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Abstract
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Oil-fuelled progress was a defining feature of the 20th century, and still today, oil remains
the world’s largest primary energy source. Yet, oil is a non-renewable and carbon-intensive
resource, either depletion or resulting carbon emissions will ultimately limit its use. This
thesis investigates the potential and dynamics of world oil supply in order to increase the
understanding of this defining dilemma of the 21st century. Specifically, it focusses on the
different characteristics of conventional oil and the recently emerged unconventional tight oil,
and their associated implications. It does so from a bottom-up perspective by combining physical
and economic dynamics on the individual field and well levels.              

The thesis is based on six papers. The first examines the usefulness of bottom-up modelling
by a retrospective analysis of past oil projections. The second investigates how unconventional
tight oil can be modelled on the well level using decline curve analysis. The third derives
typical production parameters for conventional offshore oil fields. The fourth compares the
production dynamics of conventional oil and tight oil and discusses possible oil market and
climate policy implications. The fifth employs a fully calibrated bottom-up model to explore
potential future world oil supply and derives implied estimates of price elasticity of supply for
different segments. The sixth paper analyses past global projections of all energy sources to
quantify the impact of policy, including the impact on future oil demand.

The results show that conventional oil supply is inelastic in the short term, and its upside
production potential resource-constrained in the long term. However, the rise of tight oil has
made world oil supply more elastic, both in time and in scale. Its faster dynamics will likely
shorten periods of under and over-supply, reducing induced price volatility. The size of the
tight oil resource base is uncertain but large, according to the assumptions made here, large
enough to underpin a continued expansion of world oil supply in line with current demand
trends for at least 15 years. Within this time span, however, consumption of oil needs to
begin to fall to be in line with climate goals. It is therefore possible, and perhaps even likely,
that global oil production will peak due to reduced demand, before an ultimate peak driven
by constrained supply. The changing nature of world oil supply has far-reaching economic,
political and environmental implications that need consideration to assure a more sustainable
development in the 21st century.

Keywords: oil supply, oil production, oil prices, bottom-up, projections, conventional oil, tight
oil, shale oil

Henrik Wachtmeister, Department of Earth Sciences, Natural Resources and Sustainable
Development, Villavägen 16, Uppsala University, SE-75236 Uppsala, Sweden.

© Henrik Wachtmeister 2020

ISSN 1651-6214
ISBN 978-91-513-1000-8
urn:nbn:se:uu:diva-419144 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-419144)



 

 
 
  

To my family



 

 



 

List of Papers 

This thesis is based on the following papers, which are referred to in the text 
by their Roman numerals. 

 
I Wachtmeister, H., Henke, P., Höök, M. (2018) Oil projections in 

retrospect: Revisions, accuracy and current uncertainty. Applied 
Energy, 220:138–153 

II Wachtmeister, H., Lund, L., Aleklett, K., Höök, M. (2017) Pro-
duction decline curves of tight oil wells in Eagle Ford shale. Nat-
ural Resources Research, 263:365–377 

III Sällh, D., Wachtmeister, H., Tang, X., Höök, M. (2015) Offshore 
oil: Investigating production parameters of fields of varying size, 
location and water depth. Fuel, 139:430–440 

IV Wachtmeister, H., Höök, M. (2020) Investment and production 
dynamics of conventional oil and unconventional tight oil: Im-
plications for oil markets and climate strategies. Energy and Cli-
mate Change, Accepted  

V Wachtmeister, H. (2020) Elasticity of world oil supply. Manu-
script.  

VI Wachtmeister, H. (2020) Future policy impact and remaining tar-
get gaps implied by changing global energy projections. Manu-
script.  

Reprints were made with permission from the respective publishers. 
 
In Paper I, the author initiated the studies, had the main responsibility of work 
design, gathered a substantial part of the data, performed the majority of the 
analysis and wrote the majority of the paper.  

In Paper II, the author jointly initiated the studies, had the main responsi-
bility of work design, contributed substantially to the analysis and wrote the 
majority of the paper.  

In Paper III, the author jointly initiated the studies, had the main impact on 
the work design, gathered a part of the data, performed the majority of the 
analysis and wrote the majority of the paper.  



In Paper IV, the author initiated the studies, had the main responsibility of 
work design, gathered the data, performed the analysis and wrote the majority 
of the paper. 

In Paper V and VI, which are unsubmitted manuscripts, the author initiated 
the studies, designed the work, gathered the data, performed the analysis and 
wrote the majority of the papers.  

Other papers not included in this thesis: 

 Tokimatsu, K., Höök, M., McLellan, B., Wachtmeister, H., Mura-
kami, S., Yasuoka, R., Nishio, M. (2018) Energy modeling ap-
proach to the global energy-mineral nexus: Exploring metal re-
quirements and the well-below 2°C target with 100 percent renew-
able energy. Applied Energy 225, 1158–1175.

 Tokimatsu, K., Wachtmeister, H., McLellan, B., Davidsson, S.,
Murakami, S., Höök, M., Yasuoka, R., Nishio, M. (2017) Energy
modeling approach to the global energy-mineral nexus: A first look
at metal requirements and the 2°C target. Applied Energy, 207,
494–509.

 Guo, K., Zhang, B., Wachtmeister, H., Aleklett, K., Höök, M.
(2017) Characteristic Production Decline Patterns for Shale Gas
Wells in Barnett. International Journal of Sustainable Future for
Human Security, 5(1), 12-21.

 Thorbjörnsson, A., Wachtmeister, H., Wang, J., Höök, M. (2015)
Carbon capture and coal consumption: Implications of energy pen-
alties and large scale deployment. Energy Strategy Reviews, 7:18-
28

 Davidsson, S., Grandell, L., Wachtmeister, H., Höök, M. (2014)
Growth curves and sustained commissioning modelling of renewa-
ble energy: Investigating resource constraints for wind energy. En-
ergy Policy, 73:767-776

Other work not included: 

 Yan, A. J., Xie, Y. D., Wachtmeister, H. (2019) Multiple gas mar-
ket hubs – China’s energy security and regional cooperation in
Asia. In Asian Development Bank Institute (ADBI), Achieving En-
ergy Security in Asia: Diversification, integration and policy impli-
cations. World Scientific. (Book chapter)



 

Contents 

1 Introduction ................................................................................................ 11 
1.1 Background ........................................................................................ 11 
1.2 Aims and outline ................................................................................ 12 
1.3 Definitions and terminology ............................................................... 13 
1.4 Note on projections, forecasts and uncertainty ................................... 14 

2 The oil resource .......................................................................................... 16 
2.1 Finite and non-renewable ................................................................... 16 
2.2 Fossil and carbon intensive ................................................................ 20 
2.3 Economic and political ....................................................................... 21 
2.4 Natural but unsustainable ................................................................... 21 

3 World oil supply ........................................................................................ 23 
3.1 Conflicting views ............................................................................... 23 
3.2 Bottom up – a way forward ................................................................ 25 
3.3 From micro to macro dynamics .......................................................... 26 
3.4 Previous bottom-up models and findings ........................................... 30 

4 Methods used ............................................................................................. 34 
4.1 Bottom-up analysis (Paper I-VI) ........................................................ 34 
4.2 Retrospective analysis (Paper I, VI) ................................................... 35 
4.3 Decline curve analysis (Paper II, III) ................................................. 36 
4.4 Depletion and decline rate analysis (Paper III) .................................. 38 
4.5 Supply curves and price elasticity (Paper V) ..................................... 39 

5 Results ........................................................................................................ 41 
5.1 Retrospective analysis of bottom-up oil projections (Paper I) ........... 41 
5.2 Decline curve analysis of tight oil wells (Paper II) ............................ 42 
5.3 Depletion and decline rate analysis of offshore oil fields (Paper III) . 42 
5.4 Production dynamics of conventional oil and tight oil (Paper IV) ..... 43 
5.5 Elasticity of world oil supply (Paper V) ............................................. 43 
5.6 Retrospective analysis of global energy demand (Paper VI) ............. 44 

6 Concluding discussion ............................................................................... 46 
6.1 Principal findings ............................................................................... 46 
6.2 Comparison of results ......................................................................... 55 
6.3 Limitations and uncertainties ............................................................. 57 



 

6.4 Future research ................................................................................... 60 

Appendix A – Resources and reserves .......................................................... 62 

Appendix B – Comparison of projections ..................................................... 66 

Appendix C – Revisions of projections ........................................................ 70 

Svensk sammanfattning ................................................................................ 73 

Acknowledgments......................................................................................... 75 

References ..................................................................................................... 76 

 



 

Abbreviations  

1P proven reserves 
2P proven + probable reserves 
3P proven + probable + possible reserves 
AEO Annual Energy Outlook 
b barrel (≈ 159 liters) 
bbl barrel (≈ 159 liters) 
CPS Current Policies Scenario 
EIA U.S. Energy Information Administration 
ERR economically recoverable resources 
EUR estimated ultimate recovery 
Gb Giga (109) barrels 
IEA International Energy Agency 
IEO International Energy Outlook 
MAE mean absolute error 
MAPE mean absolute percentage error 
Mb Mega (106) barrels, million barrels 
NGL natural gas liquids 
NPS New Policies Scenario 
NPV net present value 
OECD Organisation for Economic Co-operation and Development 
OPEC Organization of the Petroleum Exporting Countries 
RERR remaining economically recoverable resources 
RRR remaining recoverable resources 
STEPS Stated Policies Scenario 
UERR ultimately economically recoverable resources 
URR ultimately recoverable resources 
USGS United States Geological Survey 
WEO World Energy Outlook 



 

 

  



 11

1 Introduction 

1.1 Background 
Discussions of future world oil production and prices have been ongoing ever 
since the beginning of the modern oil era, often attributed to a well in Penn-
sylvania in 1859. Being a non-renewable resource, much of the discussions 
have been concerned with the availability of future supply in relation to ex-
pectations of increasing demand. The relevance of this discussion has only 
increased over 150 years of growing global consumption and societal depend-
ence. Diverse views on future supply and demand have existed throughout 
oil’s history and still do today (Bentley et al., 2020). The discussion has often 
been described as one between those concerned or not concerned of a rela-
tively imminent constraint on supply due to depletion and oil’s finite nature. 
Participants of diverse backgrounds and schools of thoughts have stressed or 
focused on different aspects and their relative importance. Some have focused 
on the physical constraints while others have highlighted factors such as inno-
vation, technological development and substitution. In the academic domain, 
the question of future oil supply has been framed as a tug-of-war between 
geology and technology (Benes et al., 2015) or between depletion and 
knowledge (Adelman and Lynch, 1997). It is unsurprising that many views of 
the future exist for such a complex system in constant change.  

Energy historian Daniel Yergin writes that the most recent run-up of oil 
prices during the beginning of the twenty-first century was the fifth time a 
major fear swept the world that oil is running out (Yergin, 2012). The first 
occurred already at the end of the nineteenth century when the first Pennsyl-
vanian oil fields began to decline. The second and third arose after World War 
I and II, when oil’s strategic importance was further recognized and scrambles 
for securing resources began. The fourth occurred in the 1970s, first initiated 
by stagnating US production and then amplified by the first and second oil 
crisis, ignited by the Arab oil embargo in 1973 and the Iranian Revolution in 
1979.  

At a first glance, with the favour of hindsight, it seems that both sides of 
the old discussion were right to some degree regarding the most recent price 
surge during the 2000s. Conventional oil production has stagnated, seemingly 
due to limited resources, while the unforeseen technological development of 
unconventional tight oil has proved to be a significant new supply source, con-
tributing to another period of lower prices. This thesis sets off in this new 
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environment and investigates the potential and dynamics of total world oil 
supply for the remainder of the twenty-first century, and discusses some of its 
wider implications. It does so from a bottom-up perspective. By this design, 
the topic of world oil supply is studied by aggregation of its underlying smaller 
parts – wells and fields – to understand the whole. A bottom-up framework 
can combine physical and economic factors on the micro-level (Jakobsson, 
2012) and has previously been identified as the method which holds the most 
promise for useful projections of future oil supply (Brandt, 2010). The over-
arching bottom-up framework as applied here rely on several additional meth-
ods which are employed in the thesis papers, including retrospective analysis, 
decline curve analysis, depletion rate analysis, and supply curve and price 
elasticity analysis.   

1.2 Aims and outline 
The aim of this thesis is to increase the understanding of some of the governing 
factors in world oil production in order to identify potential future develop-
ments and their possible wider implications. More specifically, the thesis fo-
cuses on the different characteristics, dynamics and potentials of conventional 
and unconventional oil and their impacts on total world oil supply in terms of 
resource availability, production potential and market dynamics, and in turn, 
potential economic, political and environmental implications of these impacts. 
By increasing the understanding of future world oil supply, the overarching 
aim is to increase knowledge on which developments are possible, currently 
likely and ultimately desirable in the future. This comprehensive summary 
describes the results and methodology of six oil supply-related papers that ask 
specific research questions, including the following: 

 
 How useful are bottom-up methods for oil modelling and projections? 

(Paper I) 
 How can tight oil production be modelled using bottom-up methods? (Pa-

per II) 
 How can conventional offshore production be modelled using bottom-up 

methods? (Paper III) 
 What are the differences between conventional oil and unconventional 

tight oil production dynamics? (Paper IV) 
 What is the price elasticity of supply for conventional and unconventional 

oil, and what is the resulting elasticity of total world oil supply? (Paper V) 
 How have projections for oil demand changed with new policies? (Paper 

VI) 
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Based on these findings, the comprehensive summary further aims to provide 
a broader and more complete view of future oil supply by answering the fol-
lowing overarching research questions: 

 
 What is the potential and dynamics of world oil supply in the 21st century? 
 What is the difference between conventional and unconventional supply? 
 How has unconventional tight oil changed world oil supply? 
 What is the potential of world oil demand in the 21st century? 
 What are the possible outcomes of supply and demand potentials in terms 

of future production and price trajectories?  
 What are the potential economic, political and environmental implications 

of these findings?  
 
The comprehensive summary is outlined as follows. The remainder of section 
1 provides practical initial information for the reader on definitions, terminol-
ogy and projection uncertainty. Section 2 gives a brief introduction to oil as a 
resource from four different perspectives. Section 3 presents previous work 
on oil supply with a focus on bottom-up models and studies, as well as pre-
senting the underlying theory of the framework. Section 4 describes the meth-
ods used in the papers and section 5 summarises their results. Section 6 sum-
marises the principal findings of the papers and provides answers to the over-
arching research questions stated above as well as discussing the validity and 
limitations of the results, and outlines areas for future research. The appen-
dices contain supporting materials. Appendix A includes further data on re-
sources and reserves. Appendix B includes comparisons of derived projec-
tions with other sources and Appendix C includes detailed revisions of the 
used Rystad model.  

1.3 Definitions and terminology 
Key terms such as oil, resources, reserves and conventional and unconven-
tional production technologies can be defined in different ways. This thesis 
uses the following definitions in line with the Rystad Energy UCube database, 
if not stated otherwise.  

Oil includes crude oil, condensate and natural gas liquids (NGL). Liquids 
include crude oil, condensate, natural gas liquids, refinery gains and biofuels. 
Resources are expected economically recoverable resources at a certain price 
and can include volumes in producing fields, fields under development, dis-
covered fields and not yet discovered fields. Reserves, and specifically 1P and 
2P reserves, are a subset of resources with a specific likelihood of being pro-
duced and being of a certain size in line with the Petroleum Resources Man-
agement System (PRMS) of the Society of Petroleum Engineers (SPE) (SPE, 
2007). Reserve volumes must be in fields in production or under development. 
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However, reserve estimates are not used extensively in this thesis, which 
mainly uses resource estimates.  

Conventional oil production refers to production from conventional reser-
voirs (i.e. reservoirs with good permeability), of conventional hydrocarbons 
(i.e. not extra-heavy crude) and with conventional recovery technology (i.e. 
not hydraulic fracturing). Unconventional production includes tight oil (shale 
oil), oil sands, extra-heavy oil and oil shale (kerogen). Tight oil is also called 
shale oil, due to the current dominance of tight oil production from shale for-
mations, but since shale oil is easily confused with the much less used oil shale 
(kerogen), this term is avoided. Furthermore, tight oil can be produced not 
only from shale which makes tight oil a more general term. Tight oil is defined 
as oil produced from tight (low permeability) continuous formations with the 
use of hydraulic fracturing.  

Natural gas is not covered explicitly in this work. However, most fields 
contain both oil and gas, in different ratios and are often co-produced. This 
also applies to tight oil and gas wells.  

1.4 Note on projections, forecasts and uncertainty   
Large parts of this work concern the future and it is suitable with an early 
disclaimer on the distinction between projections and forecasts as well as on 
uncertainty. For a more detailed typology in the field of future studies see for 
example Börjeson et al. (2006).  

As defined in this thesis, projections are not forecasts. Projections are the 
result of certain assumptions that usually are explorative and not predictive in 
nature. Typically, a wider scenario is constructed, where a scenario usually is 
defined as an internally consistent set of assumptions. The scenario can then 
be used to produce projections of a wide range of parameters. Typical scenar-
ios include business-as-usual scenarios and climate target scenarios. The fu-
ture outcome of the business-as-usual assumptions can then be projected, and 
in reverse, the necessary assumptions of the climate scenario can be derived 
from the chosen outcome. The business-as-usual scenario projections can be 
used as benchmarks for potential policies, for example, and climate target pro-
jections can be used as roadmaps on how to achieve the desired outcome.  

Forecasts, on the other hand, are best-guessing each underlying assumption 
and how they will evolve through time, in effect constructing a predictive sce-
nario. Since world oil supply is coupled to the wider global energy system, 
which in turn is ingrained in the world economy and our civilization, funda-
mentally, forecasting world oil supply implies forecasting the outcome of the 
whole world. Even if it is theoretically possible to get it right, the range of 
possible outcomes makes the uncertainty inherently large, and further com-
pounded with time horizon. Only parts of world oil supply can be predicted 
with the laws of nature, many factors depend on human decisions and abilities.  
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Even if accurate forecasts are unlikely, more or less correct forecasts could 
still be achieved. These are useful for a range of actors such as oil companies, 
investors and other actors who by themselves cannot change the world by their 
actions, and who can only position themselves according to the perceived most 
likely outcome. For policymakers, very large actors, or an informed public, 
projections are important and useful since they can assist in manoeuvring to-
wards a desired outcome.  

In past work on future world oil supply, both forecasts and projections have 
been made, and are frequently mixed up. Further, it is not always clear whether 
some work should be interpreted as forecasts or projections. Most projections 
include some forecasts in their assumptions. For example, in the case of the 
World Energy Outlook projections of the International Energy Agency (IEA), 
several best-guessing assumptions go into how the model works (for example 
size of oil resources), while only some assumptions are scenario-based (such 
as degree of governmental policies). 

The reader should be aware of these differences. In the original work pre-
sented in this thesis, no single forecast is given. However, a range of possible 
projections are derived and discussed, some of which can be deemed more or 
less likely by either the author or by the reader.  
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2 The oil resource 

2.1 Finite and non-renewable 
Oil was formed millions of years ago by biological and geological processes. 
Although new oil is very slowly being formed, by any practical human time 
scale oil is a non-renewable resource in a material sense (Höök et al., 2010; 
Walters, 2006). The amount of oil in the ground is essentially fixed and deter-
mined by past physical factors. However, the amount of oil that is possible 
and likely to be produced depends on many nonphysical factors, including 
economic, political and environmental ones. For example, the volume of oil 
that is possible to produce can be increased due to new technology or increased 
geological knowledge and information. The volume that is likely to be pro-
duced, in the regard that it makes economic sense and is politically viable, can 
change due to high or low oil prices, political priorities or even extraordinary 
events such as conflicts or economic or social turmoil.  

Due to the many influencing and interlinked factors, quantitative estimates 
of oil resources are uncertain, or at least conditional on many uncertain or 
undecided factors. However, with increasing knowledge and exploration ac-
tivities for over a hundred years, estimates of total global recoverable re-
sources of conventional oil are seemingly converging to some extent (Bentley 
et al., 2020; National Petroleum Council, 2007a). While instead, the main 
source of uncertainty has shifted to unconventional resources, more recently 
unlocked by new technology. 

There are many ways to classify resources and reserves and their different 
subgroups and conditions (Bentley et al., 2007; Speirs et al., 2015). Private 
consultancy Rystad Energy is one of only a few primary data sources that pro-
vides comprehensive global resource and reserve estimates. In Table 1 total 
world oil resources from their propriety database UCube are presented. The 
Rystad resources definition corresponds to expected total economically recov-
erable resources. Implicitly these estimates include discovered resources, ex-
pected future discoveries and expected future economic conditions and tech-
nological development. The recoverable oil resource estimates can be split 
into proved, probable, and expected reserves, as well as contingent and pro-
spective recoverable resources similar to the standard Petroleum Resources 
Management System (SPE, 2007). In Appendix A, more resource and reserve 
categories are presented, including 1P and 2P reserves and resources by loca-
tion and lifecycle. 
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Table 1. Expected economically recoverable resources of oil as of January 1st 2020 
in gigabarrels (Gb) according to Rystad Energy definitions and data. In this selec-
tion, ‘oil’ includes crude oil, condensate and natural gas liquids. ‘Total’ corre-
sponds to estimates of global ultimately recoverable resources (URR).  

Resources (Gb) World total Onshore 
Offshore 
shelf 

Offshore 
deep 

Oil 
sands 

Tight 
oil 

Discovered 2880 1855 592 199 77 159 

Undiscovered 636 124 110 127 9 266 

Total (URR) 3517 1979 702 326 86 425 

Produced 1545 1130 294 84 13 25 

Remaining 1972 849 408 242 73 400 

Total (URR) 3517 1979 702 326 86 425 

Discovered/total 82% 94% 84% 61% 89% 37% 

Produced/total 44% 57% 42% 26% 15% 6% 

As seen in Table 1, 2880 Gb of oil have been discovered so far and expected 
future discoveries are 636 Gb. Together, this yields the expected ultimately 
recoverable resource of 3517 Gb of the Rystad UCube Base case. Until today 
(January 1st 2020), 1545 Gb have been produced, which yields expected re-
maining recoverable resources of 1972 Gb. This implies that 82% of all the 
oil that will be recovered has already been discovered, and 44% of it has been 
produced. As showed in Figure A1 in Appendix A, half of the recoverable oil 
is expected to have been produced in 2025.  

Some estimates of resources and reserves tend to increase due to conserva-
tive initial reporting, technological development, increased geological infor-
mation or changed definitions (McGlade, 2013; Speirs et al., 2015). Increasing 
estimates are sometimes used as an argument against concerns about future 
supply constraints. The increasing trend in Proved Reserves in the widely used 
BP Statistical Review of World Energy is often used to back up such claims. 
However, the BP Proved Reserves are an inconsistent combination of different 
categories of resources and reserves (Bentley et al., 2007; Rystad Energy, 
2020a) and particular care must be taken when using this dataset. This is dis-
cussed more in Appendix A. As showed there, BP Proved Reserves has almost 
been revised up to the same level as Rystad Resources, giving little room for 
further credible upwards revisions.  

Further, it is also informative to look at when the resources were discovered 
to assess the sustainability of current production levels in regard to available 
resources. Figure 1 shows annual oil discoveries and production globally. As 
seen, annual discoveries were the highest before the 1970s and have declined 
since. In the 1980s annual discoveries began to trend lower than annual pro-
duction. The shift to deeper offshore resources and unconventional resources 
is also visible, and the recent introduction of tight oil resources provides a 
distinct break, at least temporary, in the declining trend. In the last few years, 
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annual discoveries have been record low, while production record high, lead-
ing to a resource deficit of almost 20 gigabarrels (Gb) per year. Even if re-
source estimates can be deemed high, and can grow with time, the underlying 
discovery trend is currently unsustainable in a long-term perspective.  

Figure 1. Annual oil discoveries by supply category and annual total world oil pro-
duction in gigabarrels (Gb). Nine years had higher discoveries than 70 Gb, and two 
years higher than 80 Gb: 1948 with 210 Gb (including the Ghawar oil field, Saudi 
Arabia) and 1971 with 93 Gb. Source: Rystad Energy.  

In Figure 1, the annual discovery volumes are allocated to the year when the 
resource estimate revision was made, for example due to a new appraisal well 
in an old already discovered field. A complementary way to look at discovered 
resources is to present back-dated resources. If presenting back-dated re-
sources all discovered volumes in a field is allocated to the original discovery 
year of the individual field. Figure 2 presents back-dated Rystad resources. 
The trends are similar in this presentation. The main difference is how the 
discovered tight oil resources are allocated. Since the US shale basins were 
identified as commercially viable mostly pre-2010, all additional shale revi-
sions are allocated to these years. This results in even lower recent ‘annual’ 
discoveries, with a resource deficit of over 30 Gb in recent years. Some dis-
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covered volumes are also allocated far back in time, already in 1859 in Penn-
sylvania and Ohio, US, and in 1870 in Baku, Azerbaijan. It should also be 
noted that the tight shale formations, both in the US and in the rest of the 
world, have been known to exist for a long time, they often constitute the 
source rock for conventional oil basins. However, it is only until recently that 
they have been known to be commercially extractable, and therefore, the re-
source revisions are allocated to these recent years.  

Figure 2. Back-dated oil discoveries by supply category and annual total world oil 
production in gigabarrels (Gb). Five years had higher discoveries than 70 Gb, and 
two years higher than 80 Gb: 1948 with 203 Gb (Ghawar, Saudi Arabi) and 1971 
with (88 Gb) Source: Rystad Energy. 

The resources in Figures 1 and 2 underpin the production levels seen in Figure 
3, which shows total world oil production by supply category as well as the 
real price of oil (Brent), in constant 2020 US dollars ($). Conventional oil 
production seems to have stagnated in the mid-2000s, which has been fol-
lowed by higher oil prices and the subsequent surge in US tight oil production. 
The time series also include estimates of annual average price and production 
for 2020. Due to the impact of the Covid-19 pandemic, oil demand has fallen 
dramatically, which has led to large shut-ins of existing production and post-
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ponement of new investments and drilling. This explains the sharp fall in pro-
duction and prices in the 2020 estimates (-5.7 Mb/d and -26 $/b compared to 
2019).   

Figure 3. Annual total world oil production by supply category in million barrels per 
day (Mb/d), a common oil production unit, as well as the real price of oil, in constant 
2020 US dollars ($). Values for 2020 are estimates. Source: Rystad Energy.   

2.2 Fossil and carbon intensive  
Oil is a mixture of several variants and sizes of hydrocarbon molecules. The 
energy in oil is released by combustion where the energy-rich bonds between 
hydrogen and carbon atoms are broken by the oxidation process. This process 
yields energy, water and carbon dioxide. Since oil is the number one energy 
source by volume it is a major contributor to total greenhouse gas emissions 
and global warming. Recent studies have shown that a significant portion of 
current oil reserves must remain unused to meet the 2 °C target (McGlade and 
Ekins, 2015). According to the IEA’s Sustainable Development Scenario, 
which is in line with the 2 °C target, total world oil consumption will have to 
decrease immediately and be 32 Mb/d lower in 2040 relative to the New Pol-
icies Scenario, a scenario based only on current and announced policies (IEA, 
2017) and not in line with the 2 °C target.  

Depending on the quality of the oil and how it is produced, the full life 
cycle emissions from one barrel can range from 460 to 740 kg CO2 eq. per 
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barrel (Gordon et al., 2015a). Since 2005 conventional oil production has es-
sentially been flat while incremental supply has come from unconventional 
sources, primarily oil sands and tight oil. This shift towards a more diverse 
supply mix has implications for carbon emissions and carbon budgets since 
different production technologies have different energy and carbon emission 
intensities. Specifically, unconventional production technologies such as oil 
sands and extra-heavy oil as well as old nearly depleted conventional fields 
have relatively high carbon intensities (Brandt et al., 2018), while tight oil 
production and large conventional middle eastern fields have relatively low 
energy and carbon intensities (Brandt et al., 2016; Masnadi et al., 2018).   

2.3 Economic and political  
Oil dominates the transportation sector worldwide. Without transportation al-
most no economic activity is feasible. Oil is therefore a critical resource for 
the modern society. The price of oil affects the overall growth of the world 
economy, as well as allocations between different sectors and countries (Ham-
ilton, 2009, 1983; Kumhof and Muir, 2013). Because of this importance, oil 
was ’securitized’ early, in the sense that it became part of national security 
policy and strategy of both producing and consuming countries (Yergin, 
2006). Since the endowment of oil is determined by geological factors and its 
transportation routes by geographical ones, oil is a key subject of geopolitical 
considerations.  

A large fraction of conventional oil resources is located in the Middle East. 
Many of these countries are members of the OPEC consortium. This group of 
countries has shaped the world oil market by controlling production levels by 
political decisions. Many of these oil-rich countries are also heavily dependent 
on the revenues from oil, which affect their perspectives on ‘fair’ oil prices as 
well as on climate policies.   

The US, being the world’s largest oil consumer, has long been involved in 
Middle Eastern affairs. One of its key objectives has been to secure the flow 
of oil from the region, at an affordable price (Klare, 2011, 2007). With tight 
oil being on track to make the US net import independent of oil, its geopoliti-
cal strategy and leverage can change significantly. On the other hand, rising 
consumers and importers such as China might have to engage more actively 
in oil-rich regions and its politics to secure their growing oil dependence 
(Leung et al., 2014; Vermeer, 2015).  

2.4 Natural but unsustainable 
The Cambridge dictionary defines sustainable as ‘able to continue over a pe-
riod of time’. The terms sustainable development and sustainability, on the 
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other hand, are more difficult to define in a concise manner. The terms have a 
wide literature connected to it, with many definitions and interpretations. A 
key reference is the definition given in the UN report known as the Brundtland 
report (Brundtland, 1987): "Sustainable development is development that 
meets the needs of the present without compromising the ability of future gen-
erations to meet their own needs.". Recent definitions often refer to the three 
pillars or dimensions of sustainability: economic, social and environmental 
(Sachs, 2015). Sustainable development then often translates to economic de-
velopment that is socially and environmentally sustainable.  

Resources, and in particular natural resources, are of fundamental im-
portance for sustainable development. Resources can, very generally, be de-
fined as sources from which benefit is produced, and natural resources as re-
sources existing in nature without any action of humankind (Harris and Roach, 
2017). Life itself is dependent on resources, and in aggregate so is the world 
economy and the whole of human civilisation.  

Oil is a non-renewable natural resource, and its use as an energy source can 
as such be viewed as unsustainable in the long term, as can any development 
relying on it. Oil used as an energy source cannot be recycled, compared to 
for example iron used as a material, another non-renewable natural resource. 
Even if the amount of energy is conserved according to the first law of ther-
modynamics, the quality and order of the energy is lost in conversions by in-
creasing entropy in accordance with the second law of thermodynamics.  

Oil is also environmentally unsustainable due to the pollution caused by its 
use. The negative externalities of carbon emissions and climate change are 
unsustainable for many aspects of the environment, and if left unchecked, in 
the end also unsustainable for the world economy through the damaged 
caused. Consequently, oil use is unsustainable in two fundamental ways: by 
its non-renewable nature and by the pollution it causes. The question then 
arises which aspect will limit its use first. Indeed, technology could, in theory, 
remove the negative externalities of emission and climate change by carbon 
capture and storage. However, such processes are energy intensive (Thor-
björnsson et al., 2015) and require additional energy that ideally comes from 
renewable energy sources. Further, even if used energy flows from these re-
newable sources can be deemed renewable, the energy conversion technolo-
gies used rely on many non-renewable resources such as iron and copper as 
well as more rare minerals (Davidsson et al., 2014; Tokimatsu et al., 2018, 
2017), requiring large upscaling of recycling activities to be sustainable (Da-
vidsson, 2016). In summary, achieving a truly sustainable energy system is 
difficult, if not impossible in practice. Future alternative energy systems will 
merely be more or less unsustainable systems. However, with current technol-
ogy without carbon capture and storage, fossil fuel use is fundamentally more 
unsustainable than other energy resources.   
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3 World oil supply  

3.1 Conflicting views   
Due to the characteristics and importance of oil, it is understandable that the 
future of this key resource has been much debated. A central long-lasting dis-
cussion concerns the non-renewable nature of oil and future supply availabil-
ity in relation to expectations of increasing demand. Often framed as the peak 
oil debate (Aleklett, 2012; Priest, 2014), its actuality and public attention have 
waxed and waned, often in correlation with the oil price. As Yergin (2012) 
notes, there are five periods where the debate took a particular presence. The 
last two being in the 1970s and the 2000s. The 1970s debate began in earnest 
with the peak of US oil production in 1970. This peak had been predicted by 
resource-limited modelling by Hubbert (1956) 15 years earlier. In the same 
paper, Hubbert had also projected a total global oil production peak around 
the year 2000 using the same method of constraining a bell-shaped production 
curve by an assumed ultimately recoverable resource size of 1250 Gb1, in-
formed by past discovery trends and geological appraisals. This together with 
the oil shocks of 1973 and 1979 fuelled the concern of long-term availability 
and economic dependence on oil, reflected for example in speeches of the time 
by US President Jimmy Carter. With time, due to new technology and explo-
ration, global production continued its upward rise and prices fell, muting 
much of the debate until its last resurgence in the early 2000s.  

In 1998, when oil prices were still low, Campbell and Laherrère (1998) 
published a paper using similar methods as Hubbert, projecting a global peak 
around the year 2004. The limiting resource sizes, however, were informed by 
detailed industry field-by-field data from the Petroconsultants database (the 
first global field-by-field database, later acquired by IHS in 1996). Even if 
there is some unclarity in the paper if the projection concerns only conven-
tional oil or all oil (according to later comments by the authors it is for con-

                               
1Hubbert (1949) had previously estimated global crude oil URR, onshore and shelf, to 2000 
Gb, which must be deemed remarkably accurate for its time (a current comparable URR esti-
mate based on Rystad resources for conventional crude oil, onshore and shelf, is 2190 Gb). The 
timing of a global peak around the year 2000 does not change significantly if a URR of 1250 
or 2000 Gb is assumed when using a bell-shaped curve and production data up until 1955. 
However, the level of the production peak does. In effect, the projection of the timing of a 
global peak by Hubbert (1956) can be deemed accurate, but not the level.  
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ventional oil only), the 1998 Campbell and Laherrère paper together with sub-
sequent follow-up articles (e.g. Aleklett and Campbell, 2003) provided a main 
reference in the debate when oil prices began to increase in the early 2000s 
and when conventional crude oil seemingly stagnated in 2004. However, the 
production did not begin to decline the following years as projected by the 
authors. In fact, global conventional crude oil production is still on the same 
plateau level now as then. As the significance of the emergence of US tight 
oil became clearer, the debate regarding an imminent peak waned again, to 
almost fully disappear after the 2014 oil price collapse.  

There are several additional references in this debate, but Hubbert and 
Campbell and Laherrère are central in formulating the more extreme position 
of one side on the debate. At each instance, there have also been strong pro-
ponents of an opposite view, less concerned of immediate supply constraints, 
stressing that new technology and substitution will solve potential supply lim-
itations, even if the current outlook appears dim. For example McKelvey, for-
mer director of the USGS, who constantly argued with Hubbert (Priest, 2014), 
or more recently Lynch (Adelman and Lynch, 1997; Lynch, 2016) and Ra-
detzki (Aguilera and Radetzki, 2015; Radetzki, 2010) who see no supply con-
straints for the foreseeable future. These two sides of the debate are sometimes 
described as pessimists vs optimists, Malthusians vs Cornucopians or even 
geologist vs economists.  

Bentley et al. (2020) recently compiled and summarized current views on 
future world oil production in six categories. The following list presents these 
summarised views with examples of references as given by the authors: 

 
1. Oil‑supply constraints are already binding, and will become more so un-

less oil demand falls rapidly (Campbell, 2015; Campbell and Laherrère, 
1998; Laherrère, 2015). 

2. Peak global conventional oil production is expected fairly soon, and will 
likely not be compensated by production of all‑oil, or all‑liquids, unless 
the price of oil is very high (Jackson and Smith, 2014; Miller, 2015; Smith, 
2015; Wold, 2015). 

3. Conventional oil production will stay roughly on‑plateau at least out to 
2040, and there are plenty of non‑conventional oils and other liquids that 
can come on‑stream to meet the expected increase in demand, although 
this will require the oil price to rise significantly. Demand for oil is not 
likely to fall over this period unless there are much stronger pressures for 
this than now (IEA, EIA, OPEC, and some oil majors). 

4. There is no basis for concern about peak oil supply as the world is moving 
from an era of perceived oil shortage to one of abundance (Aguilera and 
Radetzki, 2015; Dale, 2015; Dale and Fattouh, 2018). 

5. Peak oil from the supply side is a myth (Lynch, 2016; Yergin, 2011). 
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6. Global demand for oil will fall well before any supply‑driven peak occurs 
(Citi Bank, Bank of America Merrill Lynch, World Energy Council, 
DNV-GL, Carbon Tracker and others). 

 
Category 5, peak oil supply is a myth, can arguably be removed since even if 
some analysts have expressed this view it must be interpreted as that a supply 
peak in the foreseeable future is a myth. This is just a variant of category 4 or 
6. No serious analyst questions that oil is finite in a material sense; there exists 
a physical limit to supply, even if unknown and perhaps several hundreds of 
years into the future. With the myth category removed, we have a useful scale 
from 1 to 5 of peak oil arguments and views. From the concerned (1) to the 
less concerned (5), with mixed views in between. We can call it the Bentley 
scale of peak oil arguments.  

As is often the case, the stronger positions of the argument seem to get the 
most public attention, but a great deal of work has been done in what can be 
described as the middle ground, including detailed quantitative work that at-
tempts to incorporate both physical factors and economic dynamics, while 
recognizing the large uncertainties involved. However, such analyses usually 
do not provide as strong predictions, since the subject is highly complex and 
the future is inherently uncertain.  

3.2 Bottom up – a way forward  
The most comprehensive and systematic academic work conducted so far on 
the subject of oil depletion and future world oil supply is the large UKERC  
(2009) study that reviewed over 500 studies on the subject and analysed in-
dustry databases and other supply forecasts. The report concluded that a re-
source-driven peak in conventional oil production before 2030 appears likely, 
with a significant risk of a peak before 2020. Output of the report and its sub-
reports have also been published in peer-reviewed journals (Brandt, 2010; 
Sorrell et al., 2012, 2010b, 2010a).   

As part of its wider effort, the report investigated several methods for oil 
production modelling including simple reserves-to-production ratios, curve-
fitting models, systems simulation, bottom-up models, economic optimal de-
pletion models and econometric models. According to Brandt (2009, 2010), 
of the model types described above, bottom-up methods seem to hold the most 
promise for accurate projections of future production, especially for short- to 
medium-term projections. By relatively straightforward assumptions and data 
on field level, the complex aggregate behaviour can be reproduced. No as-
sumptions on the proper functional form of aggregate production profiles are 
needed, such as in the Hubbert (1956) model, since the profiles emerge di-
rectly from summation of the individual parts. Nor are unrealistic assumptions 
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of perfect foresight of the global resource size, future demand and technolog-
ical development necessary as in the Hotelling (1931) model of optimal de-
pletion of exhaustible resources. Bottom-up models also allow detailed sensi-
tivity analysis by addition or subtraction of particular fields or variation of 
certain field parameters. The drawback, as pointed out by Brandt, is that they 
rely on extensive and often proprietary data, which makes transparency and 
replication a problem. Finally, uncertainty about the future is not removed by 
modelling at the field level. Future discovery trends, technology change etc. 
are still introducing uncertainty in these models.  

Jakobsson (2012) describes the strengths of bottom-up modelling, includ-
ing its potential to consider both physical and economic factors on the mi-
crolevel. By doing so, Jakobsson points out, these models also have the po-
tential to bridge the current methodological gap between disciplines, in par-
ticular between natural sciences and economics. Many economists have al-
most instinctively rejected the simple resource modelling of Hubbert since it 
does not, at least explicitly, include any economic variables such as prefer-
ences, costs, prices etc. Likewise, many natural scientists have mistrusted eco-
nomic models that do not include fundamental physical factors such as vol-
umes, pressure and flow rates. On the field level, however, both sets of factors 
influence the decisions of the producer in predictable ways. On this level, both 
convincing descriptive models as well as accurate predictive models can be 
established.  

3.3 From micro to macro dynamics  
Oil resides in the pores of the reservoir rock. Usually both gas and water are 
present too, and the three reservoir fluids are stratified in horizontal layers 
according to their densities: oil in the middle, water below and gas on top. To 
extract the oil, the pressure of the reservoir and the relative volumes of reser-
voir fluids can be used and manipulated (Gluyas and Swarbrick, 2003). The 
first step is to drill a well down to the oil column. If the reservoir pressure is 
high enough, oil will flow naturally to the well and up to the surface. As oil is 
produced, the pressure around the well drops and fluids from the remaining 
reservoir will flow toward the lower pressure. This flow is governed by 
Darcy’s law of fluid flow through porous medium, an empirically derived 
equation which also follows from Navier-Stokes equations on conservation of 
momentum, mass, and energy (Neuman, 1977). When fluids move toward the 
well, the remaining fluids expand to fill the void. These expansions provide 
the natural drive mechanisms of continued oil production. They include 
(Gluyas and Swarbrick, 2003; Jakobsson, 2012; Satter et al., 2008):  
 Depletion drive: As pressure declines oil expands, but since its compress-

ibility is low, the expansion is only moderate, resulting in significant pres-
sure drop in proportion with cumulative production.  
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 Dissolved gas drive: As pressure declines to the so-called ‘bubble point’, 
dissolved gas in the oil is set free and expands. 

 Gas cap drive: As pressure declines, free gas above the oil column ex-
pands. Since gas is compressible, pressure drops only slowly with cumu-
lative production.  

 Water drive: As pressure declines, water from an aquifer below the oil 
column expands. Pressure can be maintained, but the fraction of water in 
the produced fluid will eventually increase.  

 
Depending on the field’s characteristics, all or only some of these mechanisms 
can be used for production. Some reservoirs might not contain any gas while 
others might not have a large aquifer underneath. In the first production step 
called primary recovery, production occurs only driven by the natural drive 
mechanisms. The producer only controls the flow area through the number of 
wells drilled. In secondary recovery, the producer is manipulating the pressure 
gradient through either injecting water underneath the oil or gas above. The 
well pressure can also be lowered by pumps, or by compressors for gas pro-
duction. Finally, in tertiary recovery, the producer can manipulate the chemi-
cal properties of the oil or the displaced fluids, such as the viscosity, by inject-
ing steam or chemicals. Typically 10-30% of the oil in place can be extracted 
with primary recovery, while 30-50% can be extracted if secondary recovery 
is also deployable (Höök et al., 2014a). Tertiary methods, or enhanced oil re-
covery, can increase recovery further, up to 70% has been demonstrated 
(Muggeridge et al., 2014). However, these methods are still used only on a 
limited scale globally due to their costs. In 2017, only 2% of world oil pro-
duction came from enhanced oil recovery projects (IEA, 2018).  

The key implication of reservoir dynamics is that extraction leads to de-
clining productivity. Either extraction leads to declining pressure which re-
duces the total fluid flow rate, or extraction leads to a decreasing fraction of 
oil in total fluid production, with a corresponding increasing fraction of un-
wanted water (and gas if not sellable). This implication provides the key phys-
ical constraint for the producer who wants to optimise profits from production 
of a reservoir.  

If the per-barrel production cost of a reservoir is below the oil price, a pro-
ducer would want to extract and sell the oil and make a profit. Except if the 
producer thinks the future oil price will increase faster than the producer’s 
preferred discount rate. In that case, the producer would leave the oil in the 
ground and sell it in the future instead, at a higher price. This is a key aspect 
of Hotelling’s theory of optimal depletion (Hotelling, 1931). However, it is 
unlikely that the oil price will increase by 10% per year or more for long time 
periods, equal to what is usually assumed to be an industry-standard discount 
rate. It is instead often supposed, as a rule of thumb, that the producer assumes 
a continuation of the current price to assess and optimise profitability.  
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If only taking the positive discount rate into account, the producer would 
ideally produce the oil as fast as possible, to avoid discounting of profits. 
However, there are physical limits to how fast oil can flow in the reservoir. 
Further, due to the different viscosities of oil and water, water can circumvent 
oil at higher flow rates, trapping oil that becomes unrecoverable. Furthermore, 
to increase production capacity, the producer must install more production and 
injection wells, which require high initial capital costs to deploy and operating 
costs to maintain. In summary, the producer faces an optimisation problem. 
Even if highly complex when all factors and practical details are considered, 
the problem can be explained quite simply in general terms. The producer 
wants to maximise the net present value (NPV) of the project as a whole. The 
NPV is the sum of annual discounted net cash-flows over the full lifecycle of 
the field. Positive annual cash flows consist of sales revenues of oil (produc-
tion times price), and negative cash flows consist of capital costs (capex) and 
operating costs (opex), as well as fiscal costs (taxes, royalties, etc.). In effect, 
the producer needs to weigh rapid production (to reduce the discount effect) 
against the cost of installing and maintaining higher production capacity, both 
under the constraint of the depletion-driven productivity decline of the reser-
voir.  

Jakobsson et al. (2012) provides a formal model of this problem. In this 
specification, the producer can decide each year on production level, well 
drilling rate and platform capacity addition. Platform capacity constrains the 
maximum fluid production rate (both oil and water). Further, the fluid produc-
tion rate is also constrained by the productivity of existing wells which is de-
termined by the cumulative amount of drilled wells, the pressure and the rela-
tive permeability of oil. In depletion drive, no water or gas is assumed to be 
present, and pressure decrease with cumulative production. In water drive, the 
pressure is constant, but the water saturation in the reservoir increases with 
production and by implication decreasing the relative permeability of oil and 
increasing the relative permeability of water. Platform capacity addition and 
drilling of wells have unit costs. The NPV optimisation can then be specified 
and solved. The optimal solution to the depletion drive problem yields a field 
production profile with a distinct plateau phase of a few years and a following 
exponential decline. Water drive yields a production profile with a lower max-
imum production rate and with a smoother, more slow decline phase. All ca-
pacity investments take place in the first period and drilling is performed dur-
ing a number of years at the beginning of the period, but then ceases and pro-
duction is then only a function of declining reservoir productivity.  

To summarise, reservoir dynamics and profit maximisation behaviour of 
producers provide a combined theory that explains the appearance of produc-
tion profiles of individual oil fields.  

On the next level, the producer contemplates and decides on how to best 
allocate its resources. The company can decide to invest in existing fields, 
develop discovered fields or explore for new discoveries. The main way to 
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increase production is to develop new fields. In that case, the producer, in line 
with our simplified theory, calculates NPV of its different discoveries and de-
cides on development of the most profitable ones (under total budget con-
straints). To replace and replenish its resources the company must also spend 
on exploration licenses and efforts.  

A bottom-up model can replicate this industry decision behaviour on com-
pany or aggregate level. Coupled to a demand function such a model can en-
dogenously derive the oil price. Usually it is implemented in an iterative ap-
proach. If working on a global aggregate level without company disaggrega-
tion, the model sequence usually goes as follows. Total world production de-
cline one year ahead is calculated (the aggregate decline rate of all fields 
currently in production). The gap to estimated demand is determined. The 
model looks through its inventory of discovered fields available for develop-
ment and begins development of the most profitable ones (highest NPV, low-
est breakeven price) to cover the gap. If not enough profitable fields are avail-
able at the current oil price, the model increases the oil price one step and 
recalculates NPV (and recalculate demand if elastic). This is repeated until the 
gap can be matched. The model then repeats the procedure for the next year, 
with further price increases, or decreases. In effect, the bottom-up model gen-
erates a global aggregate production profile and price path, reflecting the mar-
ginal cost of production each year.  

A fundament natural condition that affects the aggerate behaviour in im-
portant ways is the size distribution of fields, that is, the total number of fields 
and their respective sizes. As many natural phenomena like lakes, islands and 
even stars, the size distribution of oil fields is highly skewed – there are only 
a few very large fields while there are many small ones. However, the distri-
bution has a long right tail, which entails that despite the relatively low number 
of large fields they are large enough to contain a major proportion of all the 
oil. Only a few hundred so-called giant fields dominate global resources and 
production (Robelius, 2007a), out of the total of tens of thousands of smaller 
fields. The true size-frequency distribution of fields is unknown since not all 
fields are discovered yet, but it is commonly assumed to be either lognormal 
or Pareto distributed (Attanasi and Charpentier, 2002). 

Since it is easier, and also preferable, to find a large field than a small field, 
the skewed distribution effects the exploration process and results. This is seen 
in the discovery record of individual regions and for the whole world. Large 
fields are found relatively early and the average discovered field size tends to 
decrease with time. Since they contain such a high proportion of all resources 
this dynamic explains the declining size in total discovered conventional re-
sources globally as presented in Figure 1.  

Since, in a region, the large fields are found first, and are usually the most 
profitable to produce, these fields are also put into production first. The indus-
try then, on average, move to smaller and smaller fields. At some point when 
many large fields are in decline, the additions of smaller fields cannot keep up 
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and aggregate regional production begins to fall. This dynamic explains the 
commonly observed peak and decline pattern of regions, which, for example, 
a simple Hubbert curve aims to emulate.  

Again, Jakobsson et al. (2012) specifies a formal model for the discovery 
process based on a skewed field size distribution and combines it with the field 
production optimisation model described above. This setup produces peaking 
aggerate regional profiles only as a result of these three key assumptions: field 
size distribution, reservoir dynamics and profit maximisation. Interestingly, 
the model shows that the regional peak occurs rather early. In all scenarios 
presented, more than 70% of the ultimate resources remain below ground at 
the time of the regional peak. This is in line with empirical studies that show 
that regional depletion levels usually are below 50% at the time of the regional 
production peak (Höök, 2014a). A key implication of this is that the produc-
tion flow can be limited even if resources appear abundant.  

3.4 Previous bottom-up models and findings  

Existing bottom up-models 
There are only a handful of global, fully calibrated field-by-field bottom-up 
models that incorporate both production and price. Two of these are the large-
scale energy systems models of the International Energy Agency (IEA) and 
the US Energy Information Administration (EIA), which both include a bot-
tom-up field-by-field model of the oil sector as a submodule. These models 
underpin their annual outlooks, the IEA World Energy Outlook and the EIA 
International Energy Outlook and the US-focused Annual Energy Outlook. 
Paper I and VI investigate the results of the IEA model in detail, while Paper 
I also includes a literature review of past retrospective studies of EIA oil pro-
jections.  

In the private sector, there are three main databases and models developed 
by independent market intelligence and data providing companies:  IHS Mar-
kit (2020) (previously IHS CERA), Wood Mackenzie (2020) and Rystad En-
ergy (2020a). The results of IHS and Wood Mackenzie were for a long time 
only availably in private reports (for example Eastwood and Jackson, 2012; 
Jackson, 2009; Jackson and Eastwood, 2007). However, Jackson and Smith 
(2014) provides a description of the IHS model and presents some of its re-
sults. Material on Wood Mackenzie are scarcer, but Wood Mackenzie (2016) 
presents some of its underlying methodology and results on global supply cost 
curves.  

Rystad Energy’s UCube model is the youngest of the three and was 
launched in 2014. The methodology is described by Wold (2015) who also 
presents results of the 2015 version of the model. Further descriptions of 



 31

UCube is also available in Paper V, which use the Rystad model to analyse 
future world oil supply.  

In the academic domain, only the models of McGlade (2013) incorporate 
both production and price and field-level dynamics (calibrated to real-world 
fields). While Jakobsson (2012) provided a theoretical bottom-up production-
price framework it was not connected or calibrated to real-world fields. The 
transparent work of McGlade is perhaps the closest in terms of approach and 
topic to what is attempted in this thesis. Naturally, the results of Wold are also 
highly relevant since it uses an older version of one of the models used here. 
These two works are therefore described in more detail below and their results 
can be used for comparisons.  

Previous findings 
An important contribution on future world oil production is provided by 
McGlade (2013), who quantified uncertainties in global oil production out-
looks, such as underlying resource sizes and costs as well as demand. To ex-
plore the impact and range of these uncertainties he applied two different mod-
elling frameworks, one detailed global oil sector bottom-up model (BUEGO) 
for the years 2010-2035, and one large scale global energy-climate integrated 
assessment model (TIAM-UCL) for 2010-2070. McGlade notes that so far, 
peak oil has usually been characterized as a supply-constrained peak, i.e. a 
peak in supply. However, when incorporating both supply and demand-side 
effects in the modelling and analysis, it is generally not possible nor very in-
formative to categorically state whether any observed production peak is 
driven by supply constraints or a fall in demand. It is the interactions of the 
two forces that determine the trajectory. This is an important point, but some 
classification of the nature of the peak should still be possible when looking 
at accompanying price levels and context. If the production peak occurs at 
very high price levels since low-cost resources are depleted, it could be 
deemed more supply-driven, whereas if the observed peak appears at low price 
levels and with ample low-cost resources still available it could be deemed 
more demand-driven. 

McGlade’s first more detailed oil sector model (BUEGO) showed a ‘plat-
eau’ in both conventional and total oil, rather than a peak and decline, under 
the investigated time period, for a reference demand scenario in line with only 
moderate CO2 emission reductions (similar to the New Policies Scenario of 
the IEA). However, the results for accompanying oil prices are more reveal-
ing. After an initial decrease in modelled oil prices in 2012 (which later oc-
curred in 2014), oil prices remain relatively low until 2020 before starting to 
increase again, reaching 160 $/b in 2030, with a dramatic continued increase 
beyond, reaching a maximum of nearly 500 $/b in the final year. McGlade 
notes that while there may not be a peak in production before 2035, it does not 
follow that there will be sufficient capacity to prevent a major oil price spike. 
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After 2030 there are insufficient new projects available in the model to in-
crease supply, so demand destruction becomes the main mechanism for equi-
librium. Further, McGlade comments, such high prices are unlikely, since at 
such high levels, OPEC strategy might shift, and substitution away from oil 
would accelerate and the elasticities assumed in the model are likely to 
change. However, the model still shows what could happen if new capacity is 
not available from OPEC countries, for either political or geological reasons, 
and if there is no major supply or demand side breakthrough that would reduce 
reliance on the categories of oil modelled.  

For a low carbon scenario, in line with climate goals, production begins to 
fall after 2025, while prices follow a similar trajectory as the reference sce-
nario but at a lower level, and without the dramatic increase post-2030, staying 
below or slightly above 100 $/b throughout the period.  

The large TIAM-UCL model covers all energy sources as well as carbon 
emissions and is useful for studying different aggregate demand scenarios and 
how they interact with different energy sources, including through substitu-
tion. Each energy source has an aggregate supply curve, and coupled to de-
mand of different sectors the model calculates the least cost system. The 
model is more coarse with regions instead of countries and time steps of 5 
years. This and other factors make BUEGO more suitable to analyse medium-
term oil market developments, according to McGlade. For example, BUEGO 
incorporates field level information and dynamics, while TIAM-UCL only op-
erates with aggregate supply curves for different categories of oil on a regional 
level. Nevertheless, TIAM-UCL is useful for long-term big-picture modelling, 
and especially, as in this case, for uncertainty analysis of driving factors, in-
cluding uncertainties in demand, not only in supply. Further detailed investi-
gations of gas are also conducted, in addition to oil. The key uncertainties 
investigated are CO2 emission constraints, demand variations, resource avail-
ability, technological development and costs. The results show that the most 
influential sensitivities for total oil production are CO2 constraints and demand 
variations, which have the largest negative and positive effects respectively. 
Uncertainty in resource availability had a smaller impact. In all scenarios and 
sensitivities, a major transition is seen from conventional oil to unconven-
tional oil. The median timing of conventional oil reaching its maximum level 
is found to be 2035, with a following plateau of around 10 years. A further 20 
years later the sum of conventional and unconventional reaches its maximum, 
around 2055, while all oil (including unconventional liquids) reached maxi-
mum levels before 2070 only in three out of eleven sensitivity cases. McGlade 
concludes, based on this model, that a peak and subsequent permanent decline 
in all production before 2060 appears unlikely.  

In a following landmark study (McGlade and Ekins, 2015), the TIAM-UCL 
is employed to model the geographical distribution of fossil fuels required to 
be unused when limiting carbon emission in line with a 2-degree climate goal. 
The results suggest that, globally, a third of oil reserves, half of gas reserves 
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and over 80% of current coal reserves should remain unused from 2010 to 
2050.  

In light of this type of research and increasing climate policy ambitions, the 
meaning of peak oil has shifted. The concern of an imminent peak in oil supply 
has receded in the public and academic debate, while a desired peak in oil 
demand now appears within sight.  

Wold (2015) uses a 2015 version of the Rystad Energy UCube model and 
presents global liquids production from 2015 to 2060 in a 100 $/b price sce-
nario. This case yields a relatively early peak in 2021 at around 101 Mb/d, 
with plateau production for around ten years before a slow decline begins 
around 2030. A 120 $/b case for 2015-2035 shows that global liquids produc-
tion can grow to 113 Mb/d in 2029 before plateauing. Further, a 50 $/b case 
yields immediate and accelerating decline, falling below 50 Mb/d in 2035. 
Wold then compares these supply outlooks to the oil demand projections of 
the IEA World Energy Outlook 2015 that reach 120.7 Mb/d in 2040 in the 
Current Policies Scenario and 107.7 Mb/d in New Policies Scenario. The nom-
inal price of oil in 2015 was 54 $/b, and Wold concludes that these current 
price levels are not sustainable and that prices need to rise above 100 $/b to 
match IEA demand estimates. Finally, Wold constructs a global supply curve 
from cumulative production capacity and breakeven prices for the year 2020. 
It shows that tight oil production has an average breakeven of 61 $/b, which 
is higher than all other supply sources except oil sands.  
 



 34 

4 Methods used 

4.1 Bottom-up analysis (Paper I-VI) 
In general, bottom-up analysis can refer to any analysis that approaches the 
whole from aggregation of its underlying parts, in contrast to top-down anal-
ysis that approaches the whole directly. In oil production modelling, bottom-
up analysis and bottom-up modelling refers to well-by-well, field-by-field or 
project-by-project analysis and subsequent aggregation to national, regional 
or global level (Brandt, 2009, 2010). Depending on the chosen level of detail, 
a bottom-up field-by-field oil model requires extensive and difficult to obtain 
data on field sizes, field production and costs. A bottom-up supply framework 
can be used to model future production and prices if connected to a demand 
function. This concept is underlying the projections of the IEA and the US 
EIA in their annual outlook series (the World Energy Outlook of the IEA and 
the Annual Energy Outlook and the International Energy Outlook of the US 
EIA). In such frameworks, a decision algorithm representing oil industry be-
haviour is applied. This algorithm calculates the net present value (NPV) of 
possible future projects at an assumed oil price, and projects with a positive 
NPV will be brought into production. If not enough projects are profitable at 
the assumed price to fulfil expected demand in the future, the algorithm in-
creases the oil price one step and recalculates NPV for all projects. This pro-
cedure is repeated until supply equals future demand several years ahead. The 
result is projections for production, price and required capital investments.   

In theory, on the project or field level, the production and investment pro-
files observed for individual oil assets can be regarded as the solution to the 
developer’s optimization problem, as discussed in section 3.3. The developer 
can be assumed to choose a production strategy that aims to maximise profit. 
This problem is typically specified as net present value optimization under 
certain physical, technical and economic constraints (Jakobsson et al., 2012). 
The fundamental physical constraint is the decline in reservoir productivity 
with cumulative production. The key mechanisms for this decline are the res-
ervoir fluid composition and the reservoir pressure, where the pressure differ-
ence between the reservoir and the surface is a key driving mechanism for 
production during primary recovery. Since reservoir pressure decreases in pro-
portion with cumulative production in depletion drive, production rate from 
primary recovery will decline exponentially. If water drive is the main driver, 
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the water cut will eventually increase and oil production rate will decline with 
time.   

Important technical and economic constraints are costs and rates of adding 
production capacity and of course assumed future oil prices which determine 
the magnitude of the income stream. The applied discount rate has a high im-
pact on this kind of calculations. For example, Rystad Energy (2016) uses a 
real discount rate of 7.5% (10% nominal) when estimating breakeven prices 
of new projects (oil price at which project NPV equals zero). A high discount 
rate motivates a faster rate of realisation of profits and effects the production 
strategy. Further, in an economic evaluation of conventional versus unconven-
tional tight oil production, the discount rate will be a key determinant since 
the time aspects between the two production types are very different. Also, the 
assumed discount rate can be used to account for country or project risks 
(McGlade 2013). 

Typical field production profiles can be derived from theoretical frame-
works of NPV optimization as described in (Jakobsson et al., 2012). In prac-
tice, however, production and investment profiles can differ quite significantly 
from what would have been theoretically optimal in a simple model. Local 
conditions or other circumstances can give rather unique production profiles. 
To include all these factors, production profiles based on empirical data can 
be used in an analogue approach.  

The bottom-up approach can be seen as the methodological foundation of 
this thesis and is applied directly or indirectly in all papers according to the 
following. In Paper I, the usefulness of bottom-up methods is evaluated by 
retrospective analysis, and conclusions are drawn for potential improvements. 
In Paper II, production parameters of unconventional tight oil wells are de-
rived, which provide building blocks for regional and global bottom-up mod-
els by analogy. In Paper III production parameters of conventional offshore 
oil fields are derived. In a similar way, these parameters provide building 
blocks for conventional offshore production modelling. Paper IV conducts a 
conceptual bottom-up analysis to highlight the different dynamics between 
conventional oil and unconventional tight oil to serve as a reference for a dis-
cussion on potential implications. In Paper V, a fully specified real-world bot-
tom-up model, the Rystad Energy UCube, is applied to investigate potential 
future world oil supply. Finally, Paper VI investigates changing future oil de-
mand output from the IEA WEO bottom-up model. Several complementary 
and specific methods are used in conjunction with the high-level bottom-up 
framework, these are described further below. 

4.2 Retrospective analysis (Paper I, VI)  
In the context of scenarios, projections and forecasts, retrospective analysis 
can be defined as any careful analysis of projections that is conducted after 
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the period covered by the projection has become history (Koomey et al., 
2003). According to O’Neill and Desai (2005) analysis of performance of past 
projections can be useful for two main reasons:  

 
i. to inform scenario users about implied uncertainty of current projec-

tions based on historical accuracy, and 
ii. to identify accurate and inaccurate parts of projections to inform mod-

ellers and scenario developers where improvement efforts can be 
aimed.  

The retrospective analysis conducted in Paper I aims to shed light on these 
two points by quantification of historical revisions and accuracy of oil projec-
tions in IEA World Energy Outlooks 2000 to 2016. Based on derived histori-
cal accuracy, uncertainty of current projections is also estimated by applica-
tion of empirical prediction intervals. As a further way to understand revisions 
and uncertainty, the outlooks are reviewed for stated motivations of revisions.  

In Paper VI, the retrospective analysis is conducted somewhat differently. 
Instead of focusing on performance of past projections compared to historical 
outcome, Paper VI focuses on revisions of projections where the outcome still 
lays in the future. The key different assumption made is that the model and its 
assumptions accurately reflect the world and give accurate projections of 
where the global energy system currently is heading, depending on its differ-
ent input scenarios. Changing projections are then instead treated as real 
changes in the current trajectory due to changes in policy and technology and 
other underlying factors. With this approach, the impact of new policies can 
be mapped, and revision trends identified and even extrapolated to be com-
pared with climate goals. Specifically, Paper VI conducts a retrospective study 
of IEA World Energy Outlooks 2000-2019 that maps projected demand for all 
energy sources (oil, gas, coal, hydro, bio, nuclear and other renewables) in all 
scenarios (Current Policies Scenario, Stated Policies Scenario and Sustainable 
Development Scenario). For oil, this allows mapping of changing demand pro-
jections as function of changing policies and other circumstances, which can 
inform possible and likely future actual demand levels.  

4.3 Decline curve analysis (Paper II, III)  
In petroleum production, decline curve analysis refers to analysis of produc-
tion rates of oil and gas wells and fields. This method has been used for over 
a century but was synthesized in a comprehensive manner by Arps in the 
1940s (Arps, 1945). Decline curve analysis is still being used as a benchmark 
by the industry due to its simplicity and tractability, despite that more ad-
vanced approaches, such as reservoir simulation, are available. At some point, 
well oil production rate will begin to decline as a function of time due to loss 
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of reservoir pressure or changing relative volumes of produced fluids. The 
central assumption underpinning the method is that conditions and mecha-
nisms controlling the historical production trend will continue to control the 
future production trend. Decline curve analysis is in principle empirical trend 
extrapolation, however with underlying theoretical foundations in fluid dy-
namics and reservoirs physics. The main advantage is the method’s simplicity, 
it only requires production data, while knowledge of the actual physical con-
ditions and mechanisms driving the production is not needed directly. Once a 
stable production trend is identified, mathematical models can be fitted to the 
production data and extrapolated into the future. The extrapolated production 
decline curve can then be used to estimate well lifetime or well resource size 
if combined with a production cut off criteria, usually based on an estimated 
economic production limit.  

Arps’ decline curves were empirical, but later studies show how the equa-
tions can be derived analytically from reservoir dynamics (Fetkovich, 1973; 
Sun, 2015). When combining material balance and fluid flow equations, the 
analytical equations conform to Arps curves under certain conditions. If as-
suming boundary dominated flow at constant bottom hole pressure, the ana-
lytical solution is exponential decline in proportion to cumulative production. 
Further, if assuming constant reservoir pressure by water injection, the relative 
permeability curves of oil and water decide the decline function. If relative 
permeability to oil is linear, production follows exponential decline. If it fol-
lows a power function the decline is hyperbolic and if following an exponen-
tial function then production decline is harmonic (Sun, 2015).  

In practical reservoir engineering and analysis, analysts usually use tradi-
tional empirical Arps curves, and more advanced derivatives, together with 
analytical solutions as well as numerical simulations, for validation as well as 
to get a range of possible estimates of for example EUR (Towler, 2002). 

Originally, decline curves were applied to single wells, but the approach 
has also been applied to fields which consist of multiple wells spread out 
through time and space. If all wells are connected to the same reservoir, their 
total production will cause the cumulative depletion of the reservoir fluids and 
the reservoir pressure. The oil production decline curve for the whole field 
will therefore also show a trend governed by the total reservoir physics, which 
in turn can be identified and extrapolated. However, since the producer can 
choose to drill more wells, or change the production strategy in other ways, a 
field production profile is dynamic and changeable by the producer, in contrast 
to a single, unmanipulated well in an unconnected reservoir, where production 
is determined solely by the development of physical factors. However, even 
single wells are often manipulated through time with a change in physical 
conditions as a result, for example by installation of artificial lift systems 
(pumps) to increase the pressure gradient or hydraulic fracturing to increase 
permeability.  
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In Paper II traditional decline curve analysis, commonly used on conven-
tional oil wells, is applied to unconventional tight oil wells in Eagle Ford 
shale. Two different functions with non-constant decline rates – the hyperbolic 
and the stretched exponential function – are fitted to historical well data, and 
then extrapolated to estimate well ultimately recoverable resources (EUR). In 
Paper III decline rates of different categories of conventional offshore oil 
fields are derived from averages of historical annual production decline, as-
suming constant exponential decline.  

4.4 Depletion and decline rate analysis (Paper III) 
A useful complement to decline curve and decline rate analysis is depletion 
rate analysis. In a similar manner this method looks at production rates of 
petroleum wells and fields, and even regions, but in relation to an estimate of 
the resource size of the producing well, field or region. The concepts of de-
pletion rate and decline rate are linked (Höök, 2014b; Höök et al., 2014b). For 
example, decline curve analysis can be used to estimate an unknown resource 
size of a producing asset by using production data. Similarly, depletion rate 
analysis can be used to estimate future production rates by using a known or 
estimated resource size.  

The depletion rate d(t) of remaining recoverable resources at time t can be 
defined as 

𝑑 𝑡    (1) 

where q(t) is annual production and RRR(t) is remaining resources defined as 

𝑅𝑅𝑅 𝑡 𝑈𝑅𝑅 𝑄 𝑡   (2) 

where URR is ultimately recoverable resources (equivalent to field size or in-
itial resource size) and Q(t) is cumulative production.  

On the field level, depletion rates generally increase with increasing extrac-
tion before the decline phase is reached. If exponential decline is assumed, it 
can be shown that the depletion rate of remaining resources during the decline 
phase is equal to the decline rate (Höök et al., 2014b). If hyperbolic decline is 
assumed it can be shown that a maximum depletion rate must be reached be-
fore the onset of decline. Consequently, the maximum depletion rate, or the 
depletion rate at peak, can be useful to extrapolate the following decline rate 
of the field.  

By an analogue approach, the following simple field production model can 
be established. Given an initial resource estimate, a production profile can be 
derived using a field size dependent initial plateau production level qp and a 
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maximum depletion rate of remaining reserves dm. Production equals the plat-
eau level as long as the depletion rate d(t) is lower than the maximum rate. 
When exceeded, the depletion rate is held constant, causing exponential de-
cline in production at the same rate. 

𝑞 𝑡
  𝑞                         𝑑 𝑡 𝑑
  𝑑 𝑅𝑅𝑅 𝑡          𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 (3) 

 
The relationship between field size URR and plateau production level and 
maximum depletion rate of remaining reserves can be approximated based on 
empirical studies.  

In Paper III empirical depletion rates for offshore oil fields are compiled 
together with other production parameters useful for oil field modelling by 
analogy.    

4.5 Supply curves and price elasticity (Paper V) 
A common way to study the impact of price on potential supply is the use of 
supply cost curves, where the production potential of supply assets is sorted 
by their breakeven oil price. This curve shows the theoretical production ca-
pacity at a certain oil price. The breakeven oil price is defined as the oil price 
level ($/b) which yields a project NPV of zero.  

Further, a common measure in economics of the responsiveness of produc-
tion to a change to price is the price elasticity of supply. It is defined as the 
percentage change in the quantity supplied divided by the percentage change 
in price, and can be calculated using the midpoint formula (Eq. 4). A price 
elasticity of zero indicates that the quantity supplied does not respond to price 
at all, while an elasticity less than one is described as inelastic, and elastic if 
greater than one. 

𝑒
%∆

%∆
/

/

  (4) 

Estimates of supply and demand elasticities of oil are often derived top-down 
through backwards-looking econometric time series methods. This macro-ap-
proach often has problems disentangling driving supply and demand factors 
underlying the production and price time series (Caldara et al., 2019). In par-
ticular, estimates of price elasticities of supply are rare in the literature, while 
demand elasticities are more common.  

In Paper V, a forward-looking bottom-up approach is used to estimate price 
elasticity of supply from a microeconomic perspective, by simply deriving 
elasticity estimates from price responses of world oil supply as well as for 
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other classes such as unconventional and conventional oil. Further, Paper V 
presents detailed path-dependent supply curves derived from the same data-
base and model, the Rystad Energy UCube. Derived elasticities can then be 
used in larger, complex economic models as a simple but useful approxima-
tion and condensation of all the information and dynamics contained in a bot-
tom-up model of world oil supply. 
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5 Results 

5.1 Retrospective analysis of bottom-up oil projections 
(Paper I)  
Paper I compiles projections of oil production, oil prices and upstream invest-
ments from the years 2000 to 2016 from the annual World Energy Outlook by 
the International Energy Agency, and investigates revisions and accuracy of 
past projections and implied uncertainty of current ones. Revisions of world 
oil production, price and investments have been motivated by a combination 
of demand and supply factors. Downward revisions are mainly allocated to 
OPEC, while recent upward revisions are due to unconventional oil, in partic-
ular US tight oil. Non-OPEC conventional projections have been stable. Price 
and investments have been revised mostly upwards. Projection accuracy fol-
lows the size and directions of these revisions, with high accuracy for Non-
OPEC (mean absolute percentage error of 4.8% on a 5-year horizon) and low 
for OPEC (8.9%) and unconventional (37%). Counteracting error directions 
contribute to accurate total World oil supply projections (4%) while price pro-
jections have low accuracy (37%).  

The paper concludes that scenario users should be aware of implied uncer-
tainty of current oil projections. In planning and decision making, uncertainty 
ranges such as those presented in the paper can be used as benchmarks. Sce-
nario developers should on their side focus improvement efforts on three areas 
in particular: tight oil, OPEC and new technology. 

The results of Paper I show that bottom-up modelling can be useful for 
accurate supply projections in the short to medium term. The high accuracy of 
Non-OPEC conventional oil production projections indicates the effectiveness 
of the World Energy Outlook modelling methodology when applied to well-
known resources, technology and economical and political frameworks. In 
other words, a bottom-up field-by-field approach has predictive power in re-
gions with market-based economic systems and with functioning and trans-
parent institutions. Increasing geological knowledge and improved cost esti-
mations can potentially increase accuracy further. Since tight oil is currently 
mostly produced in the US, it is possible to assume that this production, alt-
hough with a different dynamic, can be modelled in a similar accurate way 
based on geological and technical information and market dynamics. In-
creased understanding and precise modelling of tight oil have the potential to 
improve the accuracy of total world oil production projections since tight oil 
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might in the future function as a relatively fast balancer of global supply and 
demand, operating on market principles rather than political ones. 

5.2 Decline curve analysis of tight oil wells (Paper II) 
Paper II derives typical production curves of tight oil wells based on monthly 
production data from multiple horizontal hydro-fractured oil wells in the Ea-
gle Ford shale formation in Texas. 2312 wells from January 2010 to Septem-
ber 2014 were investigated. Well properties initial production rate (IP) and 
production decline rate are documented, and estimated ultimate recovery 
(EUR) is calculated using two empirical production decline curve models, the 
hyperbolic and the stretched exponential function. Individual well productiv-
ity, which can be described by IP level, production decline curvature and well 
lifetime, varies significantly. The average monthly IP was found to be around 
500 b/d, which yields an EUR in the range of 150–290 kb depending on ap-
plied curve, assumed well lifetime or production cut-off level. More detailed 
analyses on EUR can be made once longer time series are available. For more 
realistic modelling of multiple wells a probabilistic approach might be favour-
able to account for variation in well productivity. For less detailed modelling, 
for example conceptual regional bottom-up production modelling, the hyper-
bolic function with deterministic parameters might be preferred because of 
ease of use, for example with the average parameter values IP = 500 b/d, D = 
0.3 and b = 1 resulting in an EUR of 250 kb with a 30-year well lifetime, 
however, with the recognition that this extrapolation is uncertain. 

5.3 Depletion and decline rate analysis of offshore oil 
fields (Paper III) 
Paper III derives empirical estimates of field depletion level, depletion rate, 
decline rate and characteristic time intervals in offshore oil production based 
on a global field-by-field database containing 603 offshore oil fields. Statisti-
cal distributions as well as arithmetic and weighted averages of production 
parameters are derived for different categories of fields specified by size, lo-
cation and water depth. A tendency of small fields having higher depletion 
and decline rates is found. Similarly, OECD countries generally have higher 
rates compared to non-OECD countries. Trends related to water depth are not 
clearly distinguishable and require additional investigation of time-related as-
pects. Resulting spreads in derived parameter estimates are found to be well 
described by positively skewed probability distributions. Also, in line with 
theory, a strong correlation between depletion and decline rate is found. Ac-
cording to the study, the net share of global offshore production from smaller 
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and deeper fields is increasing. A continuation of these trends would likely 
have implications for future aggregate offshore production behaviour, most 
notably, increasing global aggregate decline rates. 

5.4 Production dynamics of conventional oil and tight 
oil (Paper IV) 
Drawing on the findings of Paper II and III and complementary data from the 
Norwegian Petroleum Directorate (NPD 2016) as well as from the Uppsala 
giant oil field database (Robelius 2007), a conceptual bottom-up comparison 
between conventional giant oil fields and unconventional tight oil wells is 
made to illustrate the different investment and production dynamics of these 
two supply sources. The implications of these differences are then discussed 
in regard to oil market dynamics and climate strategies.   

The analysis shows that in conventional production, once initial invest-
ments are made, decades of high production rates can follow. In contrast, tight 
oil production declines rapidly with the dominating part of cumulative pro-
duction produced within the first few years. Both kinds of production are char-
acterised by large initial capital costs and lower operating costs. This cost 
structure incentivises continued production once initial costs are spent, even 
if oil prices fall, but since tight oil wells decline faster, the amount of locked-
in production is significantly lower than for conventional projects.  

The different dynamics of conventional oil and tight oil needs to be con-
sidered when formulating energy and climate strategies. Since tight oil pro-
duction can entail less lock-in effects and stranded asset risks, it might provide 
a beneficial and more flexible pathway in the face of future uncertainty in the 
development of substitute technology and climate policy commitments. 

5.5 Elasticity of world oil supply (Paper V) 
Rystad UCube, a comprehensive global bottom-up field-by-field database and 
model, is used to map out potential oil supply the next 80 years. The model is 
used to construct future global oil supply curves and to derive estimates of 
price elasticity of supply for different segments of world oil supply, including 
conventional and unconventional oil.  

Derived supply curves are near vertical in the short term but shift to the 
right with time and price. However, at what speed and scale differs greatly 
between conventional and unconventional oil. Conventional oil shifts slowly, 
with limited upside potential from higher prices. In contrast, unconventional 
oil, dominated by tight oil, shifts fast with large upside potential from higher 
prices.  
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A dynamic algorithm is then used to model the future production and 
spending response from a price change in 2020. According to the model, con-
ventional oil will more or less remain on its current plateau even at higher 
prices, while unconventional oil can expand, leading to an upside potential for 
total world oil supply for at least the next 15 years.  

Derived price elasticity of conventional oil es is 0.003 on a one-year horizon 
and still below 0.1 on a seven-year horizon. In contrast, unconventional oil, 
dominated by tight oil, is relativity elastic with es 0.2 on a one-year horizon. 
With unconventional oil now constituting a significant part of global oil pro-
duction, total world oil supply has also become more elastic, with es for total 
liquids being 0.05 on a one-year horizon and 0.2 for a two-year horizon. 

This impact of tight oil on future oil supply needs to be considered in mod-
elling and analysis of future oil production and prices, and their implications. 
According to the size assumptions of the resources underlying the model, no 
terminal supply constraints the coming 15 years can be seen. Meanwhile, dur-
ing this timeframe, oil consumption has to begin to fall to be in line with cli-
mate goals. In consequence, these results confirm that a large share of known 
resources has to stay in ground for a 2-degree scenario. By assessment of the 
rate of change in public opinion, national policy and substitute technology, 
these results support the notion that a peak in demand is possible, and arguably 
even likely, before a peak in supply. 

5.6 Retrospective analysis of global energy demand 
(Paper VI) 
Paper VI conducts a retrospective analysis of consecutive historical projec-
tions of the World Energy Outlook 2000-2019 for all energy sources globally, 
and for all three main policy scenarios. Annual historical projections for the 
global energy system in line with climate targets are compared to projections 
in line with current as well as stated future policies. Through this comparison, 
the expected future impact of policies can be measured as well as the remain-
ing gaps to achieving climate targets, for both current policies and stated pol-
icies. As seen, the expected policy impact has to date been large in the case of 
decreasing coal and increasing renewables, even if large target gaps still exist. 
For oil and nuclear, the target gaps have, on the other hand, widened. Extrap-
olation of the observed pace of projection change implies that some of the 
projected quantities could reach their targets by 2030. This suggests that main-
tained, and in many cases increased, policy ramp-up pace is necessary to reach 
set energy and climate goals. However, a correlation analysis of revisions of 
current and stated policies projections suggests that non-policy driven changes 
to the global energy system are at least as large as the scope of planned policy, 
posing both challenges and opportunities for policymakers. 
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For oil, the results are somewhat ambiguous and can support different in-
terpretations and conclusions for the future. In the long term, the methodology 
suggests that there has been a ‘positive’ change, in regard to climate and en-
ergy targets. The current policies trajectory of future oil demand quantity is 
lower today than 20 years ago, and stated policies today is even further below 
past current trajectory projections. The accompanying price levels of these 
trajectories have been revised significantly upwards, from 40 $/b in WEO2002 
to over 100 $/b currently for 2030 prices. However, this impact was the high-
est in WEO2010, since then both current policies and stated policies demand 
projections have been revised upwards, while oil prices have been revised 
downwards. These revisions are in line with the interpretation that supply ap-
peared abundant in the early 2000s, while increasingly constrained from 2005, 
and increasingly abundant again from 2014 and onwards. The reasons for this 
cycle, as also argued in more detail in Paper I, and further supported by Paper 
V, were constrained conventional production and the following unconven-
tional tight oil technological breakthrough.  

Even if the planned future policy impact for oil is large, on average (and 
fairly constant) 300 Mtoe, it is somewhat lower than the range of the highly 
correlated (0.98) revisions of CPS and STEPS projections for the year 2030, 
which have ranges of 370 Mtoe for CPS and 326 Mtoe for STEPS. This sug-
gests that the impact of planned policy is just about as large as the impact of 
oil sector-specific developments, in this case, supply constraints and following 
supply abundance.  

With the recent upwards revisions, oil’s gap to climate targets is increasing. 
If current revision trends were to continue, as in the extrapolation example, 
the target will be missed with a large margin. However, a continuation of this 
revision trend is unlikely, since it is driven by a onetime non-policy supply 
event. Planned policy will likely catch up and aim to suppress consumption to 
decrease the gap to climate targets. Therefore, it can be deemed likely that 
future oil demand will be revised down, but to which degree depends on policy 
ambition and technical and economic potentials. As an example, the planned 
policy impact on coal has been significant at around 1000 Mtoe globally 
(though now decreasing from early highs). It is not unreasonably that planned 
policy could steer oil demand in a similar magnitude, even if underlying sub-
stitution dynamics and technology specifics are very different.   
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6 Concluding discussion 

6.1 Principal findings 
This thesis sat out to investigate world oil supply through a bottom-up ap-
proach that incorporated both physical and economic factors. It began with an 
overview of the past performance of an existing such model to evaluate the 
method’s potential and to identify areas of possible improvements. The three 
papers that followed attempted to provide knowledge for such improvements 
while the final two papers investigated the supply results of a full-scale bot-
tom-up model in line with many advances, as well as the potential and revi-
sions of demand due to new policies and other changes in the global energy 
system. This section begins with a brief recollection of the main findings of 
the individual papers and then moves on to answer the broader research ques-
tions stated at the beginning of this comprehensive summary.   

Paper I showed that bottom-up methods can be useful to project and analyse 
future world oil supply in terms of production, prices and required invest-
ments. In particular, projections of conventional non-OPEC production have 
been accurate, while projections for OPEC and unconventional have been less 
accurate. It was concluded that unconventional tight oil could be modelled 
with higher accuracy once this supply source became better understood since 
it is located in a more predictable economic and institutional environment. 
Accurate projections of prices, on the other hand, will likely remain challeng-
ing due to its high volatility, partly caused by the low elasticities of both oil 
supply and demand. However, with increasing supply elasticity from tight oil, 
price volatility might be reduced. This might lead to more predictable prices 
since supply and demand will reach equilibrium faster.   

Paper II suggested how tight oil production could be modelled on the well 
level using decline curves with non-constant decline rates, such as by the hy-
perbolic or the stretched exponential function.  

Paper III derived production parameters useful for bottom-up modelling by 
field analogy for offshore production. It showed that offshore production en-
tails long lead times and higher decline rates than onshore production. With 
an increasing share of offshore oil, the total aggregate decline in world oil 
supply was suggested to be increasing.  

Paper IV compared investment and production dynamics of conventional 
oil and tight oil on both field and well level as well as on aggregate level. It 
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conceptually illustrated the impact of the fast responding and more front-
loaded production of tight oil wells in terms of faster aggregate investment-
production response and higher decline rates, with reduced risks off lock-in 
and stranded assets as an effect.   

Paper V presented results from a comprehensive bottom-up database and 
model in terms of global supply curves and future trajectories for global pro-
duction, prices and upstream spending and resulting price elasticities of sup-
ply. The price elasticity of unconventional tight oil was confirmed to be much 
higher than for conventional oil, resulting in an increase in the elasticity for 
total global supply.  

Paper VI investigated past revisions of energy demand projections to show 
the impact of new policies and other changes in the global energy system. For 
oil, new policies have revised demand projections downwards compared to 
current policies. It was suggested that this long-term trend will likely continue, 
even if tight oil has led to recent upwards revisions of oil consumption, and 
downwards revisions of oil prices.     

The remainder of this section focuses on the overarching research questions 
of the comprehensive summary. The answers to these questions are based on 
the findings of the thesis papers. How the findings compare to existing studies 
is discussed separately in the subsequent section 6.2, including quantitative 
comparisons to methodologically similar work.  
 

 
 What is the potential and dynamics of world oil supply in the 21st century? 
 
According to the analysis of Paper V, there is still upside potential of world 
oil supply for at least 15 years, and there is potential for further plateau pro-
duction at these higher levels. The net upside potential is almost only due to 
unconventional oil, in particular tight oil. Conventional oil can remain on its 
current plateau for at least 15 years. A gradual shift from onshore to offshore 
is undergoing, with offshore production overtaking onshore in the second part 
of the century. 
 

 
 What is the difference between conventional and unconventional supply? 
 
Conventional oil fields consist of multiple wells in a discrete reservoir. They 
are large projects, characterized by large initial investments and long lead 
times, with aggregate field production profiles with distinct build-up, plateau 
and decline phases. The producer’s decision to develop new conventional oil 
is taken on a field-by-field basis.  

Unconventional tight oil wells are unconnected individual wells in a con-
tinuous resource. Each well is a small project with short lead times. The pro-
duction profile of an individual tight oil well is heavily frontloaded, with high 
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initial production rates, and high decline rates. The decision to develop new 
tight oil is taken on a well-by-well basis, or for a smaller group of wells.  

This makes conventional oil supply slow responding and inelastic on the 
aggregate level, while it makes tight oil supply fast responding and elastic. As 
calculated in Paper V, price elasticity of global conventional oil is 0.003 on a 
one-year horizon and still below 0.1 on a seven-year horizon. In contrast, sup-
ply elasticity for global unconventional oil, dominated by US tight oil, is 0.2 
on a one-year horizon. 

 
 
 How has unconventional tight oil changed world oil supply? 
  
Unconventional tight oil has made world oil supply more elastic, both in time 
and in scale. Without the emergence of tight oil, the current world oil market 
would likely be supply-constrained, absent any other technological break-
through. Tight oil production has increased resource availability significantly. 
Rystad Energy’s current Base case estimate of North American tight oil re-
maining economically recoverable resources is 250 Gb, and 420 Gb for the 
world. In a 120 $/b price scenario, the global estimate is 540 Gb. Tight oil 
production has also changed oil market dynamics by introducing a short cycle 
supply source, with lead times from investment to first production in the range 
of months compared to several years for conventional production. The intro-
duction of more and faster potential supply has led to lower prices and will 
likely lead to less extreme price volatility in the future by shorter periods of 
supply and demand imbalances. The rise of unconventional tight oil has de-
creased the price-setting power of OPEC, or at least limited the group’s stra-
tegic options by introducing a marginal supply source with high potential, op-
erating on market principles rather than being politically controlled. 
 
 
 What is the potential of world oil demand in the 21st century? 
 
For many years, demand was expected to continue to increase at around its 
post-1985 average rate of 1.5% or 1.2 Mb/d per year, if the world would con-
tinue on its then current path. However, with increasing global climate policy 
ambitions, beginning in earnest with the Kyoto Protocol in 1997, and with 
other changes to the global energy system, oil demand projections have been 
revised down. Based on the IEA World Energy Model with current policies 
and circumstances, world oil demand is still on a 1% upwards trajectory, with 
projected 2040 demand of 121 Mb/d at prices above 130 $/b. However, with 
announced policies, the demand projection bends with a 2040 projection of 
only 106 Mb/d at prices at 100 $/b. Still, no peak occurs within the time hori-
zon and this outcome is still far from the target of 67 Mb/d required to be in 
line with climate goals, in which prices are projected to be lower than 60 $/b, 



 49

according to the IEA model. Similarly, projections of global oil consumption 
in the International Energy Outlook of the US EIA have also been revised 
down as seen in Figure B1 in Appendix B. The projections of the presented 
Reference Scenario include only current laws and regulations, and therefore 
partly reflect evolving policy impact in a similar way as IEA scenarios.  

Since policy ambition ramp-up and substitute technology development are 
likely to continue, demand projections will likely continue to fall in the longer 
term, as argued in Paper VI. Demand projections that include likely but unan-
nounced future policies and more aggressive or predictive assumptions on 
substitution projects a peak in demand in the relative near term as seen in Fig-
ure B3. Rystad’s Base case, which is derived from a supply-demand balance, 
yields a peak around 2030, with a short plateau from 2028-2036 and a quite 
sharp fall thereafter, at prices at around 60 $/b. Further, recent initial analysis 
by Rystad notes that the covid-19 pandemic is likely to push the peak even 
closer by accelerations of structural trends (Rystad Energy, 2020c). Reduced 
aviation will depress demand in the short term, while the transition to electric 
vehicles will begin to reduce demand in the medium term.  

At the time of writing, only a few additional projections have been pub-
lished that take the impact of the covid pandemic into account. These include 
the BP Energy Outlook 2020 and the IEA Energy Technology Perspectives 
2020, which are presented in Figure B4. These projections contain dramatic 
short and long-term downwards revisions of oil demand. The BP Business-as-
usual scenario, which assumes that government policies, technologies and so-
cial preferences continue to evolve in a manner and speed seen over the recent 
past, projects that global liquids demand will never recover to pre-covid lev-
els. According to this projection, peak oil demand was passed in 2019.   
 
 
 What are the possible outcomes of supply and demand potentials in terms 

of future production and price trajectories?  
 
The Base case derived from the Rystad UCube model gives one central answer 
to this question, with a global peak in production around 2030 at prices around 
60 $/b. However, demand can be both higher and lower than assumed in this 
case. If higher, within reasonable assumptions, supply will still be available 
for at least 15 years, but at higher prices, according to the UCube model. If 
demand is lower, a peak before 2030 is possible at prices below 60 $/b. A 
price of 41 $/b gives falling production roughly in line with climate targets, 
falling more or less linearly to 67 Mb/d in 2040 and continuing thereafter. 
Figures B1-B4 present the full range of the price-sensitive UCube supply from 
Paper V together with production projections of the IEA, US EIA and other 
sources as representations for possible demand scenarios.  

In summary, it is possible to increase production further for at least 15 years 
according to the model, while it is likely that production reaches a maximum 
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within 10 years, and it would be desirable, from a climate perspective, if pro-
duction and consumption began to decrease immediately.   

Even if problematic to categorically state whether the observed production 
peak is supply or demand-driven, the potentials explored here suggest that the 
likely production peak within 10 years is demand-driven to a high degree. 
However, based on the same supply potential and unrestricted demand, a sup-
ply-driven peak would manifest in a not too distant future. The long-term im-
pact of the covid pandemic remains to be fully understood, but initial projec-
tions suggest it is bringing the oil demand peak closer in time, and at a lower 
level, with lower prices as a result. 
 
 
 What are the potential economic, political and environmental implica-

tions of these findings?  
 
The following discussion provides an overview of commonly raised oil-re-
lated issues and how the main findings relate to them. Consequently, the dis-
cussion concerns the various economic, political and environmental implica-
tions of a changing world oil supply in the 21st century. The discussion is not 
comprehensive since the scope is extensive and in many parts outside the fo-
cus of the conducted research. Hence, it does not provide a complete list of 
potential implications and their respective importance.   
   
Economic implications 
For the world economy, the price of oil affects overall economic growth as 
well as internal allocations between sectors and between producing and con-
suming nations (Hamilton, 2009, 1983; Kumhof and Muir, 2013). Higher oil 
prices yield higher transportation costs which spread to almost all sectors di-
rectly or indirectly to some degree, including higher food production costs, 
and in the end, increasing household costs significantly. A simple measure of 
the relative size of the total cost of oil in the economy is by comparison to 
gross domestic product (GDP). The cost of oil can be approximated by the 
annual average spot price times the annual global production. Dividing this 
cost with annual global GDP gives a ratio that has varied from below 1% be-
fore 1970, to 3.5% and 5.4% during the first and second oil crisis. From 1985-
2000 it was between 1-2% before increasing to 3.5% in 2008 and 2012, after 
which it fell to 1.5% in 2016. These cost shares are significant. On national 
levels in oil intensive countries, it has been even higher, for example in the 
US. Hamilton (2011) shows that since 1945, 10 out of 11 episodes of eco-
nomic recessions were preceded by a surge in oil prices, pushing this indicator 
above 9% in 1979, and above 6% in 2008 for the US. Further, Hamilton argues 
that the recent great financial crisis was caused by high oil prices to a signifi-
cant degree (Hamilton, 2009).  
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This simple ratio indicates how high oil prices the world economy can han-
dle. The 2019 annual average of 66 $/b yielded a ratio of 1.9% globally, which 
is significant but likely sustainable. But a near doubling to 120 $/b would yield 
3.5%, which would at least be a substantial drag on the economy. For today’s 
size of the world economy and oil market, 184 $/b is needed to reach the pre-
vious record of 5.4%. It can be supposed therefore that prices above 120 $/b 
will be increasingly unsustainable, and lead to increasing demand destruction.  

However, with increased supply mainly due to tight oil, future production 
can be provided at relativity low price levels. This would likely be a net posi-
tive for the world economy (Arezki and Blanchard, 2014) compared to a high 
price scenario. However, the underlying effects are uneven, lower prices will 
benefit consuming nations while hurting large producing ones. Consuming 
countries will reduce their oil expenditures while producing countries will re-
ceive lower oil profits. This effect will be even stronger in a low demand sce-
nario. If production would fall in line with climate targets, with future prices 
in the range of 40 $/b, this would prove a serious threat to large oil-producing 
nations, who for a long time planned their society, economy and strategy on 
an outlook of high demand and high prices for a foreseeable future. According 
to the IMF (2019a), many of these countries still need oil prices above 60 $/b 
to balance their state budgets. 

Lower prices, and in the long-term lower production volumes, will reduce 
these countries’ oil rents and possibly hurt their economies. This could lead to 
social unrest and instability since many oil-rich countries have underlying 
structural problems mitigated but also caused by oil rents (Ross, 2015). Some 
countries are undemocratic or have political institutions or legitimacy upheld 
in part through oil wealth. Reducing supporting oil rents could lead to far-
reaching changes, from necessary economic and political reforms to economic 
crises, social turmoil, regime change or even civil war. For recent reviews on 
conflict risks and oil extraction, see Koubi et al. (2014) and Ross (2015). Other 
related works include Andersen et al. (2017), Asal et al. (2015), Cotet and Tsui 
(2013), and Ward et al. (2010). In summary, this literature finds an increased 
risk of conflict related to the oil sector, through various possible mechanisms.  

The international community, and perhaps especially rich consuming na-
tions who are winners of lower prices and lower oil use, could assist oil rent-
dependent countries in their economic transformation, and in parallel support 
political transformation. If not for moral reasons, then for their own self-inter-
est, since the consequences of state failure or a worst-case civil war, would 
have wider effects including regional instability.  

 
Political implications                              
Political power is to some degree coupled with economic strength and inde-
pendence (Parsons, 1963). As discussed above, the shifting oil price level will 
have far-reaching economic and political consequences, but the geography of 
changing world oil supply and demand has large implications too. With tight 
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oil, the US is becoming a net exporter of oil. In 2005, the US net imported a 
record of 12.5 Mb/d of crude oil and petroleum products (EIA, 2020). At the 
end of 2019, the US turned into a net exporter. For a long time, the US was 
dependent on Middle Eastern oil, shaping its foreign policy in the region to a 
high degree, manifested for example by the Carter doctrine (Klare, 2011) and 
close relations to Saudi Arabia. Even if still connected to the same world oil 
market, and exposed to the same global price, the US now has a much more 
independent position. Since the shale revolution also unlocked large volumes 
of low-cost natural gas, US LNG exports can be used to counter energy influ-
ence from for example Russia in Europe. The White House describes its new 
position and strategy as an era of ‘energy dominance’, in addition to earlier 
strives for ‘energy independence’ (The White House, 2017). As an example 
of this new position and strategy, the White House has imposed sanctions on 
key oil producers Iran and Venezuela without causing major disruptions in the 
global oil market.  

For China, the trend is the opposite. For a long time, China was self-suffi-
cient in oil, but with increasing consumption and limited domestic resources, 
China became a net importer in 1993 (Leung et al., 2014). With still increasing 
demand, China is now the number one oil importer, with net oil imports of 
10.2 Mb/d (BP, 2020). According to Rystad data, China’s super giant field 
Daqing went into terminal decline in 1998, and its second-largest field Shengli 
a few years before. Additions of new smaller fields provided steady aggregate 
production growth until 2015 when total production peaked at 4.4 Mb/d, after 
which additions of new fields could no longer compensate for the decline in 
old ones. Since then, Chinese total oil production is in a relatively fast decline 
at an average annual rate of 3.8%. For conventional oil the observed decline 
is terminal, according to the Rystad model, while an unconventional tight oil 
boom is projected to begin in the 2030s, reversing the declining trend in total 
production, which by then will have fallen to 2.4 Mb/d. With rising demand 
and falling domestic production, Chinas import dependency is set to continue. 
This situation has been reflected in China’s energy security strategy and for-
eign policy, for example by engaging in diplomacy with oil-rich regions, di-
versification of suppliers, field acquisitions abroad, expansion of navy and 
tanker fleets and the establishment of a 0.5 Gb strategic petroleum reserve 
(Leung et al., 2014). In Iraq, one of only a few countries with an additional 
upside production potential of conventional oil, Chinese national oil compa-
nies now own 23% of Iraq’s current 2P reserves. The largest part is still owned 
by Iraqi national oil companies at 34% of 2P reserves, while US companies 
only own 4%, according to Rystad data.   

In a world with increasing competition and economic and political conflicts 
between the US and China, these changes will most likely grow in importance. 
The US could, from a strict oil security perspective, reduce its presence in the 
Middle East, to focus more on other areas, as envisioned in former President 
Obama’s strategy of a ‘Pivot to Asia’ (Davidson, 2014). China, on the other 
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hand, might be forced to take on a greater role globally, and in the Middle East 
in particular, to secure its oil supplies. Such changes will unlikely come with-
out friction.   

There are several other interesting case studies to be done in the shifting 
geography of supply and demand, and the resulting import and export flows 
and their implications. For example, Russia, the world’s third-largest pro-
ducer, likely reached its peak in 2019, with production projected to decrease 
slightly until 2028 when its terminal decline sets in at a higher pace. On the 
other hand, Saudi Arabia, the world's now second-largest producer, can main-
tain plateau production until 2050.  

  
Environmental implications  
From an environmental perspective, a changing world oil supply has many 
implications. Oil production causes local environmental impacts in the form 
of land use and ecological disturbances as well as oil spill risks and other pol-
lution and accident risks. On the global level, energy used for extraction as 
well as methane leakage and flaring cause greenhouse gas emissions. The 
dominant impact, however, comes from the consumption side by combustion 
of the final products and their resulting carbon dioxide emissions. Differences 
in how the oil is produced affect both the full lifecycle greenhouse gas emis-
sions as well as local environmental impacts. The shift from conventional oil 
to unconventional has traditionally been framed as worse for environmental 
reasons (Brandt and Farrell, 2007). For long, oil sands and extra-heavy oil 
were seen as the unconventional oils of the future, both with high local envi-
ronmental impact and high life cycle emissions. However, with additional un-
conventional supply predominantly coming from tight oil, this picture needs 
reconsiderations.  

For greenhouse gas emissions and climate change, unconventional tight oil 
production can be both helpful and unhelpful. If solely leading to overall 
cheaper supply and more consumption it will yield higher carbon emissions 
compared to a more supply-constrained scenario. But since tight oil has lower 
carbon dioxide intensity than many conventional oils (Brandt et al., 2018; 
Gordon et al., 2015b; Masnadi et al., 2018; Yeh et al., 2017), and especially 
than other unconventional oils such as oil sands, it can actually have benefits 
if handled together with the appropriate policy. Another benefit of tight oil 
production is its lower lock-in effects, since the production time scales are 
much shorter, as discussed in Paper IV. If tight oil replaces oil sands and pro-
vides supply which can be reduced relatively fast without risking to strand 
assets, it might prove to be a favourable supply source compared to long-lived 
projects, from a climate strategy perspective as well as from an oil industry 
financial risk perspective. 

The tight oil net positive effect on the world economy can arguably also be 
helpful for climate action if handled properly, since it could be difficult to 
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arrange international climate agreements and raise funds for renewable invest-
ments in a world beset by high oil prices, risking economic recessions and 
competition for scarce resources. On the other hand, from a strict climate per-
spective, it could also be argued that a radical decline in oil use and economic 
activity due to oil supply shortages would be positive, even if having negative 
impacts on human economic welfare. Further, high oil prices could lead to 
creative destruction (Schumpeter, 1942) and acceleration of innovation and 
transitions away from oil. The question whether tight oil has a net positive or 
net negative effect on the global environment and the great energy transition 
is an open but highly interesting question, and, of course, with an answer 
highly dependent on applied definitions and boundaries. 

On the local level, the impact of tight oil compared to conventional oil is 
more difficult to assess, in particular in a quantitative way, and needs further 
investigation. However, tight oil affects much larger areas (Allred et al., 
2015), with widespread drilling and fracking operations needing extensive 
supporting logistics in the form of trucks of oil, sand, water and other materi-
als. For example, Clancy et al. (2018) estimate that 73% of potential shale well 
pads in the UK will likely overlap with immovable existing infrastructure, 
limiting estimated recoverable resources with a similar amount. Conventional 
oil is concentrated in certain areas, or far away offshore. The risk of ground-
water pollution and induced seismicity due to hydraulic fracturing (Zhang and 
Yang, 2015) need to be considered as well in a holistic comparison.  

From an economic perspective, the most efficient policy tool to reach cli-
mate goals is often argued to be through carbon taxes in proportion to carbon 
content (IMF, 2019b). However, lacking global and significant implementa-
tions of such taxes it is understandable that more immediate and high-profile 
policies can appear attractive, such as supply-side policies (Erickson et al., 
2018) in forms of for example extraction bans or infrastructure bans. The ef-
fectiveness of such policies will still depend on the variety in carbon intensity 
of different oil sources and the wider dynamics of the world oil market. Re-
cently, a specific fracking-ban has been under consideration in the US. Such 
policies need to be evaluated carefully as not to risk being counterproductive 
to overall climate goals. If lost shale barrels were to be replaced with world 
average barrels or, perhaps more likely with high carbon intensity barrels, a 
‘fracking ban’ policy risks being counterproductive. A conceivably more ef-
ficient technology-specific policy would be to regulate flaring (Brandt et al., 
2018), especially for US shale.  

By coincidence, the recent US oil sanctions on Iran and Venezuela can be 
seen as targeted supply-side climate policy interventions since they target 
large high carbon intensity oil producers. Of the significant oil-producing 
countries, Venezuela ranks number one (together with Algeria) in emission 
intensity, while Iran is number five (Masnadi et al., 2018). If we assume that 
lost Iranian and Venezuelan barrels, as estimated by Rystad Energy (2019a, 
2019b), are replaced with world average carbon intensity barrels, the global 
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annual carbon emission saving is in range of 54 million tons, a reduction equal 
in size with Sweden’s total national emissions. Since oil prices have not in-
creased due to ample replacement supply sources, the overall economic cost 
of this unintentional climate policy can be considered low. However, the cost 
for the economies and peoples of Iran and Venezuela must be deemed very 
high.  

6.2 Comparison of results  
If we return to the introduced Bentley scale of peak oil arguments, how does 
this study compare? Since this thesis looks at several possible futures, it is 
difficult to place it exclusively in one category. However, a key view of this 
thesis can be summarised as follows, in a comparable format: conventional oil 
is on a supply-constrained plateau level while unconventional oil has growth 
potential at relatively low prices, demand is expected to be revised down with 
the possibility of a peak fairly soon, likely before final supply constraints of 
all liquids. This puts this study approximately on a 3 on this simplistic but 
useful scale, with a possibility of a 5. It therefore falls in line with the broader 
current views of for example the IEA and the US EIA, at least for the next 15 
years. It does not see binding supply constraints of all liquids in the imminent 
near term, nor does it reject the possibility of increasing supply constraints in 
the long term if demand does not begin to level off during this 15-year time 
window, or if no further supply-side breakthrough occurs.    

More detailed and quantitative comparisons can be made with McGlade 
(2013), Wold (2015) and the IEA World Energy Outlooks. The most striking 
difference compared to McGlade is the much higher production rates of tight 
oil in the recent UCube model. McGlade uses a lower, but not radically lower, 
estimate of global technically recoverable resources of tight oil of 300 Gb, 
with a 430 Gb higher and 180 Gb lower bound. However, tight oil is not mod-
elled in the detailed field-by-field model BUEGO, but is derived from the 
more slow-responding TIAM-UCL model with five-year time steps. The bulk 
of tight oil production in the McGlade framework comes online in the later 
part of the century, in contrast to in UCube where the majority is produced 
before 2050. This is likely the main reason why BUEGO produces such high 
prices from 2020-2035 compared to UCube.  

The base case production trajectories of BUEGO and UCube are similar, 
with both roughly yielding a 10 Mb/d increase in total liquids to 2035. How-
ever, the accompanying price levels are not similar. With the higher prices of 
McGlade, the Rystad model would give a higher production response.  

There is also a difference between this thesis, which uses the latest UCube 
version, and Wold who uses a 2015 version of the same database and model 
structure. Here as well, tight oil is the main driver of the differences. By look-
ing at change records of previous versions of the model it can be seen that the 
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Base case production level of North American tight liquids in 2040 was 7.9 
Mb/d in the 2015Q4 version, while it is 17.8 Mb/d in the current version. Fur-
ther, as described in Rystad Energy (2019c), North American tight oil 
emerged as the second cheapest source of new oil volumes globally in 2019, 
with an average breakeven of 46 $/b, compared to Wold’s 61 $/b. Only on-
shore Middle East fields are lower at 43 $/b. This cost reduction, and accom-
panying revisions of economically recoverable resources, explains a major 
part of the differences between old and new UCube results. Appendix C pre-
sents UCube projection revisions in more detail. Figures C1-C3 shows 
monthly revisions of the Rystad Base case since the first 2014-04-15 model 
version for production, resources, prices and spending. As seen in Figure C1, 
future tight oil production has been revised up continuously until around mid-
2018, with the recent sharp downward revision being the results of the pan-
demic. For 2030, the revisions suggest that increasing tight oil has led to in-
creasing total liquids production since conventional has remained fairly stable. 
For 2040, however, increasing tight oil has led to a lower increase in total 
liquids since conventional production has been revised down. Figure C2 
shows revisions of remaining economically recoverable resources in the Base 
case. Conventional resources, both OPEC and Non-OPEC, have been rela-
tively stable, while tight oil has been mostly revised upwards. The hump at 
the beginning of 2018 is mostly due to upwards and downwards revisions of 
Argentinian shale resources. Figure C3 shows how annual spending (in nom-
inal terms) has been continuously revised downwards since 2014. Base case 
price revisions for all versions are only available for 2020 and 2025. As seen, 
projections for both these years have seen downwards revisions of more than 
50%. In summary, the comparisons to McGlade and Wold, as well as the 
UCube revision logs, confirm that tight oil has changed world oil supply in 
significant ways. 

Further, the results presented in this thesis can be compared to the latest 
IEA WEO production and price trajectories. The Stated Policies Scenario 
(STEPS) is not a forecast but it is arguably the most likely of the three scenar-
ios published in the World Energy Outlook, at least in the short and medium 
term, and can be used for comparisons. The Rystad Base case and the IEA 
STEPS projections have a similar production trajectory to 2035 (Figure B2), 
but IEA projects a higher accompanying price of 88 $/b in 2030 compared to 
Rystad’s 60 $/b. After 2030 UCube also requires a similar price as the IEA for 
the same production levels. In 2040 the IEA projects 106.4 Mb/d at 103 $/b, 
while UCube can provide this level at 70-80 $/b and increasing thereafter. In 
summary, the outlook until 2035 is similar, but UCube relies on higher tight 
oil production levels in the short and medium term, with lower prices as a 
result.   

Finally, a similar comparison can be made to the latest US EIA IEO2019 
Reference projection. As seen in Figure B1 in Appendix B, the Rystad Base 
case and the IEO Reference scenario have similar production trajectories until 
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2035. Also, prices are similar, IEO2019 price projections increase approxi-
mately linearly to 75 $/b in 2035 and 100 $/b in 2050 (real terms, 2018 USD). 

The relative similarity of current UCube, IEA and US EIA ‘base case’ pro-
jections up until 2035 gives some further confidence in the validity of the re-
sults. The divergence to previous studies of McGlade and Wold can mainly 
be ascribed to tight oil, which further strengthens the point that tight oil has 
changed world oil supply in recent years.   

6.3 Limitations and uncertainties   
There are of course many limits to what a single study can say about such a 
large and complex system as world oil supply, especially regarding its future. 
This section discusses some key limitations and uncertainties of the conducted 
research. 

First, it can be questionable, from an academic transparency perspective, to 
rely on a proprietary database and model which cannot be completely pub-
lished for public scrutiny. Further, there is no direct possibility to change all 
underlying assumptions and dynamics in the model by the user. Nevertheless, 
it can be argued that though not ideal, it is necessary, since constructing such 
databases and models require extensive resources. Further, systematic inves-
tigations of the results of a highly used model is in itself important, since many 
decision-makers use this model for their analysis and act on its results.  

For these reasons, it was decided to use the Rystad model for the final 
global aggregate analysis, instead of constructing a simpler model based on 
compiled public data. A first step was taken in this direction, however, by 
constructing field databases and deriving characteristic production parameters 
to use as analogues in a bottom-up framework. However, this was abandoned 
when the opportunity to use UCube arose. The collected data and derived field 
and well analogues were then useful as benchmarks. With this material and 
other published research, the assumptions and underlying methodology of 
UCube could be assessed. To this author’s knowledge and judgement, the 
data, assumptions and modelling methodology of UCube are as informed as it 
can be at the present time. For example, hyperbolic well curves are used for 
individual well modelling of tight oil on a monthly basis and production pro-
files of offshore fields are steeper than conventional ones, resources of OPEC 
countries are independently assessed and not taken at face value as are the 
volumes of undiscovered resources, etc. In summary, in this case, quality and 
detail was chosen over total transparency. However, even if the underlying 
data and model cannot be published in full, this thesis still contributes to the 
public knowledge domain by publishing some of the model’s key results.  

Besides the specific used data and framework, there are more general limits 
to the chosen approach. All resource-based supply-side frameworks are de-
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pendent on quantitative resource estimates such as ultimately recoverable re-
sources (URR) or ultimately economically recoverable resources (UERR). 
Both top-down models, such as a single global Hubbert curve, and bottom-up 
models such as UCube, rely on them. Since they represent an estimate of what 
will be produced from an entity over all time they are in principle forecasts, 
with standard caveats of forecast uncertainty applicable. Changing infor-
mation, understanding, technology or preferences can alter these estimates. 
However, the approach used in UCube with estimates specified at field level 
should be more robust than top-down estimates. At the field level, there are 
clearer constraints on how much the URR or EURR can vary. Further, the use 
of price-sensitive EURR estimates should be superior to fixed URR estimates 
since fixed URR estimates by implication only forecast a single most-likely 
price-cost trajectory while EURR estimates show how the URR estimates vary 
with price.  

Changing technology can alter resource estimates gradually by improving 
existing technology and perfecting operations. On the other hand, depletion is 
usually assumed to work in the opposite direction. By going from easier re-
sources to more difficult ones, productivity can decrease. It is, therefore, a 
reasonable assumption to assume future productivity in line with recent ana-
logues.  

The uncertainty of a possible discrete high impact change in technology is 
much more difficult to incorporate in the analysis, and this work does not at-
tempt to do so in a quantitative way. A similar shale-like technological break-
through of a hitherto overlooked source is in theory possible, even if it is dif-
ficult for current observers to imagine. The results presented here are therefore 
conditioned on the premise that no game-changing technology breakthrough 
occurs. This is a major weakness due to the long timescales involved and a 
past history of just such events. However, a brief look at the evolution of the 
shale revolution can shed some further light on this issue. 

Even if shale oil and gas technology has been called the most important 
energy innovation of the 21st century (Yergin, 2013) its emergence was a sur-
prise to most. Not until 2008 was ‘shale gas’ mentioned in the IEA World 
Energy Outlook, and not until 2010 was ‘shale oil’ introduced, with first pro-
duction projections appearing the year after in 2011. To many other analysts, 
the full importance of shale oil and gas became apparent much later. In 2014 
the global oil price collapsed due to oversupply from tight oil. If only going 
by the IEA Outlooks the timespan between 2011 and 2014 seems very short. 
However, the beginning of modern shale production can be traced to a 1998 
field test in the Barnett Shale by petroleum engineer Nick Steinsberger at the 
oil and gas company Mitchell Energy (Gold, 2014). Under the pressure of low 
prices and declining production, owner George Mitchell was pushing hard to 
unlock gas production in the Barnett shale by hydraulic fracturing. By a mis-
take Steinsberger came up with the successful watery fluid mix. The approach 
spread through the Barnett and was later applied to oil in the Bakken in North 
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Dakota. In 2010, 50% of all wells in the US were horizontal, according to 
Baker Hughes rig count data (Baker Hughes, 2015), compared to 5.8% in 2003 
and before. This is still a rapid development: 12 years from first successful 
field test to major US market diffusion. In National Petroleum Council 
(2007b), the innovation and diffusion time of fifteen oil and gas exploration 
and production technologies were studied. The average time from idea to 50% 
market penetration was 30 years, where idea to field test was 15 years, and, 
correspondingly, field test to 50% penetration was also 15 years. Compared 
to this report the speed of the shale breakthrough was close to what could have 
been expected, in particular for an innovation stemming from an independent 
operating company, which according to the report leads to faster spread com-
pared to innovations from larger or national companies. 12 and 15 years are 
also fast compared to existing estimates of many other technologies. Gross et 
al. (2018) finds examples of energy supply and end-use technologies with time 
periods from invention to widespread deployment in the range from 20 to 70 
years. Others find even longer time spans (O’Neill, 2003; Wilson and Grubler, 
2011), while some point to some quicker examples (Sovacool, 2016). 

In the scientific literature shale gas and hydraulic fracturing began to trend 
in 2004, according to Scopus bibliometrics results for the search terms ‘shale 
gas’ and ‘hydraulic fracturing’, while ‘Barnett’ began two years earlier. These 
mentions first appear in trade journals such as the Oil & Gas Journal and SPE 
journals. An early example mentioning Barnett shale is Oil & Gas Journal 
(1998). Much later are these terms mentioned in broad energy journals like 
Energy, Applied Energy and Energy Policy. Public interest, as measured as 
Google Trends search terms, begins trending upwards in 2009, later then the 
academic literature. 

The experience of the shale innovation and revolution shows the inherent 
uncertainty of technological development, and that it can be quick and be able 
to surprise even highly dedicated analysts. In particular if innovation origi-
nates from practice in the field rather than from theory derived in academia or 
laboratories. Innovation spread can then be swift and with few ‘early warn-
ings’ in the literature. If, by analogy, potential production from unknown tech-
nology is introduced to current projections, global oil production and price 
uncertainty is increasing rapidly with time. However, based on the shale ex-
perience, the first ten years should be fairly robust to any significant impact 
of unknown production side technology, if we assume no such unknowns are 
currently in the diffusion stage without our knowledge (which might be the 
case).     

Besides technology change, there are other possible discrete high impact 
events that could impact world oil supply and demand substantially but which 
are difficult to include in a model, including geopolitical events and institu-
tional changes, pandemics etc. Some of these could be explored by scenario 
analysis in further studies. Here, however, only projections without any major 
disruptive events are presented.  



 60 

A final limitation of the quantitative modelling approach, as applied here, 
is that oil supply is modelled in isolation and not connected to the wider econ-
omy. As discussed in section 6.1 on economic implications, the connection 
between oil prices and GDP is important. The approach taken here does not 
say if oil prices of 120 $/b are possible to sustain in the long term, neither how 
demand would react to such prices. To fully capture all these dynamics quan-
titatively, a bottom-up oil supply model should be incorporated into a wider 
global energy systems supply-demand model, which in turn is connected to a 
global economic model, with all the appropriate feedback mechanisms. This, 
however, is beyond the reach of this thesis.  

6.4 Future research 
A wide range of possible paths of additional research opens up from the topics 
covered so far. Continued and more detailed modelling and analysis of world 
oil supply is a natural first path. Further investigations and sensitivity analyses 
of resource size assumption of US and global tight oil resources is one im-
portant area since tight oil has such a high impact on future global supply and 
is still less well understood compared to conventional oil. The total resource 
size is usually estimated, as in Rystad, by multiplication of a standard well 
production EUR (derived from for example a hyperbolic function) by the 
number of possible drilling locations. This number of drilling locations needs 
to be better investigated, as well as the possibility and magnitude of re-frack-
ing of existing wells. The number of drilling locations is fundamentally con-
strained by geology, but other practical constraints will layer upon this 
(Clancy et al., 2018), such as protected lands, public resistance and water or 
infrastructure constraints.   

Further investigations of assumptions on future discoveries would also be 
valuable. Especially the long-term assumptions on unawarded acreage, which 
is likely the single largest long-term uncertainty in the model, and underpins 
the long-term projections to a high degree. Further investigations on the true 
size-frequency distribution of fields could be one way to benchmark assump-
tions of future discoveries.  

A second path is to use the condensed information from the bottom-up 
framework, for example in the form of supply elasticities, in larger economic 
models of the world economy to study quantitatively the wider economic im-
pacts of changing future world oil supply. Such a wider framework could also 
cover the link and feedbacks between oil prices and GDP growth, and inves-
tigate possible sustainable and unsustainable price levels.  

A third path, with many branches, is to follow some of the many implica-
tions of changed supply, for example by import-export studies and changes in 
future national rents etc. A large literature exists on the empirical and theoret-
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ical links between oil and conflict, both within and between states. Tradition-
ally, the focus has been on conflict risks associated with increasing petroleum 
wealth. But as seen in this thesis, at some point, demand will likely begin to 
fall with lower rents as a result. By historical studies on past similar events, 
with falls in resource rents in resource-dependent countries, lessons can be 
learned, and ideally, future conflicts avoided.  

A fourth path would be to connect the Rystad database results to estimates 
of carbon intensities and investigate the impact of oil heterogeneity on carbon 
budgets. Also, the Rystad model could be used in a similar way as McGlade 
and Ekins (2015) to quantify unburnable resources. Possibly, with the poten-
tial of oil supply changed since this study was made, the results would be 
somewhat different. The supply curves underlying the model are likely to have 
changed in significant ways, with higher production potential and lower cost 
of tight oil than assumed at the time of that study.  

Finally, and perhaps the most interesting for the author personally, is to 
revisit this thesis and its conclusions in five or ten years, examining past per-
ceptions of future developments with the actual outcomes at hand.  
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Appendix A – Resources and reserves  

Table A1-A4 presents resources and reserves estimates from Rystad UCube 
for different categories and selections of oil as well as reserves compiled by 
BP for comparison. Rystad Resources equals remaining economically recov-
erable oil resources as of January 1st 2020 in the Rystad Base case. Oil includes 
crude oil, condensate and natural gas liquids. Rystad 2P and 1P Reserves are 
P50 and P90 reserves in accordance with the SPE resource classification 
scheme. Data source: Rystad UCube version 2020-08-15.  

BP Proved Reserves are ‘proved reserves’ as described and publicly pub-
lished in BP Statistical Review of World Energy 2020 and include crude oil, 
gas condensate and natural gas liquids. BP defines Proved reserves of oil as: 
“Generally taken to be those quantities that geological and engineering infor-
mation indicates with reasonable certainty can be recovered in the future from 
known reservoirs under existing economic and operating conditions. The data 
series for total proved oil does not necessarily meet the definitions, guidelines 
and practices used for determining proved reserves at company level, for in-
stance as published by the US Securities and Exchange Commission, nor does 
it necessarily represent bp’s view of proved reserves by country.”  

Further BP describes their data source: “The estimates in this table have 
been compiled using a combination of primary official sources, third-party 
data from the OPEC Secretariat, World Oil, Oil & Gas Journal and an inde-
pendent estimates of Russian reserves based on official data and Chinese re-
serves based on official data and information in the public domain.” 

Rystad Energy (2020c) compares BP and Rystad reserves in more detail. 
In summary, a majority of OPEC countries overreport reserves. Further, Bent-
ley et al. (2007) discuss problems with the way BP compiles different kinds 
of reserves.  

Table A1. Resources and reserves of oil by location and class in gigabarrels (Gb). 
Source: Rystad UCube, BP.  

Resource class (Gb) World total OPEC Non-OPEC 

Rystad Resources 1 972 779 1 193 

Rystad 2P Reserves 465 152 313 

Rystad 1P Reserves 263 85 178 

BP Proved Reserves 1 734 1 215 519 
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Table A2. Rystad Resources of oil by location and lifecycle. Source: Rystad UCube 

Resource class (Gb) World total OPEC Non-OPEC 

Rystad Resources 1 972 779 1 193 

    Producing 863 498 365 

    Under development 43 12 31 

    Discovery 429 157 272 

    Undiscovered 636 112 524 

 

Table A3. Rystad Resources of oil by production type and lifecycle. Source: Rystad 
UCube  

Resource class (Gb) World total Conventional Unconventional 

Rystad Resources 1 972 1 419 553 

    Producing 863 760 103 

    Under development 43 34 10 

    Discovery 429 276 153 

    Undiscovered 636 349 287 

 

Table A4. Rystad Resources of oil by supply segment and lifecycle. Source: Rystad 
UCube.  

Resource class (Gb) 
World 
total 

On-
shore 

Offshore 
shelf 

Offshore 
deepwater 

Oil 
Sands 

Tight 
oil 

Rystad Resources 1 972 849 408 242 73 400 

    Producing 863 582 180 38 35 28 

    Under development 43 14 10 11 1 7 

    Discovery 429 128 108 66 28 99 

    Undiscovered 636 124 110 127 9 266 
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Table A4. Rystad Resources, Rystad 2P Reserves and Rystad 1P reserves of oil by 
top 20 countries and for the rest of the world, in million barrels (Mb). Source: 
Rystad UCube.    

Country Resources (Mb) 2P Reserves (Mb) 1P Reserves (Mb) 

Saudi Arabia 321 160 61 550 35 516 

United States 307 074 98 022 63 101 

Russia 167 133 47 502 24 410 

Canada 116 634 48 498 26 908 

Iran 102 190 15 518 9 000 

Iraq 98 143 23 617 11 065 

Brazil 92 900 8 470 4 734 

China 78 438 28 339 13 175 

U. Arab Emirates 76 405 16 041 8 643 

Kuwait 57 794 11 570 6 807 

Qatar 56 996 6 679 3 619 

Venezuela 40 288 2 460 1 232 

Mexico 36 527 8 589 5 180 

Kazakhstan 34 144 18 488 8 495 

Australia 25 011 1 820 1 101 

Norway 22 745 9 107 4 978 

Libya 20 692 3 368 1 962 

Nigeria 20 051 5 672 3 201 

Algeria 18 047 5 316 3 406 

Argentina 15 238 2 463 1 567 

Top 20 total 1 707 606 423 090 238 101 

Rest of the world 264 288 40 203 24 485 

World total 1 971 894 463 292 262 586 
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Figure A1. Evolution of resources and reserves. The figure shows historical and pro-
jected (Base case) discovered Rystad resources, cumulative production and remain-
ing Rystad resources, as well as annual BP Proved reserves and annual Rystad 2P 
and 1P Reserves. As seen, BP reserves have been revised up continuously but soon 
match Rystad remaining resources, indicating an end to upwards revisions, and 
eventually a falling trend in line with cumulative production. Source: Rystad 
UCube, BP.  
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Appendix B – Comparison of projections  

Figure B1. US EIA IEO Reference projections for World liquids consumption and 
Rystad UCube liquids supply from Paper V (grey lines), including Base case aggre-
gate decline, production projections for 20 $/b to 120 $/b as well as for the Base 
case.  
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Figure B2. IEA WEO projections for World oil supply and Rystad UCube oil supply 
from Paper V (grey lines), including Base case aggregate decline, production projec-
tions for 20 $/b to 120 $/b as well as for the Base case.  

 
 

 
Figure B3. Various projections for World liquids consumption and Rystad UCube 
liquids supply from Paper V (grey lines), including Base case aggregate decline, 
production projections for 20 $/b to 120 $/b as well as for the Base case.  
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Figure B4. Post-covid-19 projections for World liquids consumption and Rystad 
UCube liquids supply from Paper V (grey lines), including Base case aggregate de-
cline, production projections for 20 $/b to 120 $/b as well as for the Base case. The 
BP Energy Outlook 2020 and the IEA Energy Technology Perspectives (ETP) 2020 
take impacts of the covid-19 pandemic into account. The BP outlook contains three 
scenarios with projections up to 2050: the Business-as-usual (BAU) Scenario, the 
Rapid Transition Scenario and the Net Zero Scenario. BAU assumes that govern-
ment policies, technologies and social preferences continue to evolve in a manner 
and speed seen over the recent past. Rapid includes a series of policy measures and 
is consistent with a well below 2-degrees climate target. Net zero includes additional 
policies and shifts in preferences and is in line with a 1.5-degrees climate target. The 
Evolving Transition Scenario from BP Energy Outlook 2019 is comparable to BAU 
in design and is also presented. The ETP 2020 of the IEA uses the same scenario 
structure as the IEA WEO with SDS and STEPS scenarios. However, the underlying 
model is different and the timespan is longer, up to 2070. As seen, BP 2020 BAU 
projects flat liquids demand until 2035, after which demand begins to fall. Accord-
ingly, global liquids demand is not expected to recover from pre-covid levels, and 
global oil demand has thus already peaked. The IEA ETP 2020 STEPS projection is 
also a dramatic downward revision compared to WEO 2019 STEPS. Only a limited 
amount of new production is required to fulfil the climate target scenarios. In the Net 
Zero Scenario demand falls faster than aggregate decline in producing fields, and 
around 2043 demand falls below current legacy production levels.  
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Appendix C – Revisions of projections 

 

 
Figure C1. Rystad UCube Base case monthly revisions for production in 2020, 2030 
and 2040 for different supply segments.  
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Figure C2. Rystad UCube Base case monthly revisions for remaining economically 
recoverable resources for different supply segments.  
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Figure C3. Rystad UCube Base case monthly revisions for annual spending (capex, 
expex and opex,), nominal terms, in 2020, 2030 and 2040, total and per production, 
as well as monthly revisions of the Base case oil price in 2020 and 2025. Price revi-
sions for 2030 and 2050 are only available from January 2020.  

 
 
 
 
 
 

 

0

500

1000

1500

2000

2500

Annual spending (Bn$)

2020 2030

2040

0

10

20

30

40

50

60

70

Spending per bbl ($/b)

2020 2030

2040

0

20

40

60

80

100

120

140

160

Brent oil price ($/b)

2020 2025

2030 2040



 73

Svensk sammanfattning 

Ekonomisk utveckling driven av riklig tillgång av olja till låg kostnad var ka-
raktäriserande för 1900-talet, och än idag är oljan världens största primärener-
gikälla. Olja är dock en icke-förnybar och koldioxidintensiv energiresurs. Med 
dagens teknik kommer antingen resursutarmningen eller de tillhörande koldi-
oxidutsläppen att till slut begränsa oljeanvändningen. Detta utgör ett av 2000-
talets stora dilemman: kommer oljetillgången att begränsa produktionen inom 
en nära framtid eller kommer klimatåtgärder att begränsa användningen innan 
dess? Denna avhandling undersöker potentialen och dynamiken i världens ol-
jetillförsel för att öka förståelsen kring denna problematik. Specifikt fokuserar 
avhandlingen på de olika egenskaperna hos konventionell olja och den nytill-
komna okonventionella skifferoljan samt på konsekvenser av de olika pro-
duktionssätten. Detta görs från ett ’bottom-up’-perspektiv genom att kombi-
nera fysisk och ekonomisk dynamik på fält- och brunnivå.  

Avhandlingen består av sex artiklar. Den första undersöker användbarheten 
av bottom-up-modellering genom en retrospektiv analys av tidigare oljepro-
jektioner från International Energy Agencys årliga World Energy Outlook, in-
klusive projektioner för  produktion, pris och investeringsnivåer. Artikeln vi-
sar att projektionsträffsäkerheten för konventionell olja är högre än för okon-
ventionell, samt att icke-OPEC-produktion är mer förutsägbar än OPEC-pro-
duktion samt att oljeprisprojektioner är mycket osäkra. Den andra artikeln 
undersöker hur okonventionell skifferolja kan modelleras på brunnivå med 
hjälp av analys av produktionskurvor. Två matematiska modeller med varia-
bel avtagandetakt appliceras och utvärderas, ’hyperbolic decline’ och 
’streched exponential decline’, varav båda visas vara användbara för att mo-
dellera framtida produktion från enskilda skifferbrunnar. Den tredje samman-
ställer och beräknar typiska produktionsparametrar för konventionella off-
shore-oljefält, ett växande segment inom den konventionella produktionen. 
Resultaten visar att produktionen går mot allt djupare och mindre fält, vilket 
förutspås påverka den totala aggregerade produktionen, bland annat genom 
högre total avtagandetakt för existerande produktion. Den fjärde artikeln jäm-
för investerings- och produktionsdynamiken för konventionell olja och 
skifferolja samt diskuterar möjliga konsekvenser för oljemarknaden och kli-
matåtgärder. Då skifferoljan har betydligt kortare ledtider från investering till 
produktion, samt höga initiala produktionsflöden och hög efterföljande avta-
gandetakt, kommer en ökad andel skifferolja i det globala utbudet sannolikt 
att leda till minskad prisvolatilitet samt lägre risk för inlåsningseffekter och 
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strandade tillgångar. Den femte artikeln använder en komplett kalibrerad bot-
tom-up-modell för att undersöka potentiell framtida global oljeproduktion och 
beräknar resulterande utbudselasticitet för olika produktionssegment. Enligt 
modellen är produktionspotentialen begränsad för konventionell olja medan 
okonventionell skifferolja har ytterligare tillväxtpotential.  Den sjätte och sista 
artikeln analyserar tidigare projektioner av samtliga energikällor för att kvan-
tifiera effekterna av klimat- och energipolicys, inklusive effekterna på fram-
tida oljeefterfrågan. Studien visar att planerade policys har haft en stor inver-
kan på utvecklingen av oljeefterfrågan, men så har även oplanerade icke-po-
licydrivna händelser.  

Sammantaget visar resultaten att konventionell oljeproduktion är oelastisk 
på kort sikt och dess produktionspotential begränsad på lång sikt. Detta gav 
sig i utryck genom stagnerande produktion och stigande oljepriser i början av 
2000-talet, vilket i sin tur bidrog till genombrottet för okonventionell skiffer-
olja genom horisontell borrning och hydraulisk sprickbildning. Ökningen av 
skifferolja har gjort världens oljetillförsel mer elastisk, både i tid och i kvan-
titet. Dess snabbare dynamik kommer sannolikt att förkorta perioder med un-
der- och överutbud, vilket minskar resulterande prisvolatilitet. Resursstorle-
ken för skifferoljan är osäker men stor, enligt de antaganden som gjorts här är 
resurserna tillräckligt stora för att underbygga en fortsatt expansion av värl-
dens oljetillförsel i linje med den nuvarande efterfrågan i minst 15 år. Under 
denna tidsperiod måste dock oljekonsumtionen börja minska för att vara i linje 
med klimatmålen. Det är därför möjligt, och kanske till och med troligt, att 
den globala oljeproduktionen kommer att nå en topp på grund av minskad ef-
terfrågan, före en yttersta topp driven av begränsad tillförsel. 

Den förändrade karaktären av världens oljeförsörjning har långtgående 
ekonomiska, politiska och miljömässiga konsekvenser. Ändrade export- och 
importflöden samt lägre priser kommer att påverka länders välstånd, infly-
tande och säkerhet. Ur ett miljöperspektiv kräver ett ökat och mer varierat 
oljeutbud nya genomtänka styrmedel för att hantera externaliteter på ett effek-
tivt sätt. Dessa faktorer måste beaktas för en mer hållbar utveckling under det 
nuvarande århundradet. 
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