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ABSTRACT 

Modelling the long term prices for crude oil and natural gas has been a critical undertaking 

of many governments, companies, and analysts. The most important goal of this exercise is to 

effectively project the price of crude oil and natural gas to inform and shape today’s decisions. 

Most long-run energy models in use today are unable to quantify properly a factor for supply 

growth due to technical change – a component that has played a significant role in the provision 

of access to newer streams of crude oil and natural gas - because the measurement of productivity 

and technical change at the oil and gas industry aggregate level are limited to a small set of studies 

for few countries. 

This thesis attempts to measure the rate of change in technical change for the oil and gas 

industry using data from private and national major companies. Publicly available financial data 

are aggregated from eight major producers over a time period of at least fifteen years for the 

national oil companies and forty five years for the private oil companies. The time period chosen 

effectively covers three distinct periods of different crude oil price behavior. 

Three productivity measurement methods are applied  - the  growth accounting, index 

number theory, and regression method – to measure for the rate of change in productivity and 

technical change for the private and national oil companies, and for the aggregate that allows to 

infer the rates for the entire industry. The thesis concludes that the rate of technical change for the 

industry can be assessed and it proposes a reasonably estimated range (1.4-1.7 per cent per year) 

that can be incorporated into long-run energy models. The thesis also presents insights to the 

drivers that influence the rate of growth. Finally, the thesis provides a dataset containing the 

information about output and labor and capital inputs for major oil and gas companies that can be 

used by researchers to enhance studies on the rate of technical change in the oil and gas industry. 

 

Thesis Supervisor: Sergey Paltsev 

Title: Senior Research Scientist, Joint Program on the Science and Policy of Global Change 
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1. PROBLEM AND MOTIVATION 

“‘Peak oil’ is proving a misleading idea. The foreseeable problem is not finite resources but 

the rate at which these very large resources can be converted into reserves for potential production. 

Reserves of oil and gas have each more than doubled since 1980 – faster than the increase in 

production. Technologies are developing which are creating new reserves of ‘unconventional’ oil, 

as they already have for gas.” (Mitchell, Mitchell, & Marcel, 2012) 

1.1. INTRODUCTION AND RESEARCH QUESTION  

"Essentially, all models are wrong, but some are useful" 

George E. P. Box, English statistician 

 

Modelling the long term prices for crude oil and natural gas has been a critical undertaking 

of majority of governments, researchers, companies, and analysts. The most important goal of this 

exercise is to effectively predict the price of crude oil and natural gas and inform and shape today’s 

decisions. These decisions span across a wide spectrum affecting multiple stakeholders in different 

ways. From influencing the future amounts of income available to governments to shaping the 

macroeconomic climates that directly or indirectly affect global industries all the way to local 

businesses to influencing the overall standards of living of individuals in the economy. It is no 

surprise how critical crude oil and natural gas are to the stability of the world and its economy and, 

as a result, the level of importance placed on understanding and attempting to estimate future long 

term prices.  

Supply and demand relationships that connect prices and quantities, elasticity of supply, 

income and price elasticities of demand, and macroeconomic factors such as macroeconomic 
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consumption and real gross domestic product (GDP) are areas that have been given tremendous 

focus when modelling long term crude oil and natural gas prices. The other area with enormous 

research interest that has had significant influence on future prices of crude oil, but at the same 

time embodies higher levels of uncertainty, is the focus on the non-market forces and the 

geopolitics that results from the activities of nations especially the major global crude oil and 

natural gas producers like the Organization of the Petroleum Exporting Countries (OPEC), Russia, 

and most recently, North America. Recent events worth noting are the actions (or reaction) by 

conventional oil producers to protect their market share by maintaining or increasing their oil 

production volumes. These actions are attempts to prevent North America’s increased production 

from new oil resources like tight oil1 from tight oil reservoirs in the US and crude bitumen from 

the tar sands of Canada (see Figure 1 for the U.S oil production from different sources). The 

entrants of these unconventional sources, and their strengthening position as “newer sources of 

crude oil” (Mitchell et al., 2012)  has led to these reaction from OPEC resulting in a steep decline 

in the prices of crude oil and contemporaneously, the flooding of the global market with crude oil. 

This event has been explained to some degree by new research corroborating OPEC’s tendency to 

tolerate ordinary substitutes to its oil but deter high-potential ones like the unconventionals from 

North America. (Andrade de Sá & Daubanes, 2014).  

 

                                                 
1 Tight oil is conventional oil found within reservoirs with very low permeability. The oil contained in these 

reservoirs will typically not flow to the wellbores at economic rates without assistance from technologically 

advanced drilling and completion processes. (Resources, 2012) 
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Source: (Inman, 2014) 

Figure 1 – US Oil Production by Source: 1900 - 2013 

 

At the center of the declining crude oil prices and the oversupply of crude oil in the global 

markets is the confluence of two significant observations. The first is the proliferation of newer 

crude oil sources and the second, the robust ability of producing countries to deal effectively with 

lower and lower crude oil prices countering the common knowledge that these countries needed 

crude oil prices to be above a specific price point to cover their range of respective marginal costs 

needed to maintain higher production levels. Putting these observations in context, the overall 

objective of this thesis is focused on addressing the rate of technological progress in oil and natural 

gas companies, the role technological improvement has played in improving the extraction of oil 

and gas from technically recoverable resources, increasing long term supply of crude oil and 

natural gas, and conversely effecting some influence on the long term price of oil.  
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The thesis will focus on a set of questions in the light of meeting the overall objective of 

this research work. These research questions are listed below and are based on the above 

discussion:    

 

1. Can productivity and technical change2 at the global industry level be estimated? 

 

2. Can this assessment of productivity and technical change be useful in quantifying the 

changes in the supply and price of crude oil and natural gas? 

 

3. What are the underlying drivers influencing the changes in productivity and technical 

change? 

1.2. STRUCTURE OF THESIS 

The thesis will comprise of five chapters. The first two chapters will introduce my research 

work, review the applicable literature available and expand on how my research adds to the current 

available body of literature. I will introduce and define concepts fundamental to understanding my 

research work. I will then build on these concepts and link currently established theories and 

assumptions to shape the methodology I will be adopting. The methodology and the follow-up 

analysis will be presented in the third and fourth chapters where I will mainly be presenting and 

analyzing my data to reveal relevant findings. My findings will be presented in a way that aligns 

directly with the objectives of my research while answering the critical research questions. The 

final chapter will summarize these findings, provide insights to what they could mean, and shed 

some light on future directions for follow-up research. 

                                                 
2 The concept of productivity and technical change will be addressed in later sections of this chapter. 
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The next sections introduces and defines concepts fundamental to understanding this body 

of research.  

1.3. AN OVERVIEW OF THE GLOBAL OIL AND GAS EXPLORATION AND 

PRODUCTION INDUSTRY  

"Prospecting for oil is a dynamic art... The greatest single element in all prospecting, past, present and 

future, is the man willing to take a chance"  

Everett DeGolyer, American geophysicist. 

 

Oil and gas industry is concerned with the exploration, development, and operation of oil 

and gas fields. Its primary activities include oil and gas exploration, crude oil extraction, natural 

gas extraction, liquefied natural gas (LNG) production, liquefied petroleum gas (LPG) production, 

and oil shale extraction. 

The oil and gas exploration and production industry is a subset of the petroleum value chain 

represented by the red boundary in Figure 2. This area covers the prospecting for the exploration 

for oil and/or gas, then the appraisal, development of new reserves, and finally the production of 

oil and gas from developed projects. All together, these activities are commonly referred to as 

exploration and production (E&P) or simply as “upstream” oil and gas (Tordo & Arfaa, 2011). 

The upstream oil and gas industry subset will be the primary focus of this thesis. For future 

reference and source of data, the international designation for the oil and gas industry is NAICS 

2113 and ISIC 064. 

                                                 
3 North American Industry Classification System (NAICS, pronounced “nakes”) is used by business and government 

to classify business establishments according to type of economic activity (process of production) in Canada, 

Mexico, and the United States of America. This designation follows the 2012 NAICS definition. (US Census Bureau 

Special Projects Staff, 2012) 
4 The ISIC code represents the International Standard Industrial Classification of all economic activities. A 

classification created in 1948 by the Department of  Economic and Social Affairs of the United Nations and adopted 
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Within this subset there are a variety of players: fully integrated companies, national oil 

companies, independent oil and gas producers, oilfield services companies, etc. These players 

differ by many factors, such as: core business capabilities, type and size of operations, geography, 

customers, etc. This thesis will focus on understanding and analyzing the activities of two major 

types of players within this industry - the fully-integrated Private5 Oil Companies abbreviated to 

POC, and their national counterparts, the National6 Oil Companies, similarly abbreviated to NOC. 

Selecting companies from these two major buckets, as will be seen in Chapter 3, was critical in 

creating a subset of data considered to be representative of the global oil and gas supply production. 

 

  

                                                 
by majority of countries as their national activity classification or have developed national classifications based of 

the ISIC (Department of Economic and Social Affairs, 2008) 
5 Large private sector firms are usually referred to as “International Oil Companies” (IOCs), however, there is 

recognition that some NOCs also operations outside their home country, and some oil and gas companies are neither 

state-owned nor international hence “POC” is suggested as a more appropriate designation. 
6 A national oil company (NOC) is one fully or majority owned by a national government. 
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Source: (Wolf, 2009) 

Figure 2 – Petroleum Value Chain7 

Oil and gas extraction industry dates back to the 19th century. During this time there existed 

a number of small scale “uncouth” exploratory and production activities going on. The first 

significant production of crude oil is documented to have happened in the beginning of the 20th 

century with the discovery of the Spindletop oilfield in Texas - the consequential growth in the oil 

industry is credited to this event (Wooster & Moor Sanders, 1952). Since then, the production of 

oil has proliferated tremendously and so has the world demand for oil. The growing use of crude 

oil and gas and its entrenchment in the world’s economy –transportation, power generation, 

manufacturing industries, etc. – has unsurprisingly led to the creation of a complex system of 

stakeholders whose interactions cut across various levels of abstractions. To provide an illustration 

of the complex system within which the oil and gas plays a key role, a CLIOS (Complex Large-

                                                 
7 Based primarily practices common to conventional oil. 
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scale Interconnected Open Sociotechnical) representation is used (see Figure 3). This diagram 

provides a static view of the “Fossil Fuels Complex” – the nodes of activity, hierarchy, 

physical/value flows of product, and flows of information. (Dodder, McConnell, Mostashari, & 

Sgouridis, 2007; Ramberg & Webster, 2015). 

At the top of this sociotechnical structure are the markets, within which, the system 

interactions play out and establish the prices of the various fossil fuels and their substitutes. The 

fossils fuels compete aggressively against one another (and also against their non-fossil fuel 

substitutes, e.g., renewables) for a share in the energy sources mix. Figure 3 emphasizes the degree 

to which crude oil and natural gas remain at the center of the world economy. 
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Source: (Ramberg & Webster, 2015) 

Figure 3 – Fossil Fuels Complex – Simplified 

1.4. COMMON INDUSTRY TRENDS: CRUDE OIL PRICES AND WORLD OIL SUPPLY 

 “Trends, like horses, are easier to ride in the direction they are going.” 

John Naisbitt, American Author 

 

Be it changes in supply or demand of crude oil and natural gas, or global resource volume 

levels or “reserves to production” ratios, these are all important trends that continue to be observed 

and researched in the oil and gas industry. The myriad of energy outlook documents published 

each year from various organizations across the globe, suggesting short to long term outlooks for 
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various plausible energy scenarios is testament to the level of importance placed on understanding, 

interpreting, and preparing for the changes in these industry trends. With the numerous resources 

and efforts placed on understanding these trends, their changes and in some cases, sudden shocks, 

the one most important factor that influences them is the price of crude oil and natural gas. Over 

time these trends have kept changing due to a host of reasons – geopolitics, national security issues 

and instability, changes in demand-supply fundamentals, etc. This in itself is indicative of the 

variability and unpredictability present in the industry – some also attribute it to the complex 

dynamics of the energy system and the interrelationships that exists within this sociotechnical 

geopolitical system. 

This is not to say that all trends in this industry are implicitly unpredictable and naïve in 

behavior or rationale. There are a number of trends that are relatively easier to predict, they have 

their causal factors well understood with minimal variabilities. An example of more robust 

projections is a short-term change in the demand for oil. Over time, the industry has been able to 

come up with fairly accurate, detailed and robust projections of world demand for fossil fuels by 

estimating variables like global population, improvement in the standard of living (and the growth 

of the middle class), overall economic growth, improvement in energy efficiency for fossil fuel 

consuming processes, and changes in the world’s energy mix. The oil supply projections can be 

improved by better understanding drivers such as technological change and its ability to provide 

breakthrough access to resources initially considered technically infeasible to reach. The following 

section will focus on two specific trends most relevant to this thesis. These are crude oil prices and 

world oil supply.  
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1.4.1. Crude Oil Prices  

Oil price usually refers to the spot price of a barrel of benchmark crude oil. This is the 

current price that crude oil consumers need to pay to purchase a given quantity of a benchmark 

crude oil. A major benchmark widely used is called Brent Crude, this is a grade of light sweet oil 

from North Sea, and currently it is used to price two thirds of the world's crude oil supplies that 

are internationally traded  (Fattouh & Stern, 2011). Brent crude oil is traded on the Intercontinental 

Exchange (ICE) for delivery at Slalom Voe in Scotland. In North America, the benchmark is the 

spot price of West Texas Intermediate (WTI) that is a grade of light sweet oil from Texas. 

WTI/light crude is traded on the New York Mercantile Exchange (NYMEX) for delivery at 

Cushing, Oklahoma (Fattouh & Stern, 2011). For simplicity, I will be using the Brent prices as the 

reference price for this thesis. 

The price of oil or gas remains one of the most germane topics within the industry – what 

factors influence crude oil prices? Is there some consistent and repeatable way to directly 

extrapolate energy system dynamics today to estimate prices for tomorrow? How can these factors 

be measured to determine their causality with price, etc. A lot of work has been done in modelling 

the prices of oil using various types of models that seek to explain the price volatility based on 

world oil supply and demand (Li, 2015). Most of these models have been considered too simplistic 

and unable to capture all the complex intricate relationships present in the industry. Again, a lot of 

these models are quantitative in nature and unsurprisingly, unable to find a common ground or 

realistic means to quantify qualitative and speculative behaviors within the fossil fuel complex 

system. 

Over time, history has shown that the price of crude oil has changed significantly and that 

most of these changes have been in reaction to variety of geopolitical and economic events (Figure 
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4). The trend reveal three distinct periods: 1970 – 1981, a period of increasing prices mainly as a 

result of Arab oil embargo and unrests in Iran and Iraq. The second period of interest, is the 

consecutive period 1981 to 1999, this represents a period in which prices declined mainly due to a 

breakdown within OPEC and Saudi’s decision to abandon its swing producer role. Most recently 

is the last period of interest, 1999 – 2014, a period with a relative increase in crude oil prices 

relative to its original price in 1999. These increases were driven by the terrorist attacks in the U.S. 

in 2001 and the Iraq war and OPEC cuts in 2010. During this period a sharp decline was witnessed 

in 2008 and 2009 consistent with the global recession. The interesting question is what might 

happen after 2015 and how would this possible future behavior shape activities within the industry.  

Seeking to understand how the industry thrived during these three distinct periods might 

be indicative and informative to what could potentially happen as we go into another distinctive 

period. Following on this premise, this thesis will build most of its analysis over a time series 

consistent with these three distinct periods.
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Source: U.S. Energy Information Administration, Thomson Reuters 

Figure 4 – Crude oil prices 1970 – 2015 

Fraction of Production (%) 

2000  2014 

OPEC (Including Saudi) 53% 47% 

USA 15% 18% 

Canada 5% 6% 

Russia 11% 14% 

Production from these 

countries as % of global 

production 

76% 83% 

Data adapted from U.S. Energy Information Administration (Energy Information Administration, 2014) 

Table 1 – Total Oil Supply Change 

1.4.2. World Oil Supply  

The world crude oil production has increased steadily over the decades with the biggest 

producers being Russia, US, and the Middle East. This steady increase has been driven mainly by 
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a slow but steady growth in energy demand in developed countries and a rapid economic growth 

(and industrialization) of emerging economies mostly led by China. To put it in perspective, from 

1980 to 2014, total oil supply has increased by about 57%. In this period (and after that), OPEC 

oil supply has grown slower compared with that of the US, Canada, and Russia respectively. It is 

also worth noting that during this period, the US, Russia, and Canada have all increased their 

market share at the expense of OPEC (Table 1). 

Overall, as shown in Figure 5, the total world crude oil supply has increased steadily, so 

far disproving the Hubbert’s 1956 suggestion of reaching peak oil soon (a concept that will be 

addressed in detail in Chapter 2). The steadily increasing oil production raises the questions about 

how countries (and producers) are able to substantially increase their oil supply by chasing more 

difficult to reach oil reserves – examples being tight oil in the US, bitumen crude from tar sands 

in Canada, and oil and condensate from ultra-Deepwater in Brazil and the Russian Artic. The short 

and simple answer to this question is that the technological advancement in the oil and gas industry 

in tandem with improving crude oil prices has justified an entry into these more difficult oil 

reserves. This simplistic suggestion creates the hypothetical premise for this thesis. The objective 

of the research is to provide a justification to either confirm or counter this hypothesis.  My study 

seeks to contribute to a better understanding of the role improvements in technology has played 

over the past few decades in influencing production volumes and consequentially crude oil prices 

in the oil and gas industry. 
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Source: (Gold, 2014) 

Figure 5 – World Oil production 1950 – 2010 

1.5. GENERAL CONCEPTS AND DEFINITIONS 

It is important to differentiate between the concepts of productivity and technical change. 

Although these two concepts are linked together, they are quite different and relate to different 

aspects of the production function. The next section will provide definitions to productivity, 

technical change, and the production function. Even though sometimes the words “productivity” 

and “technical change” will be used interchangeably, the main goal of this thesis is to assess the 

rate of technical change as defined below. 
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1.5.1. Productivity 

Productivity is usually referred to a ratio of a measure of output to a measure of input. It 

can be considered as the average measure of the efficiency of the production process – ability to 

produce more output with same (or less) amounts of input. It is the measure of output relative to 

production input factors. Overall, productivity incorporates everything about the production 

process – process efficiency, technical change (embodied and disembodied), economies of scale, 

organizational capabilities, etc. A good proxy for productivity is Labor productivity. This refers to 

the total output produced per worker. Usually productivity measurement can be decomposed so as 

to identify the drivers of the production process. Productivity can be decomposed into the portion 

contributed by the input factors, e.g., labor productivity, capital productivity, and capital intensity 

and the residual, referred to as technical change. 

1.5.2. Technical Change 

Technical change is often referred to as the currently known ways of converting resources 

into outputs (Griliches, 1987). It measures the additional output not attributed to changes in 

quantities of the input factors. It is also referred to as “costless” output because it is not tied to 

input factors – usually measured as the residual of output  after discounting for the input factors 

used up by the production process (Comin, 2006). A lot of uncertainties remain attributed to this 

concept and how best to measure and interpret it because technical change as a residual to 

productivity embodies within it a host of other direct and indirect influences surrounding the 

production process such as economies of scale, organizational structure of the firm, overall system 

efficiency gains, etc. Disentangling these influences from technical change in order to directly 

quantify technological progress continues to remain a debate. 
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Nonetheless, technical change is defined as the multifactor productivity (or total factor 

productivity) and represents shifts in the aggregate production function as against movements 

along the production function (Figure 6) 

 

 

Figure 6 – Production Function Isoquant 

1.5.3. The Production Function 

Production function is a relationship that defines the production process – the conversion of 

inputs to outputs. It is a key concept of neoclassical economic theory. The primary objective of 

production function is to address allocative efficiency in the use of factor inputs in production and 

the resulting distribution of income to those factors. It can be expressed as a functional form linking 

output directly to some function that combines input factors by some mixing formula. There are a 

number of variation of the production function like the Cobb-Douglas function, Translog function, 
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Leontief function, etc. This thesis will be focused predominantly on the two input factor Cobbs-

Douglas function. 
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2. LITERATURE REVIEW 

This chapter presents an overview of the published research relevant to this thesis, in 

particular, a presentation of a number of methodologies commonly used in measuring productivity 

and various applications of these methodologies. The chapter starts with an introduction of the 

relevant economic theories and their perspectives on the use of exhaustible natural resources. This 

chapter then focuses on the production function concept and overviews the research methods that 

will be used in this study. 

2.1. PEAK OIL – HUBBERT’S PEAK 

"All good things must come to an end." 

Geoffrey Chaucer, English poet 

 

In 1956, King Hubbert, an American geophysicist predicted that the U.S. oil production 

from the lower 48 states would eventually peak at some point in time – within the time range from 

1968 to1972. His prediction was based on calculating the rate of production at the time relative to 

the ultimate recovery of oil. This calculation was drawn out on a bell shaped curve based on the 

rates of discovery and production of oil. The bell shape suggests that oil discoveries grow 

exponentially at first, and then decline over time. This proposition could also be supported by the 

stepwise marginal cost curve (distinguished by the relative ease of disparate discoveries) for new 

oil finds. However, as more of these easy-to-find reservoirs are discovered, further reservoirs 

become harder to find and less economical and the rate of discovery slows. Production also follows 

a similar bell shaped curve. As oil is first discovered and produced, volumes steadily increase 

because oil is easy and cheap to reach up to a peak point, a point at which the maximum amount 

of oil is being produced. However, as more of the oil in a reservoir is extracted, the conditions 
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necessary to sustain its continued production become dire and challenging, it then becomes more 

time consuming and expensive to extract. Thus, production increases as first, reaches a peak, and 

then declines. (Fusco, 2004). Ultimately, the rate of production will peak and Hubbert concluded 

that this would happen when half of the reserves available had been reached (Figure 7). The short 

bump of oil exploitation on the geologic time line became known as “Hubbert’s peak.” 

There are numerous supporters of Hubbert’s work (Deffeyes & Silverman, 2004; Heinberg, 

2003), but there are also others on the skeptical side. Some skeptics of the Hubbert peak theory 

make arguments that the peak can be pushed further in time as constraints on newer oil finds e.g., 

geological and economic factors are relaxed (Adeleman, 2004; Blackhurst, 2006; Lynch, 2005). 

Others believe that the production could have multiple peaks - periods where produced volumes 

are low then followed by increased periods of production. Another group of analysts postulate a 

production plateau (Lynch, 2005) – a period when the oil production not only peaks but stays flat 

for some time before a decline. These varying, although in some fundamental way similar, schools 

of thought all converge to the idea that the rate of discovery of new oil can be influenced and 

shaped by each or a combination of the following: technological progress which enables deeper 

drilling, speeded-up exploration timelines, and newer drilling locations; and improved marginal 

prices which incentivizes the deployment of more capital intensive investments (Blackhurst, 2006; 

Deffeyes, 2005). Over time, oil has witnessed all of these factors to contribute in significant ways 

in reshaping both the production and the proved reserve curves. These discussions continue to 

underpin the importance of understanding how technological advancement has evolved over time 

and how being able to estimate this progress can provide valuable information on what to expect 

as to the shape of these curves. 
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Source: (Hubbert, 1956) 

Figure 7 – Hubbert’s Original 1956 Graph Showing Peak Oil. 

2.2. HOTELLING THEORY 

“Live within your means, never be in debt…” 

Andrew Jackson, 7th U.S president 

 

Harold Hotelling proposed a theory to tackle the intriguing problems of the economics of 

exhaustible assets – the quest to maintain a balance between over production (waste) and under-

production (hoarding and monopolization) (Hotelling, 1931). In simplified terms, Hotelling stated 

that to achieve an asset market equilibrium condition, owners of nonrenewable resources will only 

produce that resource if it will yield more value than other financial instruments available on the 

market, such as interest bearing securities and bonds. Stated otherwise, the most socially and 

economically profitable extraction path of a non-renewable resource is one along which the price 

of the resource, determined by the marginal net revenue from the sale of the resource, increases at 

the rate of interest. This theory describes the time path of natural resource extraction which 

maximizes the value of the resource stock (Gaudet, 2007). This theory was created to deal with 
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the inadequacy of the static-equilibrium type of economic theory in relation to an industry in which 

the indefinite maintenance of a steady rate of production was physically impossible, and was bound 

to decline. Mathematically, the marginal value of a resource in the ground can be written as  

𝜋(𝑡) = 𝑝(𝑡) − 𝑐(𝑡), 

Where 𝑝(𝑡) is the marginal revenue (price of oil) the resource can fetch on the market at time 𝑡 

(once extracted), 𝑐(𝑡) is the marginal cost of extracting at date 𝑡 (extraction cost), and 𝜋(𝑡) is the 

marginal value of oil in the ground and this represents the assets price of the resource. 

Furthermore, if the rate of interest is denoted by 𝑟, then the Hotelling rule requiring asset market 

equilibrium requires that 

𝜋̇(𝑡)

𝜋(𝑡)
= 𝑟. 

In simple form, the Hotelling rule states that for a non-renewable, exhaustible resource 

with completely known stock, no discoveries possible, no alternatives, no recycling, private 

ownership and constant costs of extraction, the price of the resource will increase at the interest 

rate over time. 

The next question is how is Hotelling theory related to measuring technological progress? 

Gaudet in his 2007 paper titled “Natural resource economics under the rule of Hotelling” applied 

this rule to seven non-renewable minerals and three non-renewable fossil fuels using U.S price 

data across multiple decades. His findings revealed that the entire 10 cases had no mean rate of 

change of price significantly different from zero – the mean rate of price change was centered at 

zero implying that there was no actual price level trend in these resources, in contrast to a positive 

trend as suggested by Hotelling. Gaudet went on to suggest and expand the application of the 

Hotelling rule. He stated that asides the effect of the rate of interest on the net price of the natural 

resources, other variables such as technological progress and its effect on the marginal costs, 
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uncertainty, market structure, and durability also affected the rate of change of price (Gaudet, 

2007). Another perspective presented by conventional resource economics is the identification of 

two key determinants to the cost of extraction: depletion and technological progress. Depletion is 

understood to lead to rising marginal cost of supply, and technological progress is expected to 

counteract these scarcity concerns (Wellenius, Ellerman, Marks, & Sussman, 1996). The 

suggestion is that technological progress in itself plays a significant role in shifting the marginal 

cost curve. 

Putting these two important theories together, it is evident that to some degree they failed 

to account for the effects of technological progress and the profound effects it could have on 

improving access to newer reserves, increasing production efficiency of today’s conventional 

production processes, and bringing down the overall marginal cost of a produced barrel. 

Understanding these effects begins by being able to estimate the rate of growth of technological 

progress at the company or industry level and then use this information to assess the activities of 

the industry. 

2.3. WHY MEASURE PRODUCTIVITY? 

 “If you can’t measure it, you can’t manage it.” 

W. Edwards Deming, American statistician 

 

Introducing the general thought processes behind why productivity measurements were 

carried out in the first place could be helpful in providing a broader picture to the importance of 

this exercise. Consistent with the opportunities presented by Douglas (Cobb & Douglas, 1928), 

there remains similar importance today to why measuring and calibrating levels and growth rates 
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in productivity is relevant and important. The five objectives of productivity measurements include 

(OECD, 2001): 

 Trace and measure technical change: An ability to trace and measure the level of 

technical change involved in the production process – the conversion of resources into 

output. This technical change could appear in a disembodied form (such as new 

business methods, organizational techniques) or embodied (improved quality of capital 

goods). While productivity measures can be linked in some way to technical change, it 

is worth noting that the link is not straightforward and these measures could embody 

many other direct and indirect influences. Total factor productivity (TFP) has the 

potential to capture numerous effects in the production process, not only those related 

to technological progress. These effects could include economies of scales, capacity 

utilization, measurement errors, etc. (Sharpe & Waslander, 2014). Thus, care must be 

taken when interpreting and communicating measured growth values in TFP as a 

common mistake could be to assign changes in TFP entirely to technological progress. 

 Identify & improve efficiency: In a production process, the “engineer” believes full 

efficiency occurs when output is maximized to the highest level physically possible 

using the least fixed amounts of input at the current level of technology. As stated in 

OECD (2011:11), “Technical efficiency gains are thus a movement towards “best 

practice”, or the elimination of technical and organizational inefficiencies.” However, 

the economist might think differently. They are more likely to give credence to 

allocative efficiency than technical efficiency. The OECD (2001:11) notes that: “[…] 

when productivity measurement concerns the industry level, efficiency gains can either 

be due to improved efficiency in individual establishments that make up the industry 

or to a shift of production towards more efficient establishments.” 
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 Identify & measure real cost savings: Theoretically, technical change and different 

types of efficiency changes can be identified and isolated. Knowing these can be 

informative for opportunities for cost savings across the production process. It is fair 

to mention that, in practice, achieving this objective is an arduous task especially 

relating to the earlier point of technical change embodying a potential list of direct and 

indirect explanatory variables. 

 Measuring improvements in living standard: In the context of this thesis, living 

standard will apply to the financial performance (from a return on capital employed 

basis) for the firm. A rational firm will want to maximize its profits (income) through 

increased productivity in order to positively impact the bottom line for its shareholders. 

Labor productivity helps to better understand the link to increased output per worker 

and long-term trend in total factor productivity an important indicator of the growth 

possibilities of economy’s potential output. 

 Benchmarking production processes: Measuring productivity levels provide a 

common base to compare performance across or within firms. 

2.4. MEASURING TECHNICAL CHANGE (TOTAL FACTOR PRODUCTIVITY) 

The change in total factor productivity is the effect of advances in applied technology 

managerial efficiency, and industrial organization (Jorgenson & Griliches, 1967). A host of 

methodological differences continues to persist when it comes to measuring the Total Factor 

Productivity (TFP). At the same time, there seems to be some consensus that the Denison-

Kendrick-Jorgenson-Griliches-Solow framework is appropriate and effective (Hulten, 1986). This 

framework enables growth rate of the real output to be decomposed into growth rates of the factor 

inputs and a residual component identified to incorporate changes in the efficiency of the 
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production (or total factor productivity). With reference to the Capital (K) – Labor (L) graph 

(Figure 6), the input effects are associated with movements along the aggregate production 

function isoquant line, and the TFP (the residual) shows shifts of the aggregate production function 

(Solow, 1957). 

In simple terms, the economic theory of production is represented by an output side and an 

input side. On the output side the quantities correspond to the real product output, while on the 

input side quantities correspond to real factor input. All prices are identified with the implicit 

deflators and applied for the conversion of the value of total output and total input into real terms. 

The standard framework for estimating total factor productivity (technical change) is adapted from 

the economic theory of production. For simplicity and convenience, consider the generalization of 

a one output-two input neo-classical production function: 

 

𝑄(𝑡) = 𝐴(𝑡)𝐹(𝐾(𝑡), 𝐿(𝑡))     (1) 

 

𝑄(𝑡) denotes output at time 𝑡, 𝐾(𝑡) denotes the flow of capital services used at time 𝑡, 

𝐿(𝑡)) is the flow of labor inputs, and 𝐴(𝑡) is total factor productivity which appears in a Hick’s 

neutral8 way and measures the shifts in the production function over time.  

From decomposing equation (1), Solow in his 1957 paper was able to show that the total 

factor productivity can be measured as the residual after discounting the growth rate in capital 

intensity (K/L) from the output per unit worker (Q/L). Equation (1) can be re-arranged as 

 

                                                 
8 Shifts in the production function are defined as neutral if the marginal rates of substitution are unchanged but there 

exists increase or decrease in the output attainable from the given inputs (Solow, 1957). When this holds, it is said 

that the efficiency parameter 𝐴(𝑡) exibits a Hicks-neutral shift. 



37 

𝑄(𝑡)

𝐿(𝑡)
= 𝐴(𝑡)𝐹(

𝐾(𝑡)

𝐿(𝑡)
)     (2) 

and the growth accounting equation can be written as 

 

𝑄̇

𝑄
−

𝐿̇

𝐿
 =

𝐴̇

𝐴
+ 𝑤𝑘 [

𝐾̇

𝐾
−  

𝐿̇

𝐿
]   (3) 

Dots over variables indicate derivatives with respect to time. For example the expression 
𝑄̇

𝑄
  

represents the growth rate in the output variable. 

 

Rearranging equation (3) for the growth rate in the residual gives 

 

𝐴̇

𝐴
 = [

𝑄̇

𝑄
−

𝐿̇

𝐿
] − 𝑤𝑘 [

𝐾̇

𝐾
−  

𝐿̇

𝐿
]   (4) 

Where 𝑤𝑘 is the income shares of capital relative to output. 

 

Equation (4) represents the fundamental equation of growth accounting in its continuous 

time or “Divisia index” form. In empirical practice, the continuous growth rates of (4) are replaced 

by the annual difference in the natural logarithms of the variable, e.g., 

𝑄̇

𝑄
= 𝐿𝑛𝑄(𝑡 + 1) − 𝐿𝑛𝑄(𝑡)   (5) 

And the share is replaced by the annual arithmetic average i.e., by 

 

1

2
[𝑤𝑘(𝑡 + 1) +  𝑤𝑘(𝑡)]   (6) 
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When (5) and (6) are used, the resulting index of the residual, 
𝐴̇

𝐴
 is termed the 

“Tornqvist” index of total factor productivity named after Leo Tornqvist (Törnqvist, 1981). 

This formulation is an approximation for industries and economies in which their 

production functions are exhaustively represented as a two input factor of capital and labor. With 

such simplification, this approach has been applied to measure productivity (and conversely 

technical change) within such industries. In these conditions, the constant return to scale 

assumption holds (Hulten, 1986). 

Another point to note is that this production function assumes that all capital services 

employed in the production process are fully utilized for the entire period under consideration. 

This assumption implies that changes in the actual states of capital services can be inaccurately 

captured in the residual, which is supposed to represent the total factor productivity. With this 

point in mind, it is indicative that the residual contains every state and condition embodied within 

the production process but disembodied from capital and labor inputs. In Solow’s words, it 

captures “any kind of shifts in the production function. Thus slowdowns, speed-ups, improvement 

in education of the labor force, and all sorts of things will appear in ‘technical change’”. This 

implies that care must be taken in the interpretation of what the residual (or TFP) really is and fully 

means. 

A general point about the Solow’s residual result is in its conservativeness in estimating 

the real technological progress. It is mostly considered to have a downward bias when attempting 

to capture the total productivity efficiency improvement in the production process because 

improvements and technological progress are embodied in labor and capital inputs. These 

improvements lead to the direct contribution of changes in the input factors to the changes in the 



39 

output amounts. In this thesis I will focus on estimating the residual and I will not delve into 

analysis of technological progress embodied in factor inputs. 

2.4.1. COBB-DOUGLAS PRODUCTION FUNCTION 

The Cobb-Douglas production function is one of the variations of the functional form 

representation of the production function9 10 and has been used to represent the relationship 

between the amount of output, technological relationship between the amounts of two or more 

input factors, and the amount of output that can be produced by those inputs. The Cobb-Douglas 

production function is especially useful for its unique mathematically convenience and its 

diminishing returns property. It was proposed by Knut Wicksell (1851 – 1926) and tested against 

statistical evidence by Charles Cobb and Paul Douglas in their popular 1928 paper titled “A 

Theory of Production” (Hong, 2008). 

 

The standard Cobb-Douglas production function takes the form: 

 

𝑃(𝐾, 𝐿)𝑡 = 𝑌𝑡   = 𝐴𝑡𝐾𝑡
𝛼𝐿𝑡

𝛽     (7) 

Observe that equation (7) is a variation of equation (1) 

Where: 

                                                 
9 The production function relates physical output of a production process to physical inputs or factors of production 

and remains one of the key concepts of neoclassical theories. It continues to be used to define marginal product and 

differentiates allocative efficiency with respect to the use of factor inputs in production and the resulting distribution 

of income to those factors. (Samuelson & Nordhaus, 2004) 
10 Factors of production could also be referred to as input or resources. These are what is used in the production 

process to produce finished goods and services (output). The three basic factors of production are land, labor, and 

capital. Factors of production may also refer to primary factor, these facilitate production but do not become part of 

the production (as with raw materials) nor become significantly transformed by the production process. (Samuelson 

& Nordhaus, 2004) 
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 𝑃𝑡 = total production (the monetary value of all goods produced in year 𝑡); also 

denoted as 𝑌𝑡 

 𝐾𝑡 = Capial input (the monetary worth of all machinery, equipment, and 

buildings) 

 𝐿𝑡 = labor input (the total number of person-hours worked in a yea, or the 

monetary value of labor used in the production) 

 𝐴𝑡 = total factor productivity level in year 𝑡 

 𝛼 and 𝛽 are the ouput elasticities of capital and labor respectively. 

 

In their paper, Cobb and Douglas suggested that a production function relationship was 

needed to address a number of opportunities (Cobb & Douglas, 1928). Some of these opportunities 

are closely related to the objective of this thesis: 

 Ability to estimate, within close limits, what is/are the major cause(s) for changes 

in production outside the varying quantities of the input factors – labor and capital 

– and the degree to which this/these drivers responded to changes in the quantity 

of the input factors. 

 Ability to estimate the relative influence and effects of the individual input factors 

on production. 

 As the proportion of the input factors changes from year to year, the ability to 

estimate the relative amount added to the total physical product by each unit of 

labor and capital and what is final units of the input factors in these respective 

years. 
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2.4.2. COBB-DOUGLAS PARAMETERS 

2.4.2.1 Labor & Labor Productivity 

Labor is a measure of the work done by human beings. Labor productivity could be 

thought of as the measure of real output produced by a worker in a fixed period of time. A 

growth in labor productivity is measured as the change in this ratio (Y/L) over time. Labor 

productivity changes reflect the joint influence of changes in capital, intermediate inputs (if any), 

as well as technical, organizational and efficiency change within and between firms, the 

influence of economies of scale, varying degrees of capacity utilization and measurement errors 

(OECD, 2001). 

2.4.2.2 Capital & Capital Productivity 

Adam Smith defined capital as “that part of a man’s stock which he expects to afford him 

revenue is called his capital.” (Aspromourgos, 2013). Capital is regarded as one of the factors of 

production by classical and neoclassical economics. It is considered a factor of production because 

it is not used up immediately in the production process like raw materials or intermediate goods 

and also, because it can be produced or increased. In the context of this thesis, capital will be 

considered as a stock of all tangible and intangible items, and all services purchased, together when 

all combined enables the production of output. It could also be referred to the annual (or some 

periodic) flow of capital services required for the production process. 

Capital productivity is the measure of output per unit of value of capital services used up 

in the production process. 
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2.4.2.3 Labor & Capital Share 

Labor and capital shares (of the total inputs) could be thought of as values that indicate 

the responsiveness of output to a change in level of either labor or capital used in production. 

With an increase in either of the input factors resulting in an increase in the output product 

commensurate to the respective share of that input factor – a return to scale. A sum of shares 

equal to one reveals a constant return to scale, while for a sum less than one, a decreasing return 

to scale, and a sum greater than one implies an increasing return to scale. 

2.4.2.4 Productivity Level and Growth Rates 

Productivity can be expressed either in growth rates or in levels. Productivity levels are 

captured in nominal terms, directly measuring the output generated by a unit of input while 

productivity growth rates, the term largely used by most economics literature, are captured in 

real terms and reflects the change in output per input unit over time. I can also show 

mathematically the difference between these terms. 

By log-linearizing equation (7), I obtain an equation as follows: 

 

𝑙𝑛 (𝑌𝑡) = 𝐿𝑛(𝐴𝑡) + 𝛼𝑙𝑛(𝐾𝑡) + 𝛽𝑙𝑛(𝐿𝑡)  (8) 

 

I can estimate and then solve for TFP level, 𝐴 for period 𝑡 as follows: 

 

𝐿𝑛(𝐴𝑡) = 𝐿𝑛 (𝑌𝑡) − 𝛼𝐿𝑛(𝐾𝑡) − 𝛽𝐿𝑛(𝐿𝑡) (9) 

 

Similar to equation (9) and for the next period 𝑡 + 1 I can estimate TFP level to be: 
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𝐿𝑛(𝐴𝑡+1) = 𝐿𝑛 (𝑌𝑡+1) − 𝛼𝐿𝑛(𝐾𝑡+1) − 𝛽𝐿𝑛(𝐿𝑡+1)    (10) 

 

Subtracting equation (3) from (4), gives the growth rate: 

 

𝐿𝑛(𝐴𝑡+1) − 𝐿𝑛(𝐴𝑡) = [𝐿𝑛 (𝑌𝑡+1) − 𝐿𝑛 (𝑌𝑡)] − 𝛼[𝐿𝑛(𝐾𝑡+1) − 𝐿𝑛(𝐾𝑡)] − 𝛽[𝐿𝑛(𝐿𝑡+1) − 𝐿𝑛(𝐿𝑡)] 

             (11) 

In Section 2.4, I provided equation (4) as the fundamental equation for growth accounting. 

Equation (11) can be varied to resemble equation (4) 

𝐿𝑛(𝐴𝑡+1) − 𝐿𝑛(𝐴𝑡) = 𝐿𝑛 (
𝑌𝑡+1

𝐿𝑡
⁄ ) − 𝐿𝑛(

𝑌𝑡+1
𝐿𝑡

⁄ ) − 𝛼 [𝐿𝑛 (
𝐾𝑡+1

𝐿𝑡
⁄ ) − 𝐿𝑛(

𝐾𝑡+1
𝐿𝑡

⁄ )]       

           (12) 

The difference between the natural logs of these parameters gives an estimate of the 

growth rate across the period 𝑡 to 𝑡 + 1 and the values for each parameter during each period 

gives the level index.  

2.4.3. APPLICATIONS OF PRODUCTION FUNCTION TO NATURAL RESOURCE 

INDUSTRY 

Many publications that use the Cobb-Douglas production function (and other neoclassical 

economics’ aggregate production functions) focus on the economic growth accounting of nations 

and/or industries – understanding economic growth rates, national industrial growth rates, cross-

country per capital income differences, etc. These studies have analyzed productivity (such as 

labor productivity), total factor productivity growth rates, and input growth rates across different 

time series within and across countries. Examples of these studies include (Jorgenson & Griliches, 

1967; Jorgenson, 1990; Smolny, 2000; Solow, 1957). 
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Other researchers applied concepts of productivity measurements specifically focused on 

exploring sectoral productivity within industries, for example the coal industry in the US 

(Ellerman, 1995; Ellerman, Stoker, & Berndt, 2001; Wellenius et al., 1996) or the oil and gas 

industry in North America (Celeste & Andrew, 2009; Sharpe & Waslander, 2014). 

2.4.3.1 Application to the Coal Industry in the US 

A number of Danny Ellerman’s publications (Ellerman, 1995; Ellerman et al., 2001) 

provided improved perspectives on understanding productivity, their sources (and/or drivers), and 

their overall effects on commodity prices. In Ellerman (Ellerman, 1995), non-parametric methods 

are used to calculate for productivity across a time series and then to show how aggregate 

productivity statistics may not be exhaustively reflective of, and informative to, what may be going 

on at level of the constituent individual firms. He was able to apply this hypothesis to data for the 

American coal industry and show that when disaggregated across the heterogeneous individual 

firms present within the coal industry, the respective labor productivity trends behaved differently 

from the aggregate industry productivity and, in some case, one another. His work also explained 

the sources of productivity change and its effects on the disaggregated productivity trends 

(Ellerman et al., 2001).  

Referring to another reverent body of work, in his 1995 paper titled “The world price of 

coal”, built on the work of Dale Jorgenson, Ellerman was able to observe how changes in total 

factor productivity has been one of the primary causes of the long-term fluctuations in coal prices 

in the USA since the end of the Second World War. He was able to separate the notions that 

increasing overcapacity – a situation in which investment outruns demand with the result that 

excess capacity is created and prices depress in reaction – and the oil price shock hit in the 70s 

were responsible for the increasing US coal prices. 
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As stated by Ellerman “Jorgenson’s data  provided quality adjusted measures of price and 

quantity for four factors – capital, labor, energy and materials – and the appropriate gross measures 

of output and price for the coal industry from the late 1940s to 1985. From these data, a shared 

weighted index of multifactor productivity change can be created for the past 40 years, as well as 

the inverse, an index of unit input, which indicates the amount of each factor used in the production 

of one unit of output. As the inverse, declining unit input corresponds to increasing productivity 

which with unchanging factor prices implies failing prices; and, vice versa, for rising unit input.” 

 

 

Source: (A. D. Ellerman, 1995) 

Figure 8 –  US Coal Price and Productivity11 

 Ellerman was able to show a corresponding trend between the unit input index and the 

output price as shown by Figure 8. He continued “Unit input and output price decline as 

approximately equal rates through the 1950s and 1960s, as would be expected if factor prices 

remain unchanged. The 1970s are characterized by rising unit impute and rising output price, 

although at different rates. By the end of what appears to be a decade of technical regress, 60 per 

                                                 
11 Nominal Output deflated by GDP deflator 
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cent more aggregate input is required to produce a unit of output, and then input costs some 40 per 

cent more in real terms. Then, technological progress seems to reappear and unit input and prices 

decline steadily again. The turning points and magnitudes of output price and productivity change 

are not exact’ but the unit input index leaves little doubt that changing productivity is the major 

explanatory factor for the trend in coal prices in the USA since the end of the Second World War.” 

A key lesson from the work of Ellerman is the concept (and application) of aggregation 

production function for situations where the total output can be aggregated from individual outputs 

of respective firms and same for input factors – forming consistent totals from components. 

Adjusting for these differences and heterogeneities will be addressed in more details in later 

sections of this chapter. 

2.4.3.2 Application to Various Industry Sectors in North America - CSLS12 

Established in 1995 to undertake research in the area of living standards, the CSLS has 

been contributing to a better understanding of trends in living standards and factors determining 

trends through research. The CSLS provides annual research reports on productivity with specific 

focus on industry sectors in Canada and US. 

In a number of their periodic reports, the consistent application of the Cobb-Douglas 

production function in growth accounting has been used in measuring productivity growths in 

various industries within Canada. In a recent 2014 report titled “The Impact of the Oil Boom on 

Canada’s Labor Productivity Performance, 2000-2012”, the focus was on evaluating the impact of 

the oil and gas industry on labor productivity growth in Canada since 2000 through exploring 

direct and indirect ways in which the oil and gas sector affects aggregate productivity using growth 

                                                 
12 CSLS is the Centre for the Study of Living Standards. It is a Canadian based, non-profit, national, independent 

organization that seeks to contribute to a better understanding of trends in and determinants of productivity, living 

standards and economic and social well-being through research. (www.csls.ca) 
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accounting method to first calculate for productivity growth rates and then decompose this growth 

rates to the contribution of capital intensity and total factor productivity (Sharpe & Waslander, 

2014).  

With focus on the Canada’s most important, and controversial, industries, the oil and gas 

extraction industry, CSLS was able to show that labor productivity growth in the sector has 

remained weak. Yet, paradoxically, the sector did not influence the aggregate labor productivity 

negatively.13  

2.4.4. CRITICISMS OF COBB-DOUGLAS PRODUCTION FUNCTION 

The Cobb-Douglas production function, like most popular approaches and theories, has 

had its share of critiques. This section mentions some of these criticisms and how the research, 

where necessary, has adjusted for them. 

 Dimensional analysis: Faulted for not being dimensionally consistent, Barnett’s 

analysis showed that the 2-input function did not have meaningful or economically 

reasonable units of measurements unless the elasticities of output were all equal to one, 

i.e., 𝛼 = 𝛽 = 1. And in such as situation, the law of diminishing returns will be violated 

and there will be an unreasonably large economies of scale – a doubling of input factors 

will be expected to quadruple output (Barnett, 2004). In reply to this criticism, other 

economists have opined that other units commonly used in physics such as the log 

temperature or distance square could also seem unnatural. In my opinion, their 

argument followed the law of induction, implying that if unnatural units could be used 

                                                 
13 Consistent with Ellerman’s finding in the constituent firms sections relative to the aggregate US coal industry. (D. 

Ellerman, Stoker, & Berndt, 2001). 



48 

and accepted in physics, same should be applied in economics. My guess is we may 

not have seen the end to this line of discourse. 

 Lack of microfoundations & the aggregation problem: A lot of work (Klein 1946, 

Solow 1956, Cass 1965, Denison 1961, 1972, Fisher 1969, Jorgenson & Griliches 

1967, Jorgenson 1972), has been done that established conditions under which micro 

production functions can be aggregated to yield an aggregate production function 

especially if one wants to use sector-wide or economy-wide aggregate production 

function. Growth models subsequently utilized these fundamental publications to 

establish their legitimacy. Key to this is the fundamental assumption that the 

technology of an economy can be represented by an aggregate production function – 

otherwise stated, without the adoption of these assumptions by these growth models, 

the aggregate production function may not have existed. However, over time, multiple 

aggregation literature have shown that these conditions under which micro production 

functions can be aggregated so as to yield an aggregated production function are so 

stringent that is difficult to believe that actual economies can satisfy them. Felipe and 

Fisher in their 2006 paper stated that “[…] the aggregate or macro production function 

is a fictitious entity. […] Its importance lies in the fact that without proper aggregation 

we cannot interpret the properties of an aggregate production function. And without the 

latter, therefore, it is impossible to build a neoclassical growth model.” Their 

conclusion was that due to the stringent conditions, considered by some economists to 

be near-impossible to achieve, the aggregation problem will continue to be valid and 

applicable to a whole host of other topics such as capital, labor, output, investment, or 

gross domestic product (Felipe, 2006). For simplicity, the thesis work will build its 

methodology off the findings and conclusion from Fisher’s simulation (Fisher, 1971), 
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stated succinctly by Felipe: “[…] as long as the share of labor happened to be roughly 

constant, the aggregate production function would yield good results, even though the 

underlying technical relationships are not consistent with the existence of any aggregate 

production function.” And further goes on to conclude that this argument (made by 

Fisher) holds and the aggregate Cobb-Douglas is a good approximate because the labor 

and capital shares are fairly same across the micro-aggregates.  

 Georgescu-Reogen vs. Solow/Stiglitz (Daly, 1997): “Since the production function is 

often  explained as  a technical recipe, we might say Solow’s recipe calls for making a 

cake with only the cook and his kitchen. We do not need flour, eggs, sugar, etc., nor 

electricity or natural gas, nor even firewood. If we want a bigger cake, the cook simply 

stirs faster in a bigger bowl and cooks the empty bowl in a bigger oven that somehow 

heat itself.” Herman E. Daly, 1997. This statement is representative of the criticisms 

leveled against the use of the two factor Cobb-Douglas function, unto which the 

Solow’s residual is anchored.  The argument was based on how one could produce 

without natural resources being factored into the production process (and the 

production function). Over time, a new version of the production function was formed 

that included a third input factor, “R”, resources. Georgescu-Roegen labelled this 

‘Solow-Stiglitz variant’ and still showed that the inclusion of a third factor didn’t solve 

the criticism and he went on to show that substituting capital with resource, and vice 

versa, assuming labor and output were held constant, could lead to unreasonable 

outcomes. (Georgescu-Roegen, 1979, 98). A justification to this criticism is that 

resources could be left out of the production function because resources can be 

substituted by reproducible capital. Another justification was made in the influential 

book Scarcity and Growth, (Barnett and Morse, 1963) where it was suggested that 
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“Advances in fundamental science have made it possible to take advantage of the 

uniformity of matter/energy, a uniformity that makes it feasible without preassigned 

limit, to escape the quantitative constraints imposed by the character of the earth’s 

crust… Nature imposes particular scarcities, not an inescapable general scarcity.” From 

the host of justifications made to clear this criticism, although not directly from Solow 

or Stiglitz, this thesis concluded that there was sufficient literature support to proceed 

with the two factor Cobb-Douglas production function as the basis for the research 

work. 

2.5. THE AGGREGATE PRODUCTION FUNCTION 

The aggregate production function can be defined as a function that maps aggregate inputs 

into aggregate outputs. Aggregation relates to forming consistent totals from components. It maps 

out a relationship between firm-level productivity measures and their counterparts at the 

macroeconomic level. In defining the aggregate production function, it is implied that a production 

function exists at the level of the firm. This assumption is guaranteed. Felipe and Fisher state in 

their 2006 paper on the topic that “if an entity assigns use of its various factors to different 

techniques of production so as to maximize output, then maximized output will depend only on 

the total amount of such factors, and that dependence can be written as a functional relationship” 

(Felipe, 2006). 

Consistent with objectives for measuring productivity for the global oil and gas industry, 

this thesis will be applying most of the same work that has been done around measurement of total 

factor productivity but with specific application to aggregates of individual oil and gas firms (as 

against typical application to homogenous countries or industries within countries). In carrying out 

these aggregations the thesis addresses the following questions: 
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1. What is the aggregate technological rate of growth for international and national oil 

companies and the global industry level? 

2. Are there rate changes for the private, national companies and the oil and gas industry 

between the three distinct price cycles? 

3. What are the drivers behind these rate changes? 

4. How do these drivers change across the three distinct price cycles? 

The first step of this research will be to define some way of aggregating the data to adjust 

for the heterogeneity present across in the various individual firms. Some examples of these 

heterogeneity include their differing amounts of input factors shares, the idiosyncrasies of the 

individual production processes and operations of the firms, their different business locations, etc. 

At the same, this thesis recognizes the constraints that prevents some of these heterogeneities to 

be adjusted and accounted for. Some of these simplifying assumptions should help adjust for most 

of these differences. 

The ideal scenario for the economic production function is for the aggregation to be done 

across homogenous producer units i.e., the units engaged in a similar principal activity14. There 

are multiple ways producer units can be classified with respect to their principal activity. Some of 

these ways include kind-of-activity unit (by activity), local units (by location), and establishment 

(by location and activity) (European_Commission_IMF_OECD_UN, 1993). This research will be 

aggregating firms by kind-of-activity. In the kind-of-activity unit classification, the unit is 

composed of producers engaged in similar principal activity. When partitioned across this 

classification, the resulting units can be considered to be homogenous with respect to output, cost 

structure and technology of production. 

                                                 
14 The principal activity of a producer unit is the activity whose value added exceeds that of any other activity 

carried out within the same unit (European_Commission_IMF_OECD_UN, 1993) 
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There are numerous methods to measure productivity and technical change. First, the 

growth accounting method was used in which a production function was assigned to a firm (or an 

aggregate) and its productivity was measured deterministically and then decomposed into the 

contributions due to input factors and technical change (the residual). The Cobb-Douglas 

production function introduced in section 2.4.1 falls under the growth accounting method.  Other 

methods have been introduced mainly to adjust for heterogeneity in the individual firms making 

up the aggregate production function. One of the newer methods is the regression method. This 

method is usually considered to be “global” because it reveals a more general functional form that 

can be extrapolated directly from the data (while adjusting for the heterogeneities that may exist). 

In the regression method, the production function relationship will assume no predetermined form 

and will be constructed based off from the information derived from the pool of data – 

measurements of output and input quantities – typically by carrying out a regression analysis. The 

values of the parameters will be estimated and the most likely production function relationship 

form revealed. This method was exercised by Solow in his 1957 paper where he tried fitting the 

data to five variations of a production function and tested each independently for their statistical 

significance. The regression method falls under the concept of econometrics (i.e., application of 

statistical methods to economics) and a limitation to the method is the sizeable amount of data 

required to run a reliable analysis. The data used for this research was limited especially for the 

NOC (national oil companies). Nonetheless, this approach will be carried out as part of the data 

analysis. 

Similar to with Solow’s work, and consistent with the regression technique, these five 

production functional form relationships will be tested on the data as part of this research 

𝑄 =  𝛼 + 𝛽𝐾,  a linear relationship 

𝑄 =  𝛼 + 𝛽𝐿𝑛𝐾, a semi-logarithmic relationship 
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𝑄 =  𝛼 + 𝛽/𝐾, a hyperbolic relationship 

𝐿𝑛𝑄 =  𝛼 + 𝛽𝐿𝑛𝐾, the Cobb-Douglas case, and finally, 

𝐿𝑛𝑄 =  𝛼 − 𝛽/𝐾, semi-logarithmic hyperbolic hybrid relationship. 

In these five cases, the econometric model will be solving for 𝛼 and 𝛽, the residual and 

capital input factor share respectively. 

The other aggregate production function method is called the Index number theory method 

because it employs the use of weighted indexes. Similar to the growth accounting method, this 

method is also a non-parametric method.  It is often referred to as a “local” solution and specifically 

defined based on the set of quantities of each parameters – the weighted indexes (Hulten, 1986).  

Following Jorgenson and Griliches (1967), the discussion below shows how total factor 

productivity can be defined as an aggregate of a system with multiples outputs and inputs.  

 

First, the following notation is introduced: 

𝑌𝑖 – quantity of the output from the 𝑖𝑡ℎ company 

𝑋𝑗 – quantity of the input from the 𝑗𝑡ℎ company 

𝑞𝑖 – price of the ouput from the 𝑖𝑡ℎ company 

𝑝𝑗 – price of the ouput from the j𝑡ℎ company 

 

For 𝑚 companies, the fundamental identity for each accounting period is that value of output 

equal to the value of input: 

 

𝑞1𝑌1 + 𝑞2𝑌2 + ⋯ + 𝑞𝑚𝑌𝑚 =  𝑝1𝑋1 + 𝑝2𝑋2 + ⋯ + 𝑝𝑚𝑋𝑚  (13) 

 



54 

Differentiating with respect to time and dividing both sides by the corresponding total value, I 

can obtain the following: 

 

∑ 𝑤𝑖 [
𝑞𝑖̇

𝑞𝑖
+

𝑌𝑖̇

𝑌𝑖
] = ∑ 𝑣𝑗 [

𝑝𝑗̇

𝑝𝑗
+

𝑋𝑗̇

𝑋𝑗
]  (14)  

 

where weights 𝑤𝑖 and 𝑣𝑗  are the relative shares of the value of the 𝑖𝑡ℎ output in the value of total 

output and the value of 𝑗𝑡ℎ input in the value of total input: 

𝑤𝑖 =  
𝑞𝑖𝑌𝑖

∑ 𝑞𝑖𝑌𝑖
,     𝑣𝑗 =  

𝑝𝑗𝑋𝑗

∑ 𝑝𝑗𝑋𝑗
 

To verify that both sides of (14) are weighted averages, I observe that: 

𝑤𝑖  ≥ 0, 𝑖 = 1 … 𝑚; 

𝑣𝑗  ≥ 0, 𝑖 = 1 … 𝑛; 

∑ 𝑤𝑖  = ∑ 𝑣𝑗 = 1 

A useful index of the quantity of total output may be defined in terms of the weighted 

averages of the rates of growth of the individual outputs from (14); denoting this index of output 

by 𝑌, the rate of growth of this index is 

𝑌̇

𝑌
=  ∑ 𝑤𝑖

𝑌̇𝑖

𝑌𝑖
; 

 

Replicating same for the index of the quantity of total input, say 𝑋, the rate of growth is 

𝑋̇

𝑋
=  ∑ 𝑣𝑗

𝑋̇𝑗

𝑋𝑗
; 
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These quantity indexes are known as Divisia quantity indexes; the corresponding Divisia price 

indexes for total output and total input, say 𝑞 and 𝑝, have rates of growth: 

 

𝑞̇

𝑞
=  ∑ 𝑤𝑖

𝑞̇𝑖

𝑞𝑖
; 

 

𝑝̇

𝑝
=  ∑ 𝑣𝑗

𝑝̇𝑗

𝑝𝑗
; 

In terms of Divisia index numbers a natural definition of total factor productivity, say 𝑃, is the 

ratio of the quantity of total output to the quantity of total input: 

 

𝑃 =  
𝑌

𝑋
      (15) 

Using the definitions of Divisia quantity indexes,  𝑌 and 𝑋, the rate of growth of total factor 

productivity may be expressed as  

𝑃̇

𝑃
=  

𝑌̇

𝑋
−  

𝑋̇

𝑋
=  ∑ 𝑤𝑖

𝑌̇𝑖

𝑌𝑖
−  ∑ 𝑣𝑗

𝑋̇𝑗

𝑋𝑗
   (16) 

Or, alternatively, as: 

𝑃̇

𝑃
=  

𝑝̇

𝑝
−  

𝑞̇

𝑞
=  ∑ 𝑣𝑗

𝑝̇𝑗

𝑝𝑗
−  ∑ 𝑤𝑖

𝑞̇𝑖

𝑞𝑖
   

These two definitions of total factor productivity are dual to each other and are equivalent 

by (14). This implies that in general, any index of total factor productivity can be computed 

either from indexes of the quantity of total output and total input or from the corresponding price 

indexes. 
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3. RESEARCH METHOD AND APPROACH 

3.1. INTRODUCTION 

As discussed in the earlier chapters, understanding the relationship between technological 

improvements, the volumes of oil and gas produced, amount of capital investment, and the price 

of crude oil and natural gas requires an investigation into the levels and rates of technological 

improvement and the insights into their main drivers. 

I will use different methods for the research analysis – index number theory, growth 

accounting, and regression analysis. Adapting and applying these methods requires a deep 

understanding of their underlying principles; the selection and identification of the right type of 

data sets, their quality (and quantity, referring to the number of observations for the regression 

analysis); and the length of the time interval over which these relationships can be identified and 

analyzed.  

This chapter provides details into the research methods and approaches for this thesis. 

3.2. GENERAL DESCRIPTION 

As mentioned in Chapter 2, most of the research on the topics of productivity and TFP for 

the oil and gas sector has been done at the industry level – analyzing the oil and gas extraction 

industry within a country. In my research I attempt to carry out my analysis differently, I aggregate 

data from selected key players within the oil and gas extraction industry and then attempt to 

estimate productivity and total factor productivity for the industry aggregates. I use publicly 

available annual reports (see Appendix C for the list of company reports) as a source of my data 

and the data were compiled for private oil and gas producing companies (POC) and national oil 

companies (NOC). 
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In this chapter I define the requirements for the choice of the companies and then explain 

the source of the data and the time period over which the data were selected. 

3.3. THE CHOICE OF OIL AND GAS COMPANIES 

To effectively achieve the objective of this thesis, selecting the companies on which the 

data are built is a critical step of the research approach. I created the following requirements for 

the selection of the companies from which data are gathered: 

 The sample of companies should be a mix of major global (international) producers 

and major national producers. 

 The sample should represent a substantial percentage of the total global production. 

 That sample of companies should have reliable and publicly available data to support 

the necessary analysis. 

Eight major producers were identified from the “Top 25 producers” list provided in Table 

2. These eight producers were broken down into four private and four national oil and gas 

companies. Together, these eight companies produced about 40% of the production from the top 

twenty-five companies in 2012. 
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Source: (Rapier, 2016) 

Table 2 – Top 25 Producing Oil and Gas Companies 

The four private companies (POC) include ExxonMobil, BP, Shell, and Chevron and these 

represent the four largest privately owned oil and gas companies in the world. They are also all 

integrated companies with international operations that span across multiple continents covering 

conventional and unconventional forms of oil and gas production. These companies are similar in 

Ranking Oil & Gas company
Production 1 

(Mboed)

Publicly 

available 

Data?

1 Saudi Aramco* 12.5 No

2 Gazprom** 9.7 Yes

3 National Iranian Oil Co* 6.4 No

4 ExxonMobil 5.3 Yes

5 PetroChina** 4.4 Yes

6 BP 4.1 Yes

7 Shell 3.9 Yes

8 Pemex* 3.6 No

9 Chevron 3.5 Yes

10 Kuwait Pet Corp* 3.2 No

11 ADNO* 2.9 No

12 Sonatrach* 2.7 No

13 Total 2.7 Yes

14 Petrobras** 2.6 Yes

15 Rosneft** 2.6 Yes

16 Iraqi Oil Ministry* 2.3

17 Qatar Pet* 2.3

18 Lukoil** 2.2

19 Eni 2.2 Yes

20 Statoil 2.1 Yes

21 ConocoPhillips 2 Yes

22 PDVSA* 1.9

23 Sinopec** 1.6

24 Nigerian Nat Pet 1.4

25 Petronas* 1.4

Total Production (Mboed) 89.5

%  of 8 companies 40%

1 2012 produced volumes (MBOE)

* National companies, fully owned by the state.

** Publicly traded national companies with some state control (semi-public company)

Private companies selected

National companies selected
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terms of organization and production activities. They also have similar labor and capital structures, 

adopt similar technologies, and collaborate extensively with each other on a number of joint 

venture projects. 

The four national companies (NOC) are Gazprom, PetroChina, Petrobras, and Rosneft. 

These companies mostly operate out of their home countries with Rosneft and Gazprom based out 

of Russia, Petrobras from Brazil, and PetroChina from China. These companies are semi-public 

companies with a significant amount of the company owned and controlled by their national 

governments. NOC also exhibit similar characteristics with each other and they have different 

organizational, labor and capital structures from the private companies. 

All these companies have exploration and production of crude oil and natural gas to be 

their primary productive activity. This implies that fundamentally they have a similar production 

process with the same input factors. 

The data for these companies were sourced from their company investor webpages and the 

Thomson One data for recent financial reports and operations document. The legacy annual reports 

were obtained from the ProQuest database. The details on the documents are provided in Appendix 

C. 

3.3.1.1 Some Factors, Assumptions, and Decisions Applicable to Data for the Oil and Gas 

Companies 

In compiling the data across the eight major oil and gas companies, a number of factors 

were considered. These factors and their subsequent decision are as follows: 

 Due to the complexity (defined broadly on the basis of the size, cost, and risk) of oil and 

gas projects, the idea of risk-sharing is common to most of the larger industry players. As 

a result, most oil and gas companies participate as partners on multiple E&P projects. To 



60 

clearly disclose projects in which they are directly in charge of (i.e., the “operator”) from 

those where they have an investment share, oil and gas companies divide their financial 

records into subsidiary and affiliate categories. I focus only on the subsidiary category to 

avoid a case of double counting output quantities across multiple companies. 

 The national oil companies have substantial transactions both in their domestic and foreign 

currencies. I adjust for inflation, convert financial flows to constant 2014 prices, and 

convert local currency to dollars at 2014 exchange rate. The step of converting to 2014 

dollars also applies to POC – including those whose financial statements are in US dollars. 

All dollar prices were also deflated to 2014 dollars by applying the CPI inflation values for 

the US (“Inflation - Current and Historic Inflation by Country,” 2016). As a result, all 

financial data are converted to the same units – 2014 dollars. 

 The oil and gas industry is not immune to merger and acquisition activities and these 

activities are taken into consideration in the analysis. The assumption made is that 

irrespective of the structure of the parent company, the combined input factors, as long as 

they are traceable to a subsidiary, should be captured under that subsidiary to reflect its 

contribution to the production of output – revenue from sales of crude oil and gas. This 

means that the total sum of output (prices and physical units from produced oil and gas) 

and its respective input factors are captured for all periods and from all subsidiaries of the 

companies pre and post a merger or acquisition activity. For example, volumes produced 

and input factors for ExxonMobil post the merger between Mobil and Exxon in 1999 are 

taken from the data for ExxonMobil after 1999 and from individual reports for Mobil and 

Exxon pre-1999.  



61 

3.4. CRUDE OIL PRICE PERIODS AND THE TIME INTERVALS 

I considered the time interval from 1970 – 2014 (introduced in Chapter 1) to be an interval 

with a good representation of crude oil price dynamics. There are prolonged periods of increasing 

and decreasing oil prices. This period is broken into the three distinct periods: 1970 – 1981 (a 

period of rising oil price), 1981 – 1999 (declining oil price), and 1999 – 2014 (rising oil price). 

It is worth noting that companies have some data limitations across the 45 years span from 

1970 to 2014. These data limitations range from some of these companies (especially the NOCs) 

being founded in the late 80s and early 90s to the unavailability of earlier version of financial 

statements for some specific companies. Table 3 provides a summary of available data for the three 

periods of study. 

 

Table 3 – Available Data for 1970 – 2014 
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3.5. INPUT DATA 

I use different concepts (described in the previous chapters) to measure the rate of technical 

change: growth accounting (based on the Cobb-Douglas function), index number theory and 

regression analysis. These methods are applied to different levels of the data. Table 4 provides an 

overview of the methods (growth accounting, index number theory, regression analysis) and where 

they are applied (individual companies, an aggregate for POCs, an aggregate for NOCs, all 

companies). 

 

Productivity 

Measurement Method 

Individual 

Firms 

Private Oil 

Companies 

National Oil 

Company 

All 

Growth Accounting Yes Yes Yes Yes 

Index Number Theory - Yes Yes Yes 

Regression Analysis - Yes Yes Yes 

  

Table 4 – Application of Methods across Firms and Aggregates 

 

For production function accounting, data have to be obtained for output (Y), the input 

factors: capital (K) and labor (L), and their respective input shares (α and 1-α). I collected these 

data from the individual companies and then aggregate them for the three aggregates – POC, NOC, 

and All. 
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3.5.1. The Output Variable (Y) 

At the firm’s level, I consider the output or total production per firm per period. The output 

can be reported in three ways: in quantities (millions of oil equivalent), in value terms (price times 

quantity) at current prices (the product of the average market price of crude oil and natural gas 

over a specific period with the amount of oil and gas produced during the same period), and in 

total revenue (which is also price times quantity, but instead of using quantities produced and their 

market prices, I used the values for revenue reported in the financial statements of the companies). 

In this analysis, I use the firm’s total revenue as a measure of output. Each period represents a 

year. 

The amount of oil and gas, revenues, and current prices for each period are obtained from 

the annual reports of the firms. 

3.5.2. The Capital Input Factor Variable (K) 

Capital input (K) represents the real value of all machinery, equipment, buildings, oil and 

gas platforms, reserves acreages, pipelines, etc. In the financial statements it is reflected in capital 

stock, property, plant, and equipment (PPE) and in all capital expenditures and acquisitions. The 

capital employed each year is a fraction of the total capital input. This fraction may be likened to 

the yearly rent the firm may have charged for access to its PPE, reserves, and new acquisitions. 

The rent is related to the rate of a return applied to the sum of the depreciated value on gross 

property, plant, and equipment plus all capital acquisition and expenditure investment made during 

the period (Paltsev, 2004). The depreciation rate is δ, the cost of capital 𝑟, and the capital 

expenditure and acquisitions 𝑘𝑡  for period t. 

𝐾𝑡 = (𝑃𝑃𝐸𝑡 + 𝑘𝑡) ∗ (𝛿 + 𝑟) 
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This defined the capital input variable, 𝐾𝑡, corresponding to a fraction of the PPE and capital 

expenditures for period i and I represent it in millions of dollars. I assumed a depreciation rate of 

4 per cent and a cost of capital of 5 per cent. The depreciation rate was obtained by assuming a 

straight line depreciation over 25 years on all capital stock operated by the firm and the cost of 

capital was the median interest rate charged to ExxonMobil15’s long term debt in 2014. 

3.5.3. The Labor Input Factor Variable (L) 

Labor input (L) can be represented in two ways: the number of workers of total expenditure 

for labor services in millions of dollars. These numbers were derived directly from the financial 

statements of these companies. 

3.5.4. The Capital Share (α) and Labor Share (1- α) 

Capital and Labor shares are the fractions of capital and labor inputs, respectively, in the 

total output (the revenue for each company) for each period. They are obtained by finding the ratio 

of each of the input factors to the revenue. It is a simple calculation using figures obtained directly 

from the financial statements of the company. 

 

𝛼𝑡 =
(𝑃𝑃𝐸𝑡+𝑘𝑡)∗(𝛿+𝑟)

𝑌𝑡
    (3) 

 

Equation (3) defines the capital share, 𝛼𝑡, corresponding to ratio of contribution of the capital stock 

to the revenue for period t . 

                                                 
15 Before April 2016, ExxonMobil had a S&P rating of Aaa – the only oil producing company with the highest 

possible rating. This makes the assumed cost of capital conservative in respect to other POC firms with lower ratings 

however it is a fair estimate when compared to the NOC firm who are considered to have access to cheaper sources 

of capital. Future work could focus on determining the sensitivities of the result to changes in selected cost of capital 

and depreciation rates. 
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The labor share is derived directly from the capital share based on the assumption that the 

both sum up to one, i.e., assuming a constant return to scale – all services paid for in the exploration 

and production sector are broken into capital and labor services.   
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4. DATA ANALYSIS 

Chapter 3 introduced the research method and approach. In this chapter I extend the 

discussion to provide the findings of this thesis research. This chapter is divided in two sections. 

The first section covers analysis and findings related to productivity trends at the industry level 

aggregates. These aggregates fall in three buckets - Private oil and gas companies (POC), National 

oil and gas companies (NOC), and, an overall industry representation (referred to as “All”). The 

second part of the chapter provides some analysis to identify the major drivers to these trends and 

estimates their contribution margins to the overall aggregate productivity growth. The various 

analysis and findings will be carried out across the three time periods – 1970 to 1981, 1981 to1999, 

and 1999 to 2014 – with the objective of communicating how these trends may have changed 

across the time periods.  
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4.1. PRODUCTIVITY TRENDS AT THE OIL AND GAS INDUSTRY LEVEL 

The section will detail the findings for the industry level across the three time periods of 

interest. First, I explore the trends for the rate of technical change in the oil and gas exploration 

and production industry. Then, I examine the elements that impact technical change: labor 

productivity, capital productivity, capital intensity, and total factor productivity will also be 

presented. I use the three methods presented in Table 5. 

 

 

Table 5 – Data Analysis Layout and Transition 

To refresh the reader, the aggregate “POC” which is the private oil companies are made up 

from nine companies, which are Gulf Oil, Texaco, Standard Oil of California, Chevron, Exxon, 

Mobil, ExxonMobil, BP and Shell. The aggregate “NOC”, the national oil companies, are made 

up of four companies, Gazprom, PetroChina, Petrobras, and Rosneft. As over time, these 

companies merge, a reader is referred to Table 3 for an overview on how the data are aggregated 

across each of the time periods. 
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4.1.1. Output 

In this section I report output as measured in revenues (in constant 2014 dollars) and in 

millions of barrels of oil equivalent (MBOE) over the various time periods. In terms of the revenue, 

for the period with the most company representation, 1999 – 2014, the “All” aggregate grew at an 

average annual rate of 9.7 per cent, the POC aggregate grew at an average annual rate of 7.2 per 

cent, and the NOC aggregate grew at an average annual rate of 14.2 per cent. In terms of physical 

output (in millions of barrels of oil equivalent), the average annual growth rates for the “All” 

aggregate for 1999 – 2014 was 1.3 per cent, POC declined at a rate of 1.2 per cent, and NOC grew 

at a rate of 3.2 per cent. For this period, crude prices grew at an average annual rate of 9.4 per cent.  

The second period, 1981 – 1999, output in constant dollar revenue for POC declined at an 

average annual rate of 2.4 per cent with constant crude oil price falling at an average annual rate 

of 7 per cent. The quantity of oil produced over this period increased at an average annual rate of 

1.8 per cent. For the third period (the earliest), 1970 – 1981, revenue for POC increased at an 

average annual rate of 9.3 per cent and total oil production declined at an average annual rate of 

5.7 per cent. For the same period, crude oil price increased at an average annual rate of 21.3 per 

cent. Cumulatively, over the period, the POC aggregate’s output in constant dollar revenue 

increased at an average annual rate of 3.6 per cent per year and its output in quantity of oil 

equivalent declined at an annual rate of 1.1 per cent.   

Table 6 summarizes output for each of the aggregates across the various time periods. It 

also provides a change in oil price during these periods.  
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Output CAGR (%) 

1970 - 1981 1981 - 1999 1999 - 2014 1970 - 2014 

ALL 

Revenue 
(2014 $) 

- - 9.7 (↑) - 

Total Production 
(MBOE) 

- - 1.3 (↑) - 

POC 

Revenue 
(2014 $) 

9.3 (↑) -2.4 (↓) 7.2 (↑) 3.6 (↑) 

Total Production16 
(MBOE) 

-5.7 (↓) 1.8 (↑) -1.2 (↓) -1.1 (↓) 

NOC 

Revenue 
(2014 $) 

- - 14.2 (↑) - 

Total Production 
(MBOE) 

- - 3.2 (↑) - 

 
Crude Oil Price 

(2014 $) 
21.3 (↑) -7.0 (↓) 9.4 (↑) 5.1 (↑) 

Table 6 – Output summary 

 

In the period 1970 – 1981, oil prices rose rapidly – increasing at an average annual rate of 

21.3 per cent. With increasing prices it was unsurprising to observe revenue (output) increasing at 

a rate faster than those observed during the other time periods – see output performance for POC 

across the time period in table 6. One could argue that prices were the sole driver to the increasing 

revenues because actual produced quantities for the period were declining at an annual rate of 5.7 

                                                 
16 Total production from private oil companies were derived by summing up production 

from only subsidiary companies to prevent the error of double counting produced volumes across 

affiliates. POCs to have a good number of affiliations and joint venture partnerships amongst 

themselves and some national companies hence the choice to avoid accounting affiliates. This 

decision makes the result conservative and biased downwards. Also, one of the four POC firms, 

BP, has had to divest aggressively to fund expenses and losses tied to its major oil spill in 2010. 
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per cent. The period 1981 – 1999 exhibited a different dynamic, as crude oil prices were dwindling 

the actual produced volumes were increasing but overall revenues were falling – crude oil prices 

fell at a rate faster than the rate of increase of produced oil.  

For NOC the data are available only for the period of 1999 – 2014. During this period, 

NOC’s output (measured in revenue) outgrew all the other aggregates – 14.2 per cent. NOC also 

have the highest rate of growth in produced oil equivalent barrels among the available data in Table 

6. This result was significantly influenced by the Russian firms, Gazprom and Rosneft, both 

witnessed double digits growths in revenue primarily due to double digits growth in total oil and 

gas production over the period and favorable crude oil prices. 

Two issues arise from the data on oil production in physical unites. The first issue is the 

question whether increasing crude oil prices incentivizes increased investments during that period 

resulting in an increased production (in oil equivalent barrels available) in the next period – POC 

average annual production growth rate was decreasing in the period 1970 – 1981 (-5.7 per cent), 

but then rose in the next period to 1.8 per cent. This simple analysis seems to confirm that an 

increased production in the future periods is due to an increased investment at the time of 

increasing oil prices. It also supports the case that decreasing oil prices discourage investment and 

the future production is decreasing (average annual production growth rate was negative for POCs 

in 1999 – 2014) In 2015 with the declining crude oil prices, general reports from energy analysts 

suggest that firms have cut back significantly on capital investments – potentially affecting the 

amount of crude production available to be produced in the “next” period (Wood MacKenzie, 

2016). The second issue is if the relationship between production and revenue exhibited by the 

national oil companies is sustainable. NOC show faster increase in output in 1999 – 2014 in 

comparison to POC. One reason might be NOC have easier access to cheaper and more easily 

extracted resources and this might increase their ability to produce larger quantities of oil 
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equivalents in the short term. Diminishing returns will set in at some point along their marginal 

cost curve and increasing production will be more constrained by both economics and geology 

(which relates directly to technology). In addition, 1999 – 2014 period is when Gazprom, Rosneft, 

and PetroChina were reorganized and expanded. 

4.1.2. Labor Input 

Labor input is measured as the number of workers available each year and the annual total 

expenditure associated with labor each year.  Table 7 presents the results for labor input. The 

number of workers has increased for the “All” aggregate over the period 1999 – 2014 by an average 

annual rate of 1.6 per cent. For the same period, both the POC and NOC aggregates in terms of 

number of workers have also grown at average annual rates of 3.4 and 1.3 per cent respectively. 

In terms of total labor income (or wages), measured in constant 2014 dollars paid to labor, “All”, 

POC, and NOC  aggregates have all experienced an average annual growth rate of  4.8, 3.7, and 

6.3 per cent respectively. 

For the period 1981 – 1999, POC aggregate’s number of workers decreased at an average 

annual rate of 6.1 per cent and labor income also decreased at an average annual rate of 6.3 per 

cent. For the earliest period, 1970 – 1981 and for the same aggregate, number of workers increased 

at an average annual rate of 2.8 per cent and labor income also increased at an average annual rate 

of 2.6 per cent. Over the entire period, 1970 – 2014, number of workers and total wages (in constant 

dollars) decreased at an average annual rate of 0.7 and 0.8 per cent respectively for POC. 
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Labor Input CAGR (%) 

1970 - 1981 1981 - 1999 1999 - 2014 1970 - 2014 

ALL 

Labor 
(# workers) 

- - 1.6 (↑) - 

Labor income 
(2014 $) 

- - 4.8 (↑) - 

POC 

Labor 
(# workers) 

2.8 (↑) -6.1 (↓) 3.4 (↑) -0.7 (↓) 

Labor income 
(2014 $) 

2.6 (↑) -6.3 (↓) 3.7 (↑) -0.8 (↓) 

NOC 

Labor 
(# workers) 

- - 1.3 (↑) - 

Labor income 
(2014 $) 

- - 6.3 (↑) - 

Crude Oil Price 
(2014 $) 

21.3 (↑) -7.0 (↓) 9.4 (↑) 5.1 (↑) 

Table 7 – Labor Input Summary 

In absolute numbers, the numbers of workers for the NOC remained significantly higher 

than their counterparts in the POC. This could be related to the NOC companies having national 

responsibilities to create jobs and their lower wage structures (compared to wages in POC which 

were consistently higher) together provide more incentives to hire more workers. Adjustment for 

quality of labor across NOC and POC was not factored into my analysis and therefore there is no 

means of comparing if NOC could be trying to compensate for lower labor quality by increasing 

staffing levels. 

Overall, the labor input increased steadily with increasing crude oil prices and decreased 

when crude oil prices were declining. One can observe that for POC the rate of change for number 

of workers and labor income changed by almost the same magnitude indicating that both 

parameters changed in tandem. The case seems different in the case of the NOC, the labor income 

grows at a faster rate than the rate of increase in the number of workers – this could be indicative 

of improving worker compensation structures amongst the NOC. 
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4.1.3. Capital Services Input 

Capital input represent the total capital services used in the production process and 

measured in constant dollars. Table 8 present the results for capital input. For the most recent time 

period, 1999 – 2014, the “All” aggregate had its capital input increase at an average annual growth 

rate of 10.3 per cent. In this period, both POC and NOC had their capital input increase at average 

annual rates of 8 per cent and 15.2 per cent respectively. Across the other two time periods, POC 

first saw its capital stock increase at an average rate of 6.1 per cent from 1970 to 1981 then it 

decelerated but continued to increase at an average annual growth rate of 0.4 per cent. Overall, 

POC witnessed an increase in capital productivity from 1970 to 2014 of 4.3 per cent compound 

annual growth rate. 

 

 

Capital Input CAGR (%) 

1970 - 1981 1981 - 1999 1999 - 2014 1970 - 2014 

ALL 

Capital Services 
(2014 $) 

- - 10.3 (↑) - 

POC 6.1 (↑) 0.4 (↑) 7.9 (↑) 4.3 (↑) 

NOC - - 15.2 (↑) - 

Crude Oil Price 
(2014 $) 

21.3 (↑) -7.0 (↓) 9.4 (↑) 5.1 (↑) 

Table 8 – Capital Input Summary 

 

Table 8 shows that there is a positive relationship between growth in capital input and crude 

oil prices. Capital input increases steadily when crude oil prices increase and vice versa. Observe 

that the rate of growth of capital input is highest relative to the rate of growth in crude oil prices 

in the most recent period 1999 – 2014 for both NOC and POC – an indication of aggressively 
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increasing capital investment. In further sections of this chapter, I will be reviewing the output 

relative to capital investment to further explore a relationship between capital and output. 

Also in earlier sections of this chapter, I mentioned that NOC in 1999 – 2014 were seeing 

positive growth of output – revenue and volumes. Aside increasing crude oil prices, I think it is 

logical to also assume that their aggressive rate of capital investment is driving some of the increase 

in production in the current period (and possibly in the next period). 

4.1.4. Labor Productivity 

Labor productivity is measured as the total output (in constant dollars or quantity of oil 

equivalent) per worker. The labor productivity is another representation of the output but this time 

relative to how much output each worker is able to produce. The expectation for the rational firm 

is to maximize this parameter at the lowest possible cost. Table 9 summarized the data for labor 

productivity. In constant dollar measurements, the “All” aggregate for the period 1999 – 2014 

witnessed an increase in labor productivity of 7.6 per cent per year, while labor productivity for 

the  POC and NOC increased at an average annual rate of 3.6 per cent and 12.0 per cent 

respectively. For the same period in oil equivalent units, the “All” aggregate fell at an annual rate 

of 0.3 per cent. POC experienced a drop at an average annual rate of 4.5 per cent, while NOC had 

a growth of 1.9 per cent per year. For the period, 1970 – 1981, labor productivity for POC measured 

in constant dollar revenue per worker increased at an average annual rate of 6.1 per cent. In the 

next period, 1981 – 1999, growth in labor productivity slowed down, although it continued to grow 

at an average annual rate of 3.9 per cent. In oil equivalent units, POC experienced a decline in 

labor productivity from 1970-1981 at an average annual rate of 8.3 per cent and in the next period, 

1981 – 1999, an increase of 8.5 per cent per year. Over the entire period, 1970 – 2014, labor 
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productivity for POC in constant dollars increased at an average annual growth rate of 4.3 per cent 

and in oil equivalent units decreased by 0.4 per cent per year. 

  

Labor Productivity CAGR (%) 

1970 - 1981 1981 - 1999 1999 - 2014 1970 - 2014 

ALL 
Revenue per worker 

(2014 $/worker) 
- - 7.6 (↑) 

- 

Barrels per worker 
(KBOE/worker) 

- - -0.3 (↓) 
- 

POC 
Revenue per worker 

(2014 $/worker) 
6.1 (↑) 3.9 (↑) 3.6 (↑) 

4.3 (↑) 

Barrels per worker 
(KBOE/worker) 

-8.3 (↓) 8.5 (↑) -4.5 (↓) 
-0.4 (↓) 

NOC 
Revenue per worker 

(2014 $/worker) 
- - 12.0 (↑) 

- 

Barrels per worker 
(KBOE/worker) 

- - 1.9 (↑) 
- 

Crude Oil Price 
(2014 $) 

21.3 (↑) -7.0 (↓) 9.4 (↑) 
5.1 (↑) 

Table 9 – Labor Productivity Summary 

4.1.5. Capital Productivity 

Capital productivity measures output (in terms of revenues and physical quantities) per 

dollar of capital input. This parameter speaks to the efficiency of capital and helps to explore the 

following question: is each unit of capital producing more or less output? Table 10 provides a 

summary for capital productivity. The “All” aggregate for the period 1999 – 2014 witnessed a 

decrease in capital productivity of 0.6 per cent per year, while capital productivity in POC and 

NOC decreased at an average annual rate of 0.2 per cent and 0.8 per cent, respectively. For the 

period, 1970 – 1981, capital productivity for POC increased at an average annual rate of 3.0 per 

cent. In the next period, 1981 – 1999, capital productivity decreased by an average annual rate of 

3.2 per cent. Over the entire period, 1970 – 2014, capital productivity for the aggregate, POC, 

decreased by an average annual rate of 0.6 per cent. 
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Capital Productivity CAGR (%) 

1970 - 1981 1981 - 1999 1999 - 2014 1970 - 2014 

ALL 

Revenue/Capital 
input 

- - -0.6 (↓) - 

Output 
(MBOE)/Capital 

input 
- - -8.2 (↓) - 

POC 

Revenue/Capital 
input 

3.0 (↑) -3.2 (↓) -0.2 (↓) -0.6 (↓) 

Output 
(MBOE)/Capital 

input 
-11.1 (↓) 1.6 (↑) -8.5 (↓) -5.2 (↓) 

NOC 

Revenue/Capital 
input 

- - -0.8 (↓) - 

Output 
(MBOE)/Capital 

input 
- - -8.2 (↓) - 

Crude Oil Price 
(2014 $) 

21.3 (↑) -7.0 (↓) 9.4 (↑) 5.1 (↑) 

Table 10 – Capital Productivity Summary 

The capital productivity across each aggregate declines except for the period 1970 – 1981 

for the POC. Decreasing growth in capital productivity can also be an indication of the fact that 

new finds of oil and gas are more expensive to produce. 

4.1.6. Capital Intensity 

Capital intensity is measured as the amount of capital services in constant dollars available 

to each worker in the production process. Table 12 shows a summary for the capital intensity 

results. The “All” aggregate for the period 1999 – 2014 witnessed an increase in capital intensity 

of 5.3 per cent per year, while capital intensity in POC and NOC increased at an average annual 

rate of 4.4 per cent and 8.4 per cent respectively. For the period, 1970 – 1981, capital intensity for 

POC increased at an average annual rate of 3.2 per cent. In the next period, 1981 – 1999, capital 
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intensity increased at an average annual rate of 6.8 per cent. Over the entire period, 1970 – 2014, 

capital intensity for the POC aggregate increased by an average annual rate of 5.1 per cent. 

 

 
Capital Intensity CAGR (%) 

1970 - 1981 1981 - 1999 1999 - 2014 1970 - 2014 

ALL 
Capital Intensity 
(2014 $ capital 

services/worker) 

- - 5.3 (↑) - 

POC 3.2 (↑) 6.8 (↑) 4.4 (↑) 5.1 (↑) 

NOC - - 8.4 (↑) - 

Crude Oil Price 
(2014 $) 

21.3 (↑) -7.0 (↓) 9.4 (↑) 5.1 (↑) 

Table 11 – Capital Intensity Summary 

 

Over time, capital intensity across all aggregates have been observed to rise steadily. This 

could be a result of increasing capital investments (in absolute terms) to enable access to harder to 

reach oil reservoirs (and, therefore, less profitable).  Another perspective could be suggested from 

gleaning information from the capital intensity, labor input and capital input tables. There are 

flexibility differences in adjusting labor input compared to capital input. For example, in 1981 – 

1999 when the industry witnessed a drop in crude oil prices, POC decrease labor input at a faster 

rate than capital input. The effect was an increase in that period in capital intensity versus other 

periods. This suggestion (though in multiple contexts) has been voiced in series of literature 

focused on the measurements of productivity. A number of these publications have suggested that 

it is erroneous to assume that all factors in the production function are fully flexible or fully fixed 

throughout the production process (Hulten, 1986)(Morrison, 1985). 



78 

4.1.7. Total Factor of Productivity  

Table 12 compares the findings from two methods to account for the total factor 

productivity: growth accounting versus index number theory. As discussed in Chapter 2, growth 

accounting assumes a summation of the values for individual companies and derivation of TFP 

based on these aggregate numbers. As a result, TFP calculation is likely to be affected when one 

company dominates the sample, like ExxonMobil for POC and Gazprom for NOC. Index 

number approach uses weights to represent contribution of individual companies. Therefore, it is 

more reflective of the whole industry.   

The growth accounting method shows TFP for the “All” aggregate from 1999 – 2014 to 

be increasing at an average annual rate of 3.0 percent compared to the index number theory 

method that shows TFP increasing at an annual rate of 1.7 percent. The POC aggregate increases 

at an average annual rate of 0.5 per cent using the Cobb-Douglas method compared to the index 

number theory method that shows TFP increasing at an annual rate of 0.1 per cent.  For the NOC 

aggregate, over the same period, the Cobb-Douglas method shows TFP increasing at an average 

annual rate of 6.5 per cent and 4.0 per cent with the index number theory method. 
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TFP CAGR (%) 

1970 - 1981 1981 - 1999 1999 - 2014 1970 - 2014 

ALL 
Growth Accounting - - 3.0 (↑) - 

Index number - - 1.7 (↑) - 

POC 
Growth Accounting 6.7 (↑) 2.6 (↑) 0.5 (↑) 2.9 (↑) 

Index number 4.8 (↑) 0.5 (↑) 0.1 (↑) 1.4 (↑) 

NOC 
Growth Accounting - - 6.5 (↑) - 

Index number - - 4.0 (↑) - 

Crude Oil Price 
(2014 $) 

21.3 (↑) -7.0 (↓) 9.4 (↑) 5.1 (↑) 

Table 12 – TFP Summary: Growth Accounting vs. Index number 

 

Consistently, the index number theory method shows a more conservative TFP value 

compared to the growth accounting direct summation method. This is because the index number 

approach adjusts both the output and input shares to reflect the weight scales of the individual 

firms (components). This adjustment is possible because the index number method applies the 

Divisia indexes (see equations 4 and 6 in Chapter 2). 

The table reveals the substantial difference in the rate of TFP growth between the NOC 

and the POC for the most recent period – 1999 - 2014. The TFP trend at the NOC level was 

growing faster (4 per cent) than the growth rate of the POC (0.1 per cent) for the same period. 

Since the residual (A in equation 4) represents everything and anything driving the production 

process outside the use of capital and labor input, it raises the questions – could the level of growth 

seen at the NOC level be reasonable and a good representation of what could be considered a fair 

estimation of the projected global industry level TFP productivity? Considering the innate 

characteristics of the NOCs and how much different they are from those of the POCs – more access 

to cheaper resources (lower marginal costs of production), emphasis on production growth and 
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rapid expansion, mostly localized operations in their various home countries vs. the global 

operations of POCs, activities influenced mostly by national interest and politics then economic 

factor (e.g., Russia, China), etc. – it is not clear if these growth numbers are stable and sustainable 

going forward. It also should be noted that the TFP growth seen in the NOC aggregate was driven 

mainly by Gazprom and Rosneft aggressive growth17, while the other NOC individual firms have 

TFP growth rates similar to POC (and their individual firms). Another consideration is that I 

compare growth rates rather than levels, and faster growth in NOC might mean that productivity 

grows from a lower level to catch up with productivity at POC.  

In my opinion (and based on subsets of the data presented), the estimate of the global 

technical change growth should be closer to the “All” aggregation. This value, to a very large 

degree, is more representative of the current structure of the global oil and gas industry than the 

individual POC or NOC aggregates standing alone. Also if one looks to the first time period for 

the POC aggregate, the TFP growth rate is similar to that of the NOC period in the most recent 

period suggesting that the NOC aggregate in the most recent period could be experiencing similar 

economic and geologic situations like access to more easily extractable and profitable resources, 

larger revenue surpluses from crude oil price increases, focus on expansion and capital 

investments, etc.  

The rapid TFP growth for the POC in 1970 – 1981 was not sustained in the later periods. 

It is not clear if the same will be true for NOC in the periods after 2014. The cumulative rate of 

TFP growth of the POC for the entire period, 1970 – 2014, might be more suggestive to how the 

NOC might continue to perform. Hence, one reasonable guess for the future TFP growth is a range 

                                                 
17 Gazprom is responsible for 10% of Russia’s GDP and about 13% of the worldwide production (Forbes, 2016). 
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between 1.4 – 1.7 per cent per year when projecting TFP growth for the industry. Next I test this 

number using the regression method. 

The regression method was also applied to the “All”, POC, and NOC aggregates across the 

corresponding time periods. The essence was to test the validity of the results from growth 

accounting and Index number theory methods. The results for “All”, POC, and NOC are presented 

in Tables 13 - 16 – α represents the residual and β the coefficient of capital in the production 

process. 

Parameters α β R2 p-value 

𝑌

𝐿
 

𝐾

𝐿
 0.178 5.302 0.759 1.1E-5 

𝑌

𝐿
 𝐿𝑜𝑔

𝐾

𝐿
 2.537 0.783 0.833 8.0E-7 

𝑌

𝐿
 

-1 𝐾

𝐿

⁄  1.780 0.099 0.863 2.0E-7 

𝐿𝑜𝑔
𝑌

𝐿
 𝐿𝑜𝑔

𝐾

𝐿
 1.750 0.940 0.829 9.4E-7 

𝐿𝑜𝑔
𝑌

𝐿
 

-1 𝐾

𝐿

⁄  0.863 0.121 0.891 4.0E-8 

Table 13 – Regression Analysis for “All” aggregate, 1999-2014 
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Parameters α β R2 p-value 

𝑌

𝐿
 

𝐾

𝐿
 0.121 6.036 0.863 2.2E-6 

𝑌

𝐿
 𝐿𝑜𝑔

𝐾

𝐿
 4.256 1.612 0.786 5.4E-6 

𝑌

𝐿
 

-1 𝐾

𝐿

⁄  3.366 0.273 0.584 1.0E-9 

𝐿𝑜𝑔
𝑌

𝐿
 𝐿𝑜𝑔

𝐾

𝐿
 1.666 0.859 0.828 2.2E-16 

𝐿𝑜𝑔
𝑌

𝐿
 

-1 𝐾

𝐿

⁄  1.225 0.151 0.664 9.6E-12 

Table 14 – Regression Analysis for POC aggregate, 1970-2014 

 

Parameters α β R2 p-value 

𝑌

𝐿
 

𝐾

𝐿
 0.097 5.347 0.832 8.6E-7 

𝑌

𝐿
 𝐿𝑜𝑔

𝐾

𝐿
 1.569 0.379 0.888 4.9E-8 

𝑌

𝐿
 

-1 𝐾

𝐿

⁄  0.914 0.019 0.857 2.7E-7 

𝐿𝑜𝑔
𝑌

𝐿
 𝐿𝑜𝑔

𝐾

𝐿
 1.680 0.919 0.899 2.2E-8 

𝐿𝑜𝑔
𝑌

𝐿
 

-1 𝐾

𝐿

⁄  0.142 0.049 0.957 5.6E-11 

Table 15 – Regression Analysis for NOC aggregate, 1999-2014 

 

Observing the results from tables above reveal that the regression for the Cobb-Douglas 

function (𝐿𝑜𝑔
𝑌

𝐿
= 𝛼 +  𝛽𝐿𝑜𝑔

𝐾

𝐿
) yield coefficients closest to the index number theory method 

especially for the POC aggregate. The POC residual is 1.67 per cent per year and the capital share 

is 0.86 and close to the average of 0.83. At the same time, note the small p-values. The results for 

NOC and “All” are surprisingly not as accurate as that for POC. The unreliability of results for 
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NOC and “All” could be linked to a data insufficiency problem and this been recognized and 

referred to by a number of authors who wrote to provide pros and cons to the econometric approach 

to productivity measurements (OECD, 2001; Morrison, 1985).  

4.2. DRIVERS OF GLOBAL OIL AND GAS INDUSTRY PRODUCTIVITY 

The above sections of this chapter presented findings for labor productivity, capital 

intensity, and total factor productivity for the various aggregates across the applicable time periods.  

Now I explore these results side by side to decipher if there are common trends and possible 

insights that can be obtained to explain possible drivers of total factor productivity.  

From the index number equation (3), the TFP growth can be decomposed into the equation 

below to identify the sources of growth to labor productivity.  

[log (
𝑌𝑡+𝑠

𝐿𝑡+𝑠
) − log (

𝑌𝑡

𝐿𝑡
) ] 𝑠⁄ = [log 𝐴𝑡+𝑠 − log 𝐴𝑡  ] 𝑠⁄ +  𝑤𝑘 [log (

𝐾𝑡+𝑠

𝐿𝑡+𝑠
) − log (

𝐾𝑡

𝐿𝑡
) ] 𝑠⁄   

The following table shows individual growth accounting across the three time periods for 

the aggregates. 
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CAGR (%) 

Due to TFP Due to K/L18 

POC 

1970 - 2014 1.4 2.9 

1970 - 1981 4.8 1.3 

1981 - 1999 0.5 3.4 

1999 - 2014 0.1 3.5 

NOC 1999 - 2014 4.0 8.0 

ALL 1999 - 2014 1.7 5.9 

Table 16 – Growth accounting for Aggregates 

 The findings from Tables 16 and 17 suggest that the drivers behind labor productivity 

(henceforth referred to as productivity) have been different over the three time periods. Looking 

at data for the POC, productivity in the earliest period, 1970 – 1981, seems to be driven mainly by 

total factor productivity – possibly technical change improvement from optimized production 

processes, access to relatively easier to reach oil and gas resources, lower regulatory and safety 

requirements, etc. In the next two subsequent periods, productivity seems to be relatively even and 

it is driven primarily by capital intensity. An increase in capital intensity implies that an increase 

in capital stock is faster than an increase in labor input. The last period, 1999 – 2014, shows a 

slight decline in productivity and TFP growth rates and an increasing growth rate in capital 

intensity – the highest seen across the three time periods. Productivity in this time period is driven 

mostly by capital intensity – investments in capital and/or labor services. 

 

                                                 
18 The share of capital services,𝑤𝑘 is applied to capital intensity parameter. 
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Table 17 – Labor Productivity Growth Accounting for POC 

 

Figure 9 – Labor Productivity Growth Accounting for POC 

Figure 9 shows that over the periods in this study, adjusted capital intensity (i.e., capital 

intensity by capital share) has been increasing while TFP has shrunk significantly (note that Table 

17 reports unadjusted capital intensity, while Figure 9 reports adjusted capital intensity). A 

plausible argument could be that this disembodied technical change is being diminished as firms 

Compound Annual Growth Rate (%) 

 Labor 

Productivity 

Capital 

Productivity 

Capital 

Intensity 

Capital 

Stock 

Labor input Total 

Factor 

Productivity 

1970 – 2014 4.3 -0.6 5.1 4.3 -0.7 1.4 

1970 – 1981 6.1 3.0 3.2 6.1 2.8 4.8 

1981 – 1999 3.9 -3.2 6.8 0.4 -6.1 0.5 

1999 - 2014 3.6 -0.2 4.4 7.9 3.4 0.1 
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continue to optimize and push for cost minimized operations – risk sharing through the joint 

venture partnership, industry best practices being shared between firms, etc. Concurrently, 

governmental and environmental constraints continue to get tighter via the introduction of 

stringent regulatory and safety requirements, all of these further erode any possible remaining 

residuals that could have contributed in some way to increasing TFP growth. Another perspective 

to the rapidly declining TFP is that most of the technological progress now seen in the industry 

may have moved from disembodied form to the embodied form – ingrained in the capital vintages 

and labor input. If this is the case, then calculating for the TFP as a residual might not be sufficient 

in fully measuring for the technological progress being made in the industry. This could be an area 

of investigation for future work. 

The next logical question to ask after realizing that most of productivity is being driven by 

increasing capital intensity is how much could more increases in capital intensity have on 

productivity – in other words, could diminishing returns on increasing capital intensity set in? This 

question can be answered by adopting similar concept used by Solow (1957). In this case, using 

data for the POC, in Figure 10 I plotted labor productivity adjusted for gain from total factor 

productivity (𝑌
𝐿⁄  divided by 𝐴) over capital intensity (𝐾

𝐿⁄ ) – the adjusted labor productivity 

represents only the part of productivity contributed directly by capital intensity. 
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Figure 10 – Adjusted Labor productivity by Capital Intensity 

 

 

Figure 11 – POC’s Labor Productivity Growth rates vs. Capital Intensity, 1999 – 2014 

Loess trend line (α = 0.65, λ = 1). 

 

2010 - 2014 
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These plots – Figures 10 and 11 – reveal that diminishing returns might be already achieved 

for capital intensity. The plots show that from around the year 2010, the relationship between 

capital intensity and adjusted labor productivity begins to show some curvature that exhibits  

diminishing returns – at (and beyond) this stage the diminishing returns implies less and less output 

is being generated from marginal additions of capital. This could mean that to maintain the future 

crude oil and natural gas reserves and meet crude oil demand, greater (and unproportional) 

amounts of capital investments have to be made. Figure 11 shows labor productivity side by side 

with capital intensity for the period 1999 – 2014, which illustrates the drop from 2010 in labor 

productivity and an increase in capital intensity. 

4.3. SUMMARY 

My findings are only a demonstration of what may be happening at the global industry 

level. Although the research’s data set is a fair representation of the make-up of the global industry 

and its output mix, it does not exhaustively characterize all key players within the industry. For 

example, since 2010 tight oil output in the United States has produced about four million additional 

barrels per day of oil to global production. This output is driven primarily by the proliferation of 

new industry players called the independent oil and gas producers. This study did not include any 

of these producers to its data set mainly due to constraints of data limitations and the assumption 

that the additional weighted impact of an independent producer will be minimal on the entire 

sample size. With all the caveats, a growth in TFP for the oil and gas industry is assessed to be in 

the range of 1.4 – 1.7 per cent per year. 
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5. CONCLUSIONS AND FUTURE RESEARCH OPPORTUNITIES 

This chapter presents the conclusions and recommendations drawn from this research with 

respect to the research questions. First, I present answers to the questions around which this thesis 

was built. Next, I provide my perspective to some limitations of the study and how these limitations 

could affect some of the observed results. I provide guidance on some of the future directions that 

could be investigated in response to the limitations to provide more robust evaluation of the 

research topic. Lastly, I present my conclusions and recommendations, and highlight the context 

through which these conclusions and recommendations are presented.  

5.1. RESEARCH ANSWERS TO RESEARCH QUESTIONS  

This research started with a dive into the measurement of productivity at the global industry 

level to better understand how much impact technical change could be having on the supply of 

crude oil and natural gas and ultimately its effect on their prices. A number of questions were 

raised and this section delves into providing answers based on the findings and results from my 

research. 

5.1.1. Question #1: Can productivity and technical change at the global industry level be 

estimated? 

This question was considered the bedrock of this research. This research hypothesized that 

if one could use publicly available industry data and apply acceptable neo-classical economics 

theories one should be able to provide a consistent, standardized, and repeatable way to measure 

the productivity and technical change for the global industry. Also, although a lot of work has been 

done around the topic of productivity measurements, most of these have been focused on national 

accounts of countries and local sectoral industries within countries. To the best of my knowledge, 
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no work has been done yet in attempting to measure productivity at the global industry level – 

another reason why this research is important.  

The results of my research shows that from 1999 – 2014, a period observed to have crude 

prices rising at an average annual rate of 9.4 per cent per year and the most recent period considered 

for the global industry, productivity (i.e., labor productivity measured as revenue per worker) and 

technical change grow at a yearly compounded rate of 7.6 per cent and 1.7 per cent, respectively, 

for the aggregate “All”, which represented 40 per cent of global production. These results for 

technical change growth rates were driven mainly by the national oil companies – representing 22 

per cent of global oil production and 53 per cent of total production from the 8 major players 

comprising the data set – had corresponding rates of 12 per cent and 4 per cent respectively. The 

remaining 18 per cent of global oil production and 47 per cent of total production from the 8 major 

players comprising the data set was represented by the private oil companies. The measured 

productivity and technical change for this aggregate was 3.6 per cent and 0.1 per cent, respectively. 

Exploring the data for the private oil companies (POC) aggregate from 1970 – 2014 

revealed that for the earliest period, 1970 – 1981, the measured productivity and technical change 

were was 6.1 per cent and 4.8 per cent, respectively. These figures were comparatively similar to 

rates seen for the national oil companies (NOC) aggregate in the most recent period 1999 – 2014.  

The next period, 1981 – 1999, the POC aggregate had measured productivity and technical change 

growth rates of 3.9 per cent and 0.5 per cent, respectively. The measured values for POC across 

the time period 1970 – 2014 showed that the overall productivity and technical change differ in 

three time periods considered in my study. These changes for the POC over time suggest that the 

relatively high growth rates of technical change observed for the national oil companies (NOC) in 

the period from 1999 to 2014 might not be sustainable and may be rather an upper bound estimate 

for future projections of productivity. To reflect this, I measured the growth rate in productivity 
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and technical change for the POC aggregate as the cumulative growth rates for productivity and 

technical change observed over the entire period 1970 – 2014. These values were calculated to be 

4.3 per cent for productivity and 1.4 per cent for technical change. A value of 1.7 per cent average 

annual growth rate was also obtained using the regression analysis method for the POC over the 

entire time period. These values suggest that for estimating future rates of technical change, a value 

range between 1.4 to 1.7 per cent a year can be used as the first order approximation of what may 

be seen in the global industry.  

5.1.2. Question #2: Can this assessment of productivity and technical change be useful in 

quantifying the changes in the supply and price of crude oil and natural gas?  

It is important to provide some context to what the impact of this improvement might mean on 

the total global supply of oil and consequentially on its price. To estimate this impact, I will be 

employing a very simplistic illustration that tries to mimic how long run energy models may try 

to estimate the depletion19 of crude oil reserves. The illustration is based on the following 

simplifying assumptions: 

1. That the model lumps crude oil production (and depletion) on a 5 yearly basis. 

2. Some external factors (that are not represented in the illustration) may change the demand 

curve, but these changes are left out in this example. 

3. The prices of crude oil covers for both the marginal cost and any other margins (like trade 

and transport, monopoly margins, etc.). 

The illustration builds off the following numbers (see Table 18):  

                                                 
19 Depletion in this context is equal to global oil production in that period. 
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1. The average annual total crude oil production: This number is calculated by dividing the 

average yearly revenue by the average yearly crude oil price over the period 1999 – 2014 

for the “All” aggregate. This is 6.0 billion barrels of oil equivalents (Bboe) per year. 

2. Technical change (TFP) contribution to average annual total crude oil production: 

Estimated by applying the TFP rate of growth to the average annual total crude oil 

production. This is 84.2 million barrels of oil equivalent (Mboe) per year. 

The number for annual production (6 Bboe) includes a contribution from TFP. The 

difference (5.9 Bboe) between the above numbers (1 and 2) represents the amount that would be 

produced without accounting for the annual growth in technical change. Over a five year period, 

the cumulative oil production is the base amount (without TFP growth) multiplied by 5, which is 

29.6 Bboe. The cumulative oil production with TFP growth compounded over five years is 30.9 

Bboe. 
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 “All”, 1999 - 2014 

Average yearly revenue $430B 

Average annual oil price $71.5 

Average annual total oil production 
6.0Bboe 

TFP contribution of annual production 

(TFP growth rate of 1.4%) 
84.2Mboe 

Average annual total oil production less 

contribution from TFP (Base annual 

production) 

5.9Bboe 

Cumulative base production over  5 years 
29.6Bboe 

Cumulative total production over 5 years 

factoring TFP CAGR of 1.7% 
30.9Bboe 

Table 18 – 5 years production with CAGR TFP of 1.4% 

The difference between the cumulative production in a five year period due to TFP growth 

amounts to about 1.3 Bboe. (or annual production of 260 Mboe or daily production of 712 

Kboed20). Figure 12 shows a simplistic representation of an estimate for market prices with respect 

to the cumulative depletion amount over the five year period. The cumulative produced (and 

depleted) amount of 29.6 Bboe would yield a projected price close to the average yearly price of 

$71.50. Over the next consecutive five years, without factoring for TFP growth, the model will 

tend to move up along the supply curve S1 suggesting an immediate increase in market prices. 

However, because I have shown that there exists some growth in TFP that contributes an extra 1.4 

per cent each year to the total production, factoring this into this example would shift the supply 

curve to the right (S1 moves to S2) by the amount equivalent to the increased production resulting 

                                                 
20 Kboed – thousand barrels oil equivalent per day 
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from the compounded growth of TFP – 1.3 Bboe as shown in Figure 13. This shift might result in 

lower oil prices (or at least lower that the model without a representation of technical change). 

 

Figure 12 – Oil Depletion Curve Illustration 

 

Figure 13 – Oil Depletion Curve Illustration with TFP contribution  

My simple example illustrates that an introduction of an oil and gas specific technology 

improvement coefficient may reflect better relative costs of different energy sources (and it will 

affect the competitiveness of different forms of energy). 
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5.1.3. Question #3: What are the underlying drivers influencing the changes in 

productivity and technical change? 

First, the results from the data showed that there were distinctive time periods within which 

the behavior of the measured productivity trends and their drivers were different. These changes 

coincide with changes in the price of crude oil. The data indicates that it might be a positive 

relationship between labor productivity measured in constant revenue per worker and crude oil 

prices. Also I observed that as prices increased, revenue surpluses increased and companies were 

incentivized to increase their capital investments in search of more difficult to reach oil. Finally, 

an increase in capital investment has increased capital intensity significantly and this in turn has 

been the most significant driver to increasing trends in the productivity. On the other hand, total 

factor productivity which reflects the disembodied technical change has been declining since 1981 

to levels in the most recent periods – reference to data from POC aggregate. As mentioned in the 

earlier chapter, care must be taken not to discount the presence of potentially increasing embodied 

technical change which could be present in the vintages of capital services and stock. 

My research concludes that based on the data available and the type of analysis conducted, 

capital intensity and capital investment has been the dominating contributor to productivity in the 

global industry. This finding seems consistent with similar results from CSLS in 2014 which 

showed a declining rate of TFP in the north America oil and gas industry (Sharpe & Waslander, 

2014). 
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5.2. CURRENT RESEARCH’S LIMITATIONS AND FUTURE RESEARCH 

OPPORTUNITIES 

This section highlights some of the limitations in the data that I observed. It also 

highlights the areas where possible future research opportunities exist. 

 Insufficient data availability, especially for the national oil companies, prevented the 

expansion of the time periods used for the analysis. Some sections of data for POC for 

certain periods of time (like BP and Mobil) are also missing. The analysis for POC was 

adjusted to reflect this. Future work could focus on expanding the data time series or 

increasing the sample size to cover a larger representation of the industry. Also other 

analysis could be carried out including newer (and increasingly influential) producers like 

the North American independent oil companies. 

 The analysis carried out did not adjust the labor input and capital services for changes in 

quality. Assuming that all labor and capital across all the producers are the same might be 

an overly simplistic assumption. If quality adjustments are incorporated, measured 

productivity and TFP could be revised. 

 No adjustment was made for the heterogeneity that may exist between the individual 

producers that made up the data set. This means that the current result includes various 

sources of noise from all the individual producers aggregated by their weighted shares. 

For future research work, inclusion of some fixed effects at the level of the company or 

region might correct for this. 

 In measuring the total factor productivity for the industry, it will be necessary to look into 

the embodied portion of TFP embedded in other input factors especially capital vintages. 

Accounting for this will provide a better perspective to the total TFP growth of the 
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industry. This research only focused on the disembodied portion of TFP and future work 

can be focused on analysis for both types of TFP. 

 This research did not account for the lag effect that might exist between capital invested, 

total factor productivity, and labor productivity. It is known that the oil and gas industry 

has a long lead cycle between exploration and production of oil. This could mean that a 

significant portion of capital investments made in a certain time period might yield output 

in the next period. This effect could be investigated in future research undertakings.  

5.3. CONCLUSIONS  

The following conclusions can be made with respect to measuring the productivity and technical 

of the global oil and gas industry using representative major players. 

 Three distinct periods of TFP growth rate are identified – driven by the underlying oil price 

and capital investments (1970-1981, 1981-1999, and 1999-2014). 

 Productivity and TFP growth can be measured for the global industry level using data that 

presents a fair representation of the industry. 

 TFP growth for NOCs and POCs differs, but the public data for NOCs are limited to 1999-

2014, a period of rising oil prices and structural changes in NOCs (Gazprom, Rosneft, 

Petrobras, and PetroChina), which may not be representative for the longer-term 

projections. 

 Over the period of study, 1970 – 2014, rate of technical change grew between 0.1 – 4 per 

cent per year (NOCs in 1999-2014 grew at a comparatively similar rate as POCs in 1970-

1981).  

 During 1999-2014, aggregate TFP yearly growth rate is 1.7 per cent (4% for NOCs and 

0.1% for POCs). 



98 

 The suggested rate to use in long-run energy economic models is between 1.4 – 1.7 per 

cent per year. 

 Introduction of an oil and gas specific technology improvement coefficient may reflect 

better the relative costs of different energy sources (and it will affect the competitiveness 

of different forms of energy). 

5.4. RESEARCH CONTRIBUTIONS  

This research contributes directly to the body of knowledge focused on the measurement 

of productivity and technical change in the following ways: 

1. The creation of a data set for the oil and gas industry that captures useful information 

from publicly available financial records for a number of major companies over a forty-

five year time frame. This data set is available at the granular level for the individual 

companies and also for the aggregates. 

2. Provision of insights to the application of a number of simple economics theories to 

measuring productivity and technical change using aggregated data. The information and 

analysis are carried out over three distinct time periods during which the movement of 

crude prices were different and the resultant behavior of the firms (and their aggregates) 

was explored. These results are classified into private and national oil companies and also 

available at the level of the individual companies. 

3. The confirmation that productivity and technical change can be measured for aggregates 

using constituent firms with similar primary activity. The research shows that a number 

in the range 1.4 – 1.7 per cent per year for the rate of technical change in oil and gas 

industry is a reasonable approximation and can be incorporated into long-run energy 

models. 
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4. The presentation of what growth in TFP could mean to the industry and the global 

market. The findings stress an importance of including technical change in the long-term 

projections. Technology improvements may lead to a decrease in fossil fuel production 

costs, which means that new low-carbon technologies have to compete with even lower 

prices. Incorporation of technical change calls for more realistic assessment of the future 

energy trajectories. 
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APPENDIX A – TABLES FOR AGGREGATES 

 

Table 19 – Index Number Data for POC, 1970 - 2014 

 

POC
Change in 

Output

1

Change in 

Output

1

Change in 

Capita l

2

Weighted 

Capita l  shares

3

Adjusted 

Capita l  Input

2 x 3

Change in 

Labor 

4

Weighted Labor 

shares

3

Adjusted 

Labor Input

5

Change in TFP

6

TFP levels

7

Periods
LnY(t)-LnY(t-1)

(Quantity)

LnY(t)-LnY(t-1)

(Revenue)
LnK(t)-LnK(t-1) α α x δK/K LnL(t)-LnL(t-1) β β4 δA/A A(t)

1970 - 1971 0.058 0.169 -0.048 0.350 -0.017 -0.016 0.650 -0.010 0.196 1.000

1971 - 1972 0.042 0.036 0.141 0.357 0.050 -0.020 0.643 -0.013 -0.001 1.196

1972 - 1973 -0.010 0.203 0.042 0.370 0.016 -0.027 0.630 -0.017 0.204 1.195

1973 - 1974 -0.142 0.607 0.062 0.373 0.023 0.000 0.627 0.000 0.584 1.399

1974 - 1975 -0.256 -0.219 -0.083 0.361 -0.030 -0.003 0.639 -0.002 -0.187 1.983

1975 - 1976 -0.117 -0.011 0.102 0.363 0.037 0.256 0.637 0.163 -0.210 1.796

1976 - 1977 0.004 -0.122 0.032 0.392 0.013 0.015 0.608 0.009 -0.144 1.585

1977 - 1978 -0.073 -0.052 0.027 0.397 0.011 0.016 0.603 0.009 -0.073 1.441

1978 - 1979 -0.207 0.219 0.255 0.414 0.105 0.061 0.586 0.036 0.078 1.369

1979 - 1980 0.098 0.036 0.027 0.426 0.011 0.019 0.574 0.011 0.014 1.447

1980 - 1981 -0.040 0.113 0.093 0.430 0.040 0.005 0.570 0.003 0.070 1.461

1981 - 1982 -0.470 -0.478 -0.379 0.427 -0.162 -0.529 0.573 -0.303 -0.014 1.531

1982 - 1983 0.017 0.019 0.008 0.418 0.003 -0.149 0.582 -0.087 0.102 1.517

1983 - 1984 0.126 -0.021 0.161 0.453 0.073 0.037 0.547 0.020 -0.114 1.620

1984 - 1985 -0.047 0.018 0.014 0.488 0.007 0.033 0.512 0.017 -0.006 1.506

1985 - 1986 0.008 -0.414 -0.115 0.487 -0.056 -0.103 0.513 -0.053 -0.305 1.500

1986 - 1987 -0.017 0.071 -0.017 0.487 -0.008 -0.042 0.513 -0.022 0.101 1.195

1987 - 1988 -0.004 -0.220 -0.051 0.496 -0.025 -0.046 0.504 -0.023 -0.171 1.296

1988 - 1989 -0.054 0.087 -0.093 0.488 -0.045 -0.017 0.512 -0.009 0.141 1.125

1989 - 1990 -0.023 0.040 0.001 0.472 0.001 -0.016 0.528 -0.008 0.047 1.266

1990 - 1991 -0.057 -0.231 -0.050 0.460 -0.023 -0.042 0.540 -0.023 -0.186 1.313

1991 - 1992 0.023 -0.012 -0.059 0.450 -0.027 -0.109 0.550 -0.060 0.074 1.127

1992 - 1993 -0.015 -0.145 -0.025 0.452 -0.011 -0.076 0.548 -0.041 -0.092 1.202

1993 - 1994 0.119 -0.059 -0.055 0.456 -0.025 -0.050 0.544 -0.027 -0.007 1.109

1994 - 1995 0.004 0.058 -0.015 0.451 -0.007 -0.039 0.549 -0.022 0.087 1.103

1995 - 1996 0.307 0.436 0.286 0.489 0.140 -0.009 0.511 -0.004 0.300 1.189

1996 - 1997 -0.009 -0.084 -0.053 0.527 -0.028 -0.029 0.473 -0.013 -0.043 1.490

1997 - 1998 0.011 -0.316 0.072 0.534 0.039 -0.047 0.466 -0.022 -0.333 1.447

1998 - 1999 0.424 0.818 0.434 0.647 0.281 0.101 0.353 0.036 0.501 1.114

1999 - 2000 0.001 0.410 0.045 0.771 0.035 0.027 0.229 0.006 0.369 1.615

2000 - 2001 0.000 -0.160 0.079 0.794 0.063 0.018 0.206 0.004 -0.227 1.984

2001 - 2002 0.008 -0.034 0.129 0.801 0.104 0.159 0.199 0.032 -0.169 1.758

2002 - 2003 -0.014 0.164 0.038 0.804 0.030 -0.044 0.196 -0.009 0.142 1.588

2003 - 2004 -0.029 0.162 0.000 0.797 0.000 -0.037 0.203 -0.008 0.169 1.731

2004 - 2005 -0.038 0.254 0.116 0.790 0.092 0.122 0.210 0.026 0.136 1.900

2005 - 2006 0.016 0.184 0.105 0.794 0.083 0.049 0.206 0.010 0.091 2.036

2006 - 2007 -0.026 0.031 0.030 0.796 0.024 0.023 0.204 0.005 0.002 2.127

2007 - 2008 -0.045 0.204 0.131 0.796 0.104 0.030 0.204 0.006 0.094 2.129

2008 - 2009 0.014 -0.410 -0.017 0.795 -0.013 0.008 0.205 0.002 -0.399 2.223

2009 - 2010 0.041 0.225 0.185 0.803 0.149 0.031 0.197 0.006 0.071 1.824

2010 - 2011 -0.051 0.196 0.116 0.821 0.095 0.019 0.179 0.003 0.097 1.895

2011 - 2012 -0.041 -0.059 0.092 0.831 0.077 0.003 0.169 0.000 -0.136 1.992

2012 - 2013 -0.012 -0.020 0.099 0.838 0.083 0.074 0.162 0.012 -0.115 1.855

2013 - 2014 -0.008 -0.105 0.005 0.837 0.004 0.020 0.163 0.003 -0.112 1.740

1.628

1970-2014 -1.1% 3.6% 4.2% 3.0% -0.7% -0.8% 1.4%

1970-1981 -5.8% 8.9% 5.9% 2.4% 2.8% 1.7% 4.8%

1981-1999 1.9% -2.4% 0.4% 0.7% -6.3% -3.6% 0.5%

1999-2014 -1.2% 6.9% 7.7% 6.2% 3.3% 0.7% 0.1%
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Table 20 – Growth Accounting data for POC, 1970 - 2014 

 



109 

 

NOC Change in 

Output

1

Change in 

Output

1

Change in 

Capita l

2

Weighted 

Capita l  

shares

3

Adjusted 

Capita l  Input

2 x 3

Change in 

Labor 

4

Weighted 

Labor shares

3

Adjusted 

Labor Input

5

Change in TFP

6

TFP levels

7

Periods
LnY(t)-LnY(t-1)

(Quantity)

LnY(t)-LnY(t-1)

(Revenue)
LnK(t)-LnK(t-1) α α x δK/K LnL(t)-LnL(t-1) β β4 δA/A A(t)

1970 - 1971 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1971 - 1972 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1972 - 1973 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1973 - 1974 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1974 - 1975 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1975 - 1976 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1976 - 1977 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1977 - 1978 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1978 - 1979 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1979 - 1980 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1980 - 1981 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1981 - 1982 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1982 - 1983 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1983 - 1984 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1984 - 1985 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1985 - 1986 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1986 - 1987 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1987 - 1988 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1988 - 1989 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1989 - 1990 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1990 - 1991 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1991 - 1992 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1992 - 1993 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1993 - 1994 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1994 - 1995 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1995 - 1996 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1996 - 1997 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1997 - 1998 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1998 - 1999 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1999 - 2000 0.028 0.537 0.094 0.655 0.062 -0.048 0.060 -0.017 0.492 1.000

2000 - 2001 0.023 0.043 0.074 0.676 0.050 -0.010 0.052 -0.003 -0.003 1.492

2001 - 2002 0.032 0.182 0.090 0.668 0.060 0.035 0.055 0.012 0.110 1.488

2002 - 2003 0.032 0.253 0.178 0.621 0.110 0.018 0.071 0.007 0.136 1.599

2003 - 2004 0.045 0.178 0.285 0.582 0.166 0.030 0.087 0.013 0.000 1.735

2004 - 2005 0.114 0.414 0.139 0.562 0.078 0.023 0.096 0.010 0.325 1.735

2005 - 2006 0.054 0.256 0.388 0.592 0.230 -0.001 0.083 0.000 0.026 2.060

2006 - 2007 0.030 0.137 0.318 0.613 0.195 0.013 0.075 0.005 -0.063 2.086

2007 - 2008 0.008 0.140 0.007 0.629 0.005 -0.020 0.068 -0.008 0.143 2.023

2008 - 2009 -0.076 -0.246 0.140 0.682 0.096 0.031 0.050 0.010 -0.352 2.166

2009 - 2010 0.065 0.217 0.189 0.713 0.135 0.011 0.041 0.003 0.079 1.814

2010 - 2011 0.019 0.246 -0.036 0.728 -0.026 0.015 0.037 0.004 0.269 1.893

2011 - 2012 -0.007 0.056 0.143 0.725 0.104 0.008 0.038 0.002 -0.050 2.162

2012 - 2013 0.102 -0.020 0.181 0.741 0.134 0.044 0.033 0.011 -0.165 2.111

2013 - 2014 0.011 -0.394 -0.065 0.809 -0.052 0.046 0.017 0.009 -0.351 1.946

1.595

1970-2014 N/A N/A N/A N/A N/A N/A N/A

1970-1981 N/A N/A N/A N/A N/A N/A N/A

1981-1999 N/A N/A N/A N/A N/A N/A N/A

1999-2014 3.2% 13.3% 14.2% 9.0% 1.3% 0.4% 4.0%

Table 21 – Index Number Data for NOC, 1999 - 2014 
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Table 22 – Growth Accounting Data for NOC, 1999 - 2014 
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All Change in 

Output

1

Change in 

Output

1

Change in 

Capita l

2

Weighted 

Capita l  

shares

3a

Adjusted 

Capita l  Input

2 x 3

Change in 

Labor 

4

Weighted 

Labor shares

3b

Adjusted 

Labor Input

5

Change in TFP

6

TFP levels

7

Periods
LnY(t)-LnY(t-1)

(Quantity)

LnY(t)-LnY(t-1)

(Revenue)
LnK(t)-LnK(t-1) α α x δK/K LnL(t)-LnL(t-1) β β x 4 δA/A A(t)

1970 - 1971 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1971 - 1972 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1972 - 1973 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1973 - 1974 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1974 - 1975 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1975 - 1976 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1976 - 1977 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1977 - 1978 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1978 - 1979 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1979 - 1980 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1980 - 1981 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1981 - 1982 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1982 - 1983 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1983 - 1984 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1984 - 1985 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1985 - 1986 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1986 - 1987 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1987 - 1988 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1988 - 1989 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1989 - 1990 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1990 - 1991 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1991 - 1992 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1992 - 1993 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1993 - 1994 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1994 - 1995 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1995 - 1996 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1996 - 1997 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1997 - 1998 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1998 - 1999 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A

1999 - 2000 0.014 0.444 -0.002 0.734 -0.001 -0.038 0.266 -0.010 0.456 1.000

2000 - 2001 0.012 -0.098 0.077 0.755 0.058 -0.007 0.245 -0.002 -0.155 1.456

2001 - 2002 0.020 0.042 0.118 0.757 0.089 0.053 0.243 0.013 -0.060 1.301

2002 - 2003 0.010 0.198 0.080 0.737 0.059 0.009 0.263 0.002 0.137 1.241

2003 - 2004 0.010 0.168 0.099 0.706 0.070 0.021 0.294 0.006 0.092 1.378

2004 - 2005 0.046 0.321 0.125 0.683 0.085 0.037 0.317 0.012 0.224 1.470

2005 - 2006 0.038 0.216 0.224 0.695 0.156 0.006 0.305 0.002 0.058 1.694

2006 - 2007 0.007 0.080 0.171 0.693 0.119 0.015 0.307 0.004 -0.043 1.752

2007 - 2008 -0.013 0.173 0.067 0.700 0.047 -0.013 0.300 -0.004 0.130 1.709

2008 - 2009 -0.040 -0.330 0.064 0.733 0.047 0.028 0.267 0.007 -0.385 1.839

2009 - 2010 0.055 0.221 0.187 0.752 0.141 0.014 0.248 0.004 0.077 1.454

2010 - 2011 -0.008 0.222 0.037 0.770 0.029 0.016 0.230 0.004 0.189 1.531

2011 - 2012 -0.020 0.002 0.118 0.774 0.091 0.007 0.226 0.002 -0.091 1.720

2012 - 2013 0.061 -0.020 0.142 0.785 0.111 0.049 0.215 0.010 -0.142 1.630

2013 - 2014 0.004 -0.253 -0.031 0.821 -0.026 0.042 0.179 0.007 -0.234 1.488

1.254

1970-2014 N/A N/A N/A N/A N/A N/A N/A

1970-1981 N/A N/A N/A N/A N/A N/A N/A

1981-1999 N/A N/A N/A N/A N/A N/A N/A

1999-2014 1.3% 9.2% 9.9% 7.2% 1.6% 0.4% 1.7%

Table 23 – Index number Data for “All”, 1999 - 2014 
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Table 24 – Growth Accounting Data for “All”, 1999 - 2014 
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Table 25 – Growth Accounting Data for BP, 1999 - 2014 
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Table 26 – Growth Accounting Data for Gulf, 1970 - 1981 
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Table 27 – Growth Accounting Data for Standard Oil, 1970 - 1981 
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Table 28 – Growth Accounting Data for Texaco, 1970 - 1999 
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Table 29 – Growth Accounting Data for Chevron, 1982 - 2014 
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Table 30 – Growth Accounting Data for Exxon, 1970 - 1999 
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Table 31 – Growth Accounting Data for Mobil, 1970 - 1981 
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Table 32 – Growth Accounting Data for ExxonMobil, 1999 - 2014 
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Table 33 – Growth Accounting Data for Shell, 1970 - 2014 
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Table 34 – Growth Accounting Data for Gazprom, 1999 - 2014 
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Table 35 – Growth Accounting Data for Petrobras, 1999 - 2014 
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Table 36 – Growth Accounting Data for Petrochina, 1999 - 2014 

 



125 

 

  

R
o

sn
ef

t
Y

(Q
u

a
n

ti
ti

e
s)

Y

(R
e

ve
n

u
e

)
K

L

(W
o

rk
e

rs
)

L

(W
a

ge
s)

α
β

Y/
L

Y/
K

(Q
u

a
n

ti
ti

e
s)

Y/
K

(R
e

ve
n

u
e

)
K/

L

Ye
ar

s
Pr

ic
e*

O
ut

pu
t

(M
B

O
E)

O
ut

pu
t*

(A
ct

 R
ev

, 

$M
)

Ca
pi

ta
l*

 

st
oc

k,
 $

M

La
bo

r

(w
or

ke
rs

)

La
bo

r*

(W
ag

es
, 

$M
)

Ca
pi

ta
l*

sh
ar

e

La
bo

r*

sh
ar

e

To
ta

l*
 

R
ev

/W
or

ke
r

($
M

/s
ta

ff
)

To
ta

l 

Pr
od

*/
Ca

p

(M
B

O
E/

$M
)

To
ta

l 

R
ev

/C
ap

it
al

Ca
pi

ta
l*

/W
o

rk
er

($
M

/s
ta

ff
)

TF
P*

(Q
ua

nt
it

ie
s)

TF
P*

(w
or

ke
rs

)
Δ

Ln
(Y

/L
)

Δ
Ln

(A
)

Δ
Ln

(K
/L

)
Pe

ri
od

s

19
70

11
.2

5
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

70
 -

 1
97

1

19
71

13
.1

8
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

71
 -

 1
97

2

19
72

13
.7

8
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

72
 -

 1
97

3

19
73

17
.3

2
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

73
 -

 1
97

4

19
74

55
.1

4
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

74
 -

 1
97

5

19
75

50
.1

3
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

75
 -

 1
97

6

19
76

53
.3

3
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

76
 -

 1
97

7

19
77

53
.5

4
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

77
 -

 1
97

8

19
78

50
.0

7
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

78
 -

 1
97

9

19
79

10
1.

97
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

79
 -

 1
98

0

19
80

10
5.

23
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

80
 -

 1
98

1

19
81

94
.5

5
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

81
 -

 1
98

2

19
82

80
.4

1
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

82
 -

 1
98

3

19
83

70
.3

6
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

83
 -

 1
98

4

19
84

65
.4

1
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

84
 -

 1
98

5

19
85

61
.2

4
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

85
 -

 1
98

6

19
86

31
.3

7
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

86
 -

 1
98

7

19
87

38
.4

1
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

87
 -

 1
98

8

19
88

29
.8

5
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

88
 -

 1
98

9

19
89

35
.0

5
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

89
 -

 1
99

0

19
90

43
.1

4
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

90
 -

 1
99

1

19
91

34
.4

9
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

91
 -

 1
99

2

19
92

32
.7

5
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

92
 -

 1
99

3

19
93

27
.8

2
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

93
 -

 1
99

4

19
94

25
.1

1
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

94
 -

 1
99

5

19
95

26
.5

9
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

95
 -

 1
99

6

19
96

31
.3

2
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

96
 -

 1
99

7

19
97

28
.0

8
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

97
 -

 1
99

8

19
98

18
.4

3
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

98
 -

 1
99

9

19
99

25
.6

7
95

.8
2

16
10

.9
6

53
9.

94
11

74
6.

6
24

.5
0.

96
0.

04
0.

14
0.

18
2.

98
0.

05
0.

16
2.

61
0.

00
%

0.
00

%
0.

00
%

19
99

 -
 2

00
0

20
00

39
.0

3
95

.8
2

16
10

.9
6

53
9.

94
11

74
6.

6
24

.5
0.

96
0.

04
0.

14
0.

18
2.

98
0.

05
0.

16
2.

61
-5

2.
91

%
-3

9.
96

%
-1

2.
94

%
20

00
 -

 2
00

1

20
01

32
.5

9
10

3.
93

12
48

.8
4

53
1.

78
15

45
6.

0
50

.8
0.

91
0.

09
0.

08
0.

20
2.

35
0.

03
0.

15
1.

75
-0

.2
8%

22
.6

3%
-2

2.
91

%
20

01
 -

 2
00

2

20
02

32
.9

3
11

2.
29

16
38

.5
5

55
6.

48
20

33
6.

8
49

.5
0.

92
0.

08
0.

08
0.

20
2.

94
0.

03
0.

15
2.

19
-1

4.
68

%
-2

0.
90

%
6.

22
%

20
02

 -
 2

00
3

20
03

36
.9

6
12

3.
21

18
61

.5
4

81
4.

09
26

75
9.

0
62

.7
0.

93
0.

07
0.

07
0.

15
2.

29
0.

03
0.

12
1.

78
13

.0
6%

-3
9.

11
%

52
.1

7%
20

03
 -

 2
00

4

20
04

47
.8

3
21

1.
59

26
56

.2
5

19
24

.6
5

33
50

7.
0

96
.3

0.
95

0.
05

0.
08

0.
11

1.
38

0.
06

0.
10

1.
20

14
6.

45
%

12
0.

93
%

25
.5

2%
20

04
 -

 2
00

5

20
05

66
.4

9
62

2.
35

12
08

7.
80

24
74

.4
5

35
25

1.
0

19
1.

5
0.

93
0.

07
0.

34
0.

25
4.

89
0.

07
0.

21
4.

04
-8

.7
2%

-3
9.

20
%

30
.4

7%
20

05
 -

 2
00

6

20
06

76
.6

4
66

8.
14

12
83

1.
76

43
61

.0
8

40
83

2.
0

15
2.

9
0.

97
0.

03
0.

31
0.

15
2.

94
0.

11
0.

14
2.

73
5.

52
%

-1
9.

19
%

24
.7

1%
20

06
 -

 2
00

7

20
07

82
.2

6
83

8.
81

13
56

0.
23

53
63

.8
0

40
83

2.
0

32
5.

0
0.

94
0.

06
0.

33
0.

16
2.

53
0.

13
0.

14
2.

25
17

.6
0%

-1
9.

39
%

36
.9

9%
20

07
 -

 2
00

8

20
08

10
6.

87
85

4.
17

13
95

9.
34

60
67

.8
8

35
25

1.
0

84
7.

3
0.

88
0.

12
0.

40
0.

14
2.

30
0.

17
0.

11
1.

85
-1

2.
05

%
-1

8.
94

%
6.

90
%

20
08

 -
 2

00
9

20
09

67
.7

7
87

6.
16

11
76

2.
64

65
61

.2
0

33
50

7.
0

69
2.

3
0.

90
0.

10
0.

35
0.

13
1.

79
0.

20
0.

11
1.

53
78

.1
8%

49
.0

5%
29

.1
3%

20
09

 -
 2

01
0

20
10

86
.4

1
92

5.
01

20
52

8.
26

71
73

.9
8

26
75

9.
0

80
4.

3
0.

90
0.

10
0.

77
0.

13
2.

86
0.

27
0.

11
2.

51
53

.9
8%

48
.4

0%
5.

58
%

20
10

 -
 2

01
1

20
11

11
7.

11
93

5.
15

35
82

8.
70

77
50

.0
0

27
22

2.
0

88
2.

6
0.

90
0.

10
1.

32
0.

12
4.

62
0.

28
0.

11
4.

07
8.

24
%

9.
08

%
-0

.8
3%

20
11

 -
 2

01
2

20
12

11
5.

12
98

1.
56

42
26

2.
27

88
53

.6
9

29
56

9.
0

54
3.

1
0.

94
0.

06
1.

43
0.

11
4.

77
0.

30
0.

10
4.

45
-1

4.
07

%
-2

4.
31

%
10

.2
5%

20
12

 -
 2

01
3

20
13

11
0.

88
16

02
.4

7
59

45
3.

66
16

37
2.

36
47

88
0.

0
62

3.
5

0.
96

0.
04

1.
24

0.
10

3.
63

0.
34

0.
09

3.
49

-6
7.

46
%

-9
.1

8%
-5

8.
28

%
20

13
 -

 2
01

4

20
14

98
.9

5
18

31
.9

2
38

07
3.

23
10

54
6.

64
60

19
8.

0
81

7.
6

0.
93

0.
07

0.
63

0.
17

3.
61

0.
18

0.
15

3.
18

19
70

-2
01

4
5.

1%
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
N

/A
19

70
-2

01
4

19
70

-1
98

1
21

.4
%

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

19
70

-1
98

1

19
81

-1
99

9
-6

.5
%

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

N
/A

19
81

-1
99

9

19
99

-2
01

4
9.

4%
21

.7
%

23
.5

%
21

.9
%

11
.5

%
26

.4
%

10
.7

%
-0

.1
%

1.
3%

9.
3%

-0
.1

%
1.

3%
18

.8
%

3.
7%

15
.2

%
19

99
-2

01
4

Table 37 – Growth Accounting Data for Rosneft, 1999 - 2014 
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APPENDIX C – LIST OF DATA SOURCES BY COMPANY 

Private Oil Companies 

BP 

BP Amoco Annual Reports & Account 1999 

BP Annual Reports & Account 2000 

BP Annual Reports & Account 2001 

BP Annual Reports & Account 2002 

BP Annual Reports & Account 2003 

BP Annual Reports & Account 2004 

BP Annual Reports & Account 2005 

BP Annual Reports & Account 2006 

BP Annual Reports & Account 2007 

BP Annual Reports & Account 2008 

BP Annual Reports & Account 2009 

BP Annual Report and Form 20-F 2010 

BP Annual Report and Form 20-F 2011 

BP Annual Report and Form 20-F 2012 

BP Annual Report and Form 20-F 2013 

BP Annual Report and Form 20-F 2014 

 

 

Chevron Corporation 

Chevron Annual Report 1984 

Chevron Annual Report 1985 

Chevron Annual Report 1986 

Chevron Annual Report 1987 

Chevron Annual Report 1988 

Chevron Annual Report 1989 

Chevron Annual Report 1990 

Chevron Annual Report 1991 

Chevron Annual Report 1992 

Chevron Annual Report 1993 

Chevron Annual Report 1994 

Chevron Annual Report 1995 

Chevron Annual Report 1996 

Chevron Annual Report 1997 

Chevron Annual Report 1998 

Chevron Annual Report 1999 

Chevron Annual Report 2000 

Chevron Annual Report 2001 
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Chevron Annual Report 2002 

Chevron Annual Report 2003 

Chevron Annual Report 2004 

Chevron Annual Report 2005 

Chevron Annual Report 2006 

Chevron Annual Report 2007 

Chevron Annual Report 2008 

Chevron Annual Report 2009 

Chevron Annual Report 2010 

Chevron Annual Report 2011 

Chevron Annual Report 2012 

Chevron Annual Report 2013 

Chevron Annual Report 2014 

 

Exxon Corporation 

Exxon Annual Report 1970 

Exxon Annual Report 1971 

Exxon Annual Report 1972 

Exxon Annual Report 1973 

Exxon Annual Report 1974 

Exxon Annual Report 1975 

Exxon Annual Report 1976 

Exxon Annual Report 1977 

Exxon Annual Report 1978 

Exxon Annual Report 1979 

Exxon Annual Report 1980 

Exxon Annual Report 1981 

Exxon Annual Report 1982 

Exxon Annual Report 1983 

Exxon Annual Report 1984 

Exxon Annual Report 1985 

Exxon Annual Report 1986 

Exxon Annual Report 1987 

Exxon Annual Report 1988 

Exxon Annual Report 1989 

Exxon Annual Report 1990 

Exxon Annual Report 1991  

Exxon Annual Report 1992  

Exxon Annual Report 1993  

Exxon Annual Report 1994 

Exxon Annual Report 1995 

Exxon Annual Report 1996 

Exxon Annual Report 1997  

Exxon Annual Report 1998  
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Gulf Oil Corporation 

Gulf Annual Report 1970 

Gulf Annual Report 1971 

Gulf Annual Report 1972 

Gulf Annual Report 1973 

Gulf Annual Report 1974 

Gulf Annual Report 1975 

Gulf Annual Report 1976 

Gulf Annual Report 1977 

Gulf Annual Report 1978 

Gulf Annual Report 1979 

Gulf Annual Report 1980 

Gulf Annual Report 1981 

 

Mobil Oil Corporation 

Mobil Annual Report 1970 

Mobil Annual Report 1971 

Mobil Annual Report 1972 

Mobil Annual Report 1973 

Mobil Annual Report 1974 

Mobil Annual Report 1975 

Mobil Annual Report 1976 

Mobil Annual Report 1977 

Mobil Annual Report 1978 

Mobil Annual Report 1979 

Mobil Annual Report 1980 

Mobil Annual Report 1981 

   

Standard Oil Company of California 

Standard Oil Annual Report 1970 

Standard Oil Annual Report 1971 

Standard Oil Annual Report 1972 

Standard Oil Annual Report 1973 

Standard Oil Annual Report 1974 

Standard Oil Annual Report 1975 

Standard Oil Annual Report 1976 

Standard Oil Annual Report 1977 

Standard Oil Annual Report 1978 

Standard Oil Annual Report 1979 

Standard Oil Annual Report 1980 

Standard Oil Annual Report 1981 
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Shell 

Shell Annual Report 1970 

Shell Annual Report 1971 

Shell Annual Report 1972 

Shell Annual Report 1973 

Shell Annual Report 1974 

Shell Annual Report 1975 

Shell Annual Report 1976 

Shell Annual Report 1977 

Shell Annual Report 1978 

Shell Annual Report 1979 

Shell Annual Report 1980 

Shell Annual Report 1981 

Shell Annual Report 1982 

Shell Annual Report 1983 

Shell Annual Report 1984 

Shell Annual Report 1985 

Shell Annual Report 1986 

Shell Annual Report 1987 

Shell Annual Report 1988 

Shell Annual Report 1989 

Shell Annual Report 1990 

Shell Annual Report 1991 

Shell Annual Report 1992 

Shell Annual Report 1993 

Shell Annual Report 1994 

Shell Annual Report 1995 

Shell Annual Report 1996 

Shell Annual Report 1997 

Shell Annual Report 1998 

Shell Annual Report 1999 

Shell Annual Report 2000 

Shell Annual Report 2001 

Shell Annual Report 2002 

Shell Annual Report 2003 

Shell Annual Report 2004 

Shell Annual Report 2005 

Shell Annual Report 2006 

Shell Annual Report & Form 20-F 2007 

Shell Annual Report & Form 20-F 2008 

Shell Annual Report & Form 20-F 2009 

Shell Annual Report & Form 20-F 2010 

Shell Annual Report & Form 20-F 2011 

Shell Annual Report & Form 20-F 2012 

Shell Annual Report & Form 20-F 2013 

Shell Annual Report & Form 20-F 2014 
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Texaco Incorporated 

Texaco Annual Report 1970 

Texaco Annual Report 1971 

Texaco Annual Report 1972 

Texaco Annual Report 1973 

Texaco Annual Report 1974 

Texaco Annual Report 1975 

Texaco Annual Report 1976 

Texaco Annual Report 1977 

Texaco Annual Report 1978 

Texaco Annual Report 1979 

Texaco Annual Report 1980 

Texaco Annual Report 1981 

Texaco Annual Report 1982 

Texaco Annual Report 1983 

Texaco Annual Report 1984 

Texaco Annual Report 1985 

Texaco Annual Report 1986 

Texaco Annual Report 1987 

Texaco Annual Report 1988 

Texaco Annual Report 1989 

Texaco Annual Report 1990 

Texaco Annual Report 1991 

Texaco Annual Report 1992 

Texaco Annual Report 1993 

Texaco Annual Report 1994 

Texaco Annual Report 1995 

Texaco Annual Report 1996 

Texaco Annual Report 1997 

Texaco Annual Report 1998 

Texaco Annual Report 1999 

 

Gazprom 

Gazprom Financial Statement 2001 

Gazprom Annual Report 2002 

Gazprom Annual Report 2003 

Gazprom Annual Report 2004 

Gazprom Annual Report 2005 

Gazprom Annual Report 2006 

Gazprom Annual Report 2007 

Gazprom Annual Report 2008 

Gazprom Annual Report 2009 

Gazprom Annual Report 2010 

Gazprom Annual Report 2011 

Gazprom Annual Report 2012 
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Gazprom Annual Report 2013 Gazprom Annual Report 2014 

 

Petrobras 

Petrobras Annual Report 2001 

Petrobras Annual Report 2002 

Petrobras Annual Report 2003 

Petrobras Annual Report 2004 

Petrobras Annual Report 2005 

Petrobras Annual Report 2006 

Petrobras Annual Report 2007 

Petrobras Annual Report 2008 

Petrobras Annual Report 2009 

Petrobras Annual Report 2010 

Petrobras Annual Report 2011 

Petrobras Annual Report 2012 

Petrobras Annual Report 2013 

Petrobras Annual Report 2014 

 

PetroChina 

PetroChina Form F-20 2001 

PetroChina Form F-20 2002 

PetroChina Form F-20 2003 

PetroChina Form F-20 2004 

PetroChina Form F-20 2005 

PetroChina Form F-20 2006 

PetroChina Form F-20 2007 

PetroChina Form F-20 2008 

PetroChina Form F-20 2009 

PetroChina Form F-20 2010 

PetroChina Form F-20 2011 

PetroChina Form F-20 2012 

PetroChina Form F-20 2013 

PetroChina Form F-20 2014 

 

Rosneft 

Rosneft Annual Report 2001 

Rosneft Annual Report 2002 

Rosneft Annual Report 2003 

Rosneft Annual Report 2004 

Rosneft Annual Report 2005 

Rosneft Annual Report 2006 
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Rosneft Annual Report 2007 

Rosneft Annual Report 2008 

Rosneft Annual Report 2009 

Rosneft Annual Report 2010 

Rosneft Annual Report 2011 

Rosneft Annual Report 2012 

Rosneft Annual Report 2013 

Rosneft Annual Report 2014

 

Sources 

Most recent financial statements - Individual company’s’ investor pages 

BP: http://www.bp.com/en/global/corporate/investors/results-and-reporting.html 

ExxonMobil: http://ir.exxonmobil.com/phoenix.zhtml?c=115024&p=irol-publanding 

Chevron: http://www.chevron.com/investors/financial-information 

Shell: http://www.shell.com/investors/financial-reporting.html 

Gazprom: http://www.gazprom.com/investors/disclosure/reports/ 

Rosneft: http://www.rosneft.com/Investors/results_and_presentations/ 

Petrobras: http://www.investidorpetrobras.com.br/en/financial-results#topo 

PetroChina: http://www.petrochina.com.cn/ptr/ndbg/dqbg_list.shtml 

 

Legacy financial statements - ProQuest  

www.ProQuest.com (Restricted access, accessible through MIT certificate). 

www.thomsonone.com (Restricted access, accessible through MIT certificate). 

http://www.bp.com/en/global/corporate/investors/results-and-reporting.html
http://ir.exxonmobil.com/phoenix.zhtml?c=115024&p=irol-publanding
http://www.chevron.com/investors/financial-information
http://www.shell.com/investors/financial-reporting.html
http://www.gazprom.com/investors/disclosure/reports/
http://www.rosneft.com/Investors/results_and_presentations/
http://www.investidorpetrobras.com.br/en/financial-results#topo
http://www.petrochina.com.cn/ptr/ndbg/dqbg_list.shtml
http://www.proquest.com/
http://www.thomsonone.com/

