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Abstract

Climate change, being the multi-faceted problem that it is, requires aggressive decarbonization across
the entire life cycle. With the evolving energy mix, the oil industry is in a phase of adaptation. At present,
petroleum fuels account for a third of the global primary energy supply. Future forecasts range across
a spectrum from plateauing to decreasing supply, up to a 40 percent decrease from present levels [1].
Furthermore, certain applications such as aviation and petrochemicals have limited short-term, scalable
alternatives. On this backdrop, there is an increasing push for better emissions reporting throughout the
supply chain and regulatory mandates at making climate friendly choices. Notable examples include the
Low Carbon Fuel Standard by the California Air Resources Board [2] and the Fuel Quality Directive by
European regulators [3]. Existing literature is directionally aligned with these efforts, in that it points
towards carbon accounting in the supply chain. However, studies are either limited to specific processes
(e.g: crude oil extraction) and/or regions (e.g: North America). Furthermore, those with a wider scope
including all phases of the supply chain, have a poor resolution whereby the carbon accounting is
done at the level of countries and is thus unable to capture the complexities associated with oil trade.
These inadequacies stem from poor availability of data and methodological challenges which fail to
accurately portray the heterogeneity in life cycle emissions. The thesis quantifies this heterogeneity
using a market-based approach that addresses the aforementioned limitations by estimating the life
cycle carbon intensity of crude oil trades from sources (oil fields) to destinations (refineries). With a
scope that includes crude extraction and transportation, the emission modeling is undertaken using
high-fidelity commercial datasets, existing emission estimators and computational techniques based on
optimization. The thesis concludes that globally, the carbon footprint variability ranges from 1.80 to
32.92 gCO2/MJ with a volume weighted mean of 9.73 gCO2/MJ. This variability coupled with supply
forecasts up to 2050 from low-carbon scenarios amount to additional CO2 savings of 2-5 GT.

Thesis Supervisor: Steven Barrett
Title: Professor of Aeronautics and Astronautics
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Chapter 1

Introduction

Petroleum-derived fuels currently account for approximately 31 percent of primary energy

supply and are expected to continue to make up 22-27 percent of global primary energy by 2040

[1, 4]. At the same time, petroleum fuel combustion is responsible for approximately 34 percent

of annual global greenhouse gas (GHG) emissions, with crude oil extraction, transportation,

and re�ning operations adding a further 9 percent of GHG emissions [1]. Therefore, while

petroleum will continue to play a signi�cant role in the global energy mix, it is becoming

increasingly important to identify opportunities to reduce GHG emissions at all stages of the

transportation fuel life cycle.

Stakeholders are beginning to address the sector’s emissions. Regulators have shown mean-

ingful policy intent to incentivize low-carbon practices [2, 3], private investors are beginning

to consider climate-related risk in oil investments and the industry as a whole is grappling with

shareholder pressure to make climate-friendly choices in the ongoing energy transition [5].

Despite the intent, such e�orts have struggled with methodological and data challenges. The

global complexity of the supply chain results in loss of information along the life-cycle thereby

hindering end-to-end visibility in the supply chain (i.e. from oil �elds to re�neries). Further-

more, regional heterogeneity leads to data gaps which in turn lead to emission estimates that

are globally averaged.

This thesis presents a high-resolution life cycle CO2 assessment that solves these aforemen-

tioned challenges using high-�delity commercial datasets, bottom-up emission estimators and

11



CHAPTER 1. INTRODUCTION 12

computational techniques based on network modeling and optimization.

This section starts with an overview of the oil supply chain and introduces key terminologies

that are used throughout the research. This is followed by the analysis of existing research

literature that shows the methodological shortcomings of current studies which in turn points

toward modeling solutions that the thesis presents.

1.1 Overview of the supply chain

The oil supply chain comprises of three key stages:

• Upstream- extraction of crude from oil �elds

• Midstream- transportation of crude oil via pipelines, rail, trucks and tankers

• Downstream- re�ning of crude oil at re�neries

Crude extraction typically entails drilling the well to extract hydrocarbons from the reservoirs,

processing them, and in some cases uses enhanced recovery techniques that pump water or

gases into underground cracks. In a few cases such as the Canadian oil sands, additional

processes such as pyrolysis are undertaken to e�ectively extract the useful hydrocarbons from

the reservoir [6, 7]. Thus, extraction operations are energy intensive and represent the �rst

key source of CO2 in the life-cycle.

The extracted crude is stabilized and blended to form "crude blends" that are marketed and

sold to re�neries. The formation of crude blends is a key input for the life-cycle assessment

since the crude blends act as the identifying signature for oil barrels as they move in the supply

chain (e.g: barrels of the blend "Arab Light" bought by the Jamnagar re�nery in India).

The crude blends are transported to their destinations i.e. re�neries via pipelines, rail, trucks

and tankers depending on the producer and consumer countries. The transportation opera-

tions (midstream) thus represent the second source of CO2 in the life-cycle.

Post transportation, the crude blends are re�ned to form petroleum products such as gasoline,

jet fuel, etc. and this third stage (along with the transportation of re�ned products) is the

penultimate piece of life-cycle CO2 emissions (the last stage being combustion).
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Figure 1-1: The oil supply chain segmented into three stages: Upstream, Midstream and Downstream

1.2 Analysis of the literature

The open-source Oil Production Greenhouse Gas Emissions Estimator (OPGEE) model has

enabled a bottom-up estimation of carbon intensities associated with crude oil extraction [8].

This has led to the disaggregation of crude oil carbon intensities in di�erent global markets

nearly a decade ago [9, 10].

OPGEE, in conjunction with proprietary data about upstream operations has been used to

estimate the global carbon intensity of crude extraction [9, 11]. Although the study generated

emission estimates at the level of oil �elds, it lacked the market data to link its �ndings with

re�neries. Consequently, industry and policymakers have been limited to either a �eld level

picture or a country-aggregate picture. As this study provided the foundation for �eld-level

emission estimation, this limitation continues to re
ect in related future work that focuses

on speci�c regions (e.g: China) [12]. A core missing component is the mapping of carbon

intensities to the blend level which requires knowledge of the supply chain and a systematic

approach towards estimating the blending process.

Furthermore, in both the above studies, transportation carbon intensity is set to a default

baseline value based on models such as GREET (Greenhouse gases, Regulated Emissions,

and Energy use in Transportation) [13]. Thus, in addition to the limitation of resolving

emission estimates at the level of blends, there is a lack of high-resolution quanti�cation of the

heterogeneity in transportation emissions.
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Figure 1-2: Global upstream carbon intensities - based on �eld-level results generated using OPGEE
[10]

This heterogeneity is explored by Choquette et al. [14] using an emission estimator based on

hydrodynamics to estimate CO2 emissions associated with crude pipelines in Canada. Although

the model is scalable, the study is limited to Canada due to data availability (pipeline locations,

design speci�cations, etc.).

Literature in the domain of transportation life-cycle analysis has examined shipping as a sector

and speci�cally the activity of crude oil shipping as a source of CO2 emissions. Several studies

[15–17] have estimated overall emissions associated with crude tanker activity. While these

studies have global coverage, their granularity is limited to the level of trade lanes or regions

(for example: Middle East to Asia). This prevents emission attribution to the di�erent types

of crude blends - for example, the carbon intensity of the "Middle East to Asia" shipping lane

has lower resolution than the carbon intensity of the shipping route Basrah (Iraq) to Mumbai

(India) handling the crude blend "Basrah Light".
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Figure 1-3: Global shipping emissions 2013-15 broken down by source [16]

Figure 1-4: Global shipping emissions 2013-15 based on type of shipping activity [16]

The table below summarizes the analysis of four key studies in the literature:
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Table 1.1: Studies with varying scopes estimating life cycle carbon emissions in the oil supply chain

Study Scope Comments

[10] Masnadi et al. “Global carbon

intensity of crude oil production”

Global, Up-

stream

High-resolution analysis lim-

ited to crude oil production

[12] Masnadi et al. “Well-to-re�nery

emissions and net-energy analysis of

China’s crude-oil supply”

China, Up-

stream and

Midstream

High-resolution analysis for the

upstream, baseline defaults for

the midstream

[14] Choquette-Levy et al. “COPTEM:

A Model to Investigate the Factors

Driving Crude Oil Pipeline Trans-

portation Emissions”

Canada,

Midstream

Bottom-up emission quanti�er

(based on 
ow hydrodynam-

ics) for crude oil transportation

[18] Bergerson et al. “PRELIM: the

Petroleum Re�nery Life Cycle Inven-

tory Model”

Global,

Down-

stream

Representative analysis based

on static re�nery con�gura-

tions

1.3 System boundary of the life-cycle analysis

The review of existing literature points towards two core areas of improvement in the assess-

ment of global life-cycle carbon emissions :

1. High-resolution CO2 assessment, down to the level of individual crude blends broken

down into granular supply chain pathways

2. Estimating transportation emissions i.e. those associated with pipeline, shipping trans-

port

Addressed with high-�delity data discussed in Chapter 2, these aspects underpin decarboniza-

tion policy which shapes incentives for real-time carbon reporting and mitigation credits.

To that end, the system-boundary of this research is the upstream and midstream i.e. crude

extraction and transportation. More importantly within this system boundary, the thesis

preserves the high resolution and complexity of the supply chain by considering �eld level

emissions and granular transportation pathways (e.g.: pipeline routes). As a consequence, this

approach quanti�es the signi�cant heterogeneity in CO 2 emissions across the life cycle.
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Limited by data, the study addresses pipeline and shipping transport while excluding trucking

and rail.

1.4 Structure for the rest of this thesis

As detailed in this section, the thesis introduced the oil supply chain and the methodological

shortcomings of current life cycle assessment, notably the role played by high �delity data and

modeling granularity at the level of oil-�elds and individual transportation pathways.

Chapter 2 describes the data sources used in the research including but not limited to geospatial

data and asset-level operations data. This is followed by the methods in Chapter 3 that describe

how the data is used to represent the supply chain and estimate emissions.

After detailing the analyses, the thesis then highlights the heterogeneity in carbon emissions

across the supply chain at di�erent levels of aggregation (e.g.: �eld, blend, country, etc.) in

Chapter 4. These results are used as the foundation for decarbonization policy opportunities

described in Chapter 5.

The thesis ends with the conclusion that distils keys insights from the research and highlights

directions for future work.
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Chapter 2

Data Sources

In order to achieve the well-to-re�nery-gate coverage (i.e. �elds to re�neries) in the supply

chain at a high resolution (i.e. at the level of oil �elds and transportation pathways), the

research uses high-�delity data sources including, but not limited to:

• Geospatial data: location of supply chain assets such as oil �elds, shipping terminals,

pipelines, re�neries

• Crude trades data: market data mapping crude blends to re�neries

• Shipping routes: timestamped locations of crude tankers

• Asset characteristics: properties such as production volumes of oil �elds, speci�cations of

pipelines

• Miscellaneous: public datasets of ambient temperature, elevation

The study sources datasets from a range of categories - commercially available, publicly avail-

able and published literature. The commercial data sources include Wood Mackenzie, Kpler,

GlobalData and IHS Markit [19–22], provided by external collaborators and classi�ed as con-

�dential.

To ensure integration across di�erent modules, all data sources are 2015-based. Relying

on sources with speci�c expertise ensures that the models get the most suitable data along

di�erent dimensions of the supply chain.

A high-level overview of the data sources segmented by source is given below:

19
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• Wood Mackenzie : geospatial locations of upstream and downstream assets, properties

of crude oil at the �eld level and blend level

• GlobalData : geospatial locations and speci�cations of midstream assets (e.g: pipeline

locations and diameters)

• Kpler : crude trades data linking export terminals to import terminals

• IHS Markit : shipping tanker locations and vessel characteristics

2.1 Upstream - Crude oil production

The main component of the upstream data is the Wood Mackenzie crude production dataset.

This includes the following features for all global oil �elds:

• geolocation and asset name

• asset country

• production volumes

• properties of produced crude (density measured in API, sulfur content)

The upstream data is supplemented with the corresponding production carbon intensity data

from Masnadi et al. [10]. As described in Chapter 1, in the section reviewing existing literature,

the carbon intensity data is based on OPGEE (Oil Production Greenhouse Gas Emissions

Estimator) [8]. This estimator uses a bottom-up approach to calculate the emissions associated

with the extraction of crude oil. Sample oil �elds in Norway with production volumes >50

k-barrels/day are shown in �gure 2-1.
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