the impacts of NG value chain activities on global warming; 
however, it is also important to estimate other impacts of NG value chain activities on the 
environment to secure that climate change is not mitigated by shifting the burden to other impacts. 

This research showed how significantly NG well-to-market (cradle to gate) footprints can vary 
depending on specific NG chain characteristics such as distance between the production site and 
destination market, operational practices, technologies, among others. Detailed studies of chains 
where NG is produced in South America or Africa are still available as an important opportunity for 
future research. 

The conciliation between bottom-up emissions estimation methodologies, such as the one 
developed in this research, and top-down monitoring derived methodologies is also left as a future 
opportunity. The differences obtained between both approaches in this and other studies suggest 
that emission sources are still not fully understood across NG chains. Even if the representativeness 
of fine resolution emissions factors is not resolved in the near future, the development of drones and 
use of satellites for emissions measurement can be expected to provide valuable information in the 
coming years to close the currently existing gap between both emissions estimation approaches. 

This research also provided an estimation of the life cycle emissions associated to assets located in 
Norway which are currently being considered for electrification and other emissions reduction 
options. The estimation of how these asset’s life cycle emissions can change considering different 
abatement options is then left as an opportunity to support the abatement option selection process.  

Regarding the developed Marginal Abatement Cost curves, as CAPEX and OPEX costs were found to 
have an important influence on these curves and, while being mostly available referring to North 
American hydrocarbon operations, they are expected to change in time as technology evolves. It is 
suggested to regularly update such costs in order to obtain values as close as possible to each 
facility’s reality. These curves were also estimated assuming that operational disruption caused 
negligible effects in production throughputs, the impact that operation disruptions can have on the 
estimated MAC, is also still available as an opportunity for future research. 

Options such as the optimisation of water injection pumps, use of micro turbines to replace large gas 
turbines, air cooling, installing vortex chamber in pre-compression stages, optimisation of 
compression intercooling, and use of smaller AGR or expander AGR pumps were not included in the 
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developed MAC curves due to lack of the operational data necessary to assess their emissions 
abatement potential. 

Although the developed multi-objective optimisation approach proved to be convenient to model 
the implementation of abatement options depending on multiple factors such as shared power 
generation between platforms and the connection of offshore wind farms with offshore NG 
platforms; optimising the implementation of mitigation options such as connecting offshore platform 
networks with onshore grids, CCS, and waste heat recovery in offshore platform networks are 
available opportunities for future research, as is the investigation of the potential environmental and 
economic benefits of implementing energy storage in offshore platform networks. 
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Appendices 

Appendix A – Developed Marginal Abatement Cost curves at full scale 
 

 

Figure 70. Estimated MAC curve for Complex B platforms at full scale. No shade: Marginal abatement costs excluding incremental revenues; Solid shaded area: Marginal abatement costs 
including incremental revenues; both for the base case of emissions mitigation for 5 years investment horizon. Dotted line: emissions mitigation for 10-year investment horizon including 

incremental revenues.  
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Figure 71. Etimated MAC curve for Complex K plant at full scale. No shade: Marginal abatement costs excluding incremental revenues; Solid shaded area: Marginal abatement costs 
including incremental revenues; both for the base case of emissions mitigation for a 15-year investment horizon. Dotted and dashed lines: emissions mitigation for 10-year and 20-year 

investment horizons respectively, both including incremental revenues.  
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Figure 72. Estimated MAC curve for Complex L at full scale.  No shade: Marginal abatement costs excluding incremental revenues; Solid shaded area: Marginal abatement costs including 
incremental revenues; both for the base case of emissions mitigation for a 10-year investment horizon. Dotted and dashed lines: emissions mitigation for 5-year and 15-year investment 

horizons respectively, including incremental revenues.  
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Appendix B –Multi-objective optimisation obtained pareto front approximation at a magnified scale 

 

Figure 73. Base case and uncertainty defined scenarios obtained Pareto front approximations at a magnified scale for the multi objective optimisation problem defined in this research 
(chapter 8). 
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