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Abstract
Technology plays a critical role in how companies manage and strategically reposition
during periods of change, including the current transition to lower-carbon energy in the
Energy Transition. While previous research has indicated associations between technol-
ogy management and the Energy Transition, the ability to quantify the relationship and
its characteristics has been limited due to a lack of differentiation in the public data.

This thesis explores the degree to which technology management has shifted during
the Energy Transition for twelve representative companies in the Oil & Gas industry. A
novel method was developed to differentiate technology patents based on the Cooperative
Patent Classification’s Y02–Y04 schema for tagging Climate Change Mitigating Technol-
ogy (CCMT), resulting in a three-tiered subclassification. Results of this method show
that high-value innovation in the Oil & Gas industry can be categorized, on average, as
89.4% Incremental Energy, 8.3% Sustaining CCMT, and 2.3% Disruptive CCMT.

Next, this study utilized the differentiated patent data to perform Spearman rank or-
der correlation analysis to establish the association between technology trends, corporate
R&D metrics, net sales and oil price. Findings show positive correlation between Disrup-
tive CCMTs and both Sustaining CCMTs (𝑟𝑠[202] = .55, 𝑝 = < .001) and Total R&D
Patenting (𝑟𝑠[202] = .49, 𝑝 = < .001), indicating internal R&D spillover between teams.

Finally, the differentiated CCMT patent data and the correlation analyses were eval-
uated alongside global patenting trends to assess the rate of technological change in the
Energy Transition. The findings indicate that the Oil & Gas industry has produced high-
value innovations on par with the broader Energy Transition, exhibiting an Average An-
nual Growth Rate of 24.9% for Disruptive CCMTs and 21.4% for Sustaining CCMTs com-
pared with an average of 24.6% for Global CCMTs. The findings also highlight an ongoing
period of transition with indications of future demarcation in technology strategies. As a
result of these investigations, suggestions have been identified for future research.

Thesis Supervisor: Olivier L. de Weck
Title: Apollo Professor of Astronautics and Engineering Systems
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Chapter 1

Technology Management and the

Energy Transition

This opening chapter introduces the challenges and opportunities of the Energy Transi-

tion, particularly for the Oil & Gas industry. First, the relationship between the Energy

Transition and technological innovation is briefly introduced, followed by the unique R&D

opportunities and challenges this presents to the Oil & Gas industry. Second, the author

introduces the research questions for this thesis and lays out the scope for the research.

In conclusion, a short overview of the chapters in this thesis is presented.

1.1 The Scale and Complexity of the Energy Transition

Dr. Fatih Birol, the Executive Director of the International Energy Agency (IEA), opens the

Foreword to the IEA’s 2020 global climate-change report, Energy Technology Perspectives,

with the practical, yet optimistic, forecast that "Technology will largely determine our

energy future" (IEA, 2020, p. 3). Here, there is clear awareness that the innovation of new

technologies for the Energy Transition will need to be supported by forward-looking pol-

icy, smart governmental regulations, and opportunities for growth (IEA, 2020). Dr. Birol

notes that, even in the height of the COVID-19 global pandemic, investments in clean-

energy start-ups in 2019 by venture capital funds and companies broke new records (IEA,

2020, p. 4). At the same time, the central focus of the IEA’s Energy Technology Perspectives
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2020 report is to spotlight the required technological advancements necessary to facilitate

a transition to lower-carbon energy sources to meet climate targets. It is technology, and

not policy, that underpins the Energy Transition:

“While technology is not the only ingredient to a cleaner energy future, there
is no credible path to net zero emissions without a significant and speedy
ramping up of clean energy technologies across the entire energy sector” (IEA,
2020, p. 31).

This ramp-up will require the innovation and commercialization of many technologies

still in early stages of development, including many technologies at a low Technology

Readiness Level (TRL). The IEA estimates that the technological innovation required to

cut over one-third of the targeted emissions to achieve the Sustainable Development Sce-

nario are currently under development—and this number rises to over 50% in the Faster

Innovation Case (IEA, 2020, p. 25). Most of the innovation needs to occur in the areas of

electrification, Carbon Capture, Utilization, and Storage (CCUS) (25%), bioenergy (20%),

and hydrogen (5%) (IEA, 2020).

The complexity of the Energy Transition is increased by the speed at which the new

technologies are needed. The IEA states that "quicker progress towards net-zero emissions

will depend on faster innovation" (IEA, 2020, p. 25). Similar findings on the overall rapid

pace of the Energy Transition are reported in the literature (Bel & Joseph, 2018; Probst et

al., 2021). The 2010 report by United Nations Environment Programme (UNEP) states:

“Addressing [climate change] requires an unprecedented mobilisation of hu-
man and financial resources to alter our patterns of production, consumption
and energy use. The large-scale development and diffusion of technologies is
the key to making such a transition possible” (UNEP/EPO, 2010).

António Campinos, the President of the European Patent Office (EPO), sums up the chal-

lenge in the Foreword to the joint April 2021 report by the EPO and the IEA, Patents and

the Energy Transition: Global Trends in Clean Energy Technology Innovation:

“The energy transition needed to mitigate climate change presents challenges
of unparalleled scale and complexity. Many of the technologies needed to cut
greenhouse gas emissions are not yet fully mature, whilst the time window
available for bringing them to market is closing rapidly” (EPO/IEA, 2021, p.
2).
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And the Oil & Gas industry, according to Dr. Fatih Birol in the Energy Technology Perspec-

tives report, has a role to play in the Energy Transition, with "some oil and gas majors

betting their futures on becoming lower-carbon energy companies (IEA, 2020, p. 3).

1.2 Tailwinds andHeadwinds for Innovation in the Oil

& Gas Industry

The "quicker progress" and "faster innovation" galvanized by the Energy Transition presents

both opportunities and challenges for the Oil & Gas industry. As a tailwind, the Oil & Gas

industry has a long history with technology and innovation, withmore than one company

claiming that it is primarily a "technology" company (Parshall, 2011). Based on the results

of large survey published in conjunction with the Society of Petroleum Engineers (SPE),

Perrons (2014) summarizes the broad sentiment of the Oil & Gas industry that "technology

will clearly play a pivotal role in the success or failure of tomorrow’s oil & gas firms" (Per-

rons, 2014, p. 301). Similarly, Daneshy (2003) organized innovation focus with technology

managers from the Oil & Gas industry and found that "“There is broad consensus among

executive management of all companies that technology holds a key to future growth

and profitability of the industry” (Daneshy, 2004, p. 1). Connecting the strengths between

technology innovation and energy management, Bob Dudley, group chief executive of BP,

observes that "the transition to a lower-carbon energy system is opening up a wide range

of business possibilities" (BP Energy Economics, 2019).

At the same time, the opportunities and rapid changes of the Energy Transition present

challenges for the Oil & Gas industry. Corporate Research and Development (R&D) faces

several high hurdles in the energy industry. Building on Perrons (2014), Daneshy (2004),

and Popp et al. (2020), the following are key headwinds for technological change in the

Oil & Gas industry:

• Commodity Nature of Energy. As a largely interchangeable commodity there is
little differentiation between brands for consumers and therefore less incentive for
competitors to innovate (Popp et al., 2020, p. 6). Popp et al. (2020) notes that this fea-
ture is a key driver for the focus on process efficiency and down-time optimization
in the Oil & Gas industry.

23



• Long Time Horizon. Kleinberg & Fagan (2019) notes that the development of new
technology in the Oil & Gas industry takes over a decade to develop and effec-
tively commercialize, while the National Petroleum Council predicts that the av-
erage length of time for an innovation to move from idea to commercialization is
closer to 16 years (National Petroleum Council, 2007).

• Market Uncertainty. Closely related to the long time horizon for many Oil &
Gas research and development projects, market uncertainty can jeopardize project
delivery. In their review of multiple R&D innovations that came out of the Oil &
Gas industry, Kleinberg and Fagan illustrate that major innovations "span across
oil cycles" further increasing market and investor uncertainty (Kleinberg & Fagan,
2019, p. 17). Daneshy (2004) records that there is market risk even for large-scale
technological development with application to traditional hydrocarbon production,
noting the examples of intelligent-well design and coil-tubing drilling techniques
that did not commercially justify the large R&D costs.

• High Development Costs. According to Nanda et al. (2014) and Popp et al. (2020),
economies of scale play a significant role in the development of large energy projects
where project cost can exceed several hundredmillion dollars (DeNeufville & Scholtes,
2011). This barrier can prevent the entry of newcomers to spur more competitive
innovation (Nanda et al., 2014).

• Technology Spillover and Free-Ridership. Multiple researchers have found that
the "shared equity structure" of some projects limits the ability of a developing com-
pany to "keep new innovations proprietary" (Perrons, 2014, p. 301). This technology
spillover can create free-riders that reduce the incentive to engage in expensive R&D
in the pursuit of establishing competitive advantage through technology develop-
ment (Perrons, 2014; Acha, 2002).

• Fast Followers. Related to the uncertainty of technological spillovers, Kleinberg
& Fagan (2019) further differentiate the uncertainty that the market advantage of
becoming a first mover for a novel innovation in the in Oil & Gas industry can be
"minimized or quickly overcome by a technically adept fast follower" in the industry
(Kleinberg & Fagan, 2019, p. 19). This hurdle relates to the commodity nature of
energy.

• Efficient Market Commercialization. Based on the SPE global survey, Perrons
& Donnelly (2012) identified the limitation of international companies to possess
the know-how or value chains to effectively market innovations outside of large
capital-intensive projects. Daneshy (2004) explains that market commercialization
is a major hurdle for Service Providers and, further, that Service Providers face a
risk of Oil & Gas Producers not utilizing developed technologies.

Kleinberg & Fagan (2019) find that Oil & Gas industry, and particularly companies

in the United States, have attempted to manage the risk caused by the mismatch be-

tween technology cycles and price cycles through outsourcing technology development
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(Kleinberg & Fagan, 2019). Similarly, Daneshy (2004) notes that executives and technol-

ogy managers in the Oil & Gas industry have managed this uncertainty with a focus on

capital stewardship, reduction in operating costs, and shorter-term technology projects.

But, Daneshy concludes by noting: "The danger is that this will lead to “incrementalism”

and delay investments in more risky revolutionary technologies that have the best poten-

tial for a step change" (Daneshy, 2004, p. 1). Summarizing results from a global survey

with the Society of Petroleum Engineers, Perrons finds that a majority of O&G profes-

sionals recognize that the industry "has a reputation for being too slow to develop and

adopt innovations" (Perrons, 2014, p. 301).

1.3 Research Questions

Taking into account the above challenges and opportunities that the Energy Transition

presents to energy companies, this thesis explores the broad, high-level question of how

Oil & Gas companies are adapting their technologymanagement and R&D endeavors dur-

ing the ongoing Energy Transition. To better frame and answer this high-level question,

this thesis will utilize analytical methods to address seven research questions.

• Research Question #1. Are the classical R&D benchmarking metrics sufficiently
descriptive to quantify how Oil & Gas companies have expanded their technology
efforts during the Energy Transition? (Chapter 2)

• Research Question #2. How much high-value innovation is classified as Climate
Change Mitigation Technology (CCMT), and which technology focus areas are be-
ing researched and developed in the Oil & Gas industry? (Chapter 3)

• Research Question #3. How are companies apportioning their R&D portfolios
between incremental energy technology, Climate Change Mitigation Technology
(CCMT), and Disruptive Technology? (Chapter 4)

• Research Question #4. Is there a positive correlation between the in-house orga-
nizational capability to produce incremental energy technology and either Climate
Change Mitigating Technologies or Disruptive CCMTs? (Chapter 5)

• Research Question #5. How are R&D Spend, R&D Intensity and R&D Productivity
linked to the innovation of high-value Climate Change Mitigating Technology, and
is the question of time lag a concern? (Chapter 5)
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• Research Question #6. How significantly are an organization’s overall R&D effort
and R&D innovation capability correlated with year-to-year fluctuations, including
net sales and oil price? (Chapter 5)

• Research Question #7. How does the Oil & Gas industry’s R&D focus on Climate
Change Mitigating Technologies (CCMTs) compare with the broader, global tech-
nology trends driving the Energy Transition? (Chapter 6)

1.4 Research Scope

This thesis attempts to explore how technologymanagement has responded to the broader

movements of the Energy Transition.1 Specifically, the proposed research method is de-

signed to identify, collect and sort Climate Change Mitigation Technology (CCMT) data

and lay the framework for an initial analysis of how this new data source—alongside tra-

ditional R&D metrics, a corporation’s net sales, and the exogenous influence of the price

of oil—can be analyzed with quantitative methods. This section lays out what is in scope,

out of scope, and several initial limitations of this inquiry. Additional limitations will be

documented throughout the thesis.

This studywill focus on the public data for twelve representative Oil & Gas companies.

The size of this sample set is a balance between permitting a detailed exploration of the

Climate Change Mitigating Technologies being explored by each company and the need

to have a sufficiently diverse sample set. Each of these companies was selected for known

R&D activity due to overall size, to ensure diversity between Oil & Gas Producers and

Oil & Gas Service Providers, and to enable geographical comparison between Europe, the

United States, and China. In alphabetical order, the twelve companies in the study include:

(1) BP; (2) Chevron; (3) China Petroleum; (4) ConocoPhillips; (5) Equinor; (6) ExxonMobil;

(7) Halliburton; (8) PetroChina; (9) Schlumberger; (10) Shell; (11) TotalEnergies; and (12)

Weatherford. To increase the readability of the many tables and graphs in this thesis,

the author will use "Conoco" for ConocoPhillips, "Exxon" for ExxonMobil, and "Total" for

TotalEnergies. In order to differentiate between the two sectors and the three geographic

regions, this thesis uses the following six groups:
1Appendix A presents a high-level timeline of the Energy Transition.
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1. All O&G Companies. This group includes all twelve companies.

2. O&G Producers. This group includes BP, Chevron, China Petroleum, Conoco,
Equinor, Exxon, PetroChina, Shell and Total. At times in this thesis, the two Chinese
companies will be removed in order to draw attention to the seven international oil
majors. This will be indicated by the label, O&G Producers (No China).

3. O&G Service Providers. This group of three includes Halliburton, Schlumberger
and Weatherford.

4. O&GProducers – Europe. This group of four includes BP, Equinor, Shell and Total.

5. O&G Producers – U.S. This group of three includes Chevron, Conoco and Exxon.

6. O&G Producers – China. This group includes China Petroleum and PetroChina.

This research design does not evaluate the "radicalness" or "originality" of the published

technology patents including those labeled Climate Change Mitigating Technology, how-

ever this established field of inquiry is recommended for additional research on the in-

terplay between CCMTs and the Energy Transition (Popp et al., 2020; Shane, 2001). Like-

wise patent citations are not used to measure the reach of the CCMT (Trajtenberg, 1990).

Finally, and following on several established studies, this research only uses awarded in-

ternational patent families—which will be described in detail in Chapter 3—as a proxy for

the overall R&D research focus of a company (Griliches, 1991; Bel & Joseph, 2018). An

evaluation of how companies are using Corporate Venture Capital (CVC) to expand and

outsource Research Development is not explored (Popp et al., 2020). For this study, the

lack of available public data can limit the analysis of trends in technologymanagement. As

noted by Trajtenberg in an early influential analysis of patenting, "the study of technolog-

ical change has been hampered all along by the scarcity of appropriate data" (Trajtenberg,

1990, p. 172). This complexity is increased by at least two limitations that should be dis-

cussed. First, while this research covers twenty years of technology development over the

years 2000 to 2020, this time period may not be sufficient to establish long-term trends in

how technology is evolving particularly in face of the commodity price cycle of oil. Cyclic

trends may be masked as this study covers only one oil boom-bust cycle (Dargay et al.,

2007; Popp et al., 2020). Lastly, and as the world is well aware, the Energy Transition

has not been the only large-scale disruptive event over the last three years (Tian et al.,

2022). Following de Weck et al. (2011), the COVID-19 global pandemic can be classified
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as a "massive disruption" and, thus, the overarching socio-technical ramifications can be

difficult to separate from the cyclical effects of oil price. This point will be highlighted in

the final chapter, Recommendations for Future Work (see Chapter 8).

1.5 Thesis Structure

This thesis is structured to present the research and findings in a linear fashion, where

each chapter builds upon the results of the previous chapters.

Chapter 2 introduces the data sources for both historical average oil prices and the

three primarymetrics used to evaluate a corporation’s commitment to research and devel-

opment. After two of the R&D metrics are calculated, a high-level analysis is performed

to evaluate the relationship between R&D metrics, historical oil price and the Energy

Transition.

Chapter 3 describes a powerful research method to sort patent data into climate-

change mitigating technologies (CCMTs) and presents findings at the company and in-

dustry level. Here, CCMTs provide a window onto the technology-focus areas that firms

are exploring in the Energy Transition.

Chapter 4 describes a novel approach to further differentiate patent data into three

classes of technology, including Disruptive CCMT, Sustaining CCMT, and Incremental

Energy Technologies.

Chapter 5 uses the collected findings from Chapter 2, 3 and 4 to perform quantitative

analysis on the results. First, time-lag analysis is used to assess the impact of lag on R&D

Expenditure and patenting activity. Next, Spearman correlation analysis is conducted on

the R&D metrics, R&D patenting activity, net sales and oil price. Results provide insights

on the overall interaction of technology management.

Chapter 6 utilizes the results of the correlation analysis to return to global patenting

trends and the results from the Oil & Gas industry to explore the degree that companies

are optimizing their technology portfolios during the Energy Transition.

Chapter 7 andChapter 8 conclude the thesis with conclusions and recommendations

for future work.
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Chapter 2

R&D Metrics and High-Level Trends

in Technology Management

This chapter introduces the three Research and Development (R&D) metrics commonly

utilized in business, government and academia to quantify a corporation’s financial com-

mitment to technological capacity and innovation. First, the primary source of yearly av-

erage oil price and corporate financial data for this research is introduced. Subsequently,

definitions are provided for R&D Expenditure, R&D Intensity, and R&D Productivity, in-

cluding their central pros and cons for technology management. Analysis of the data is

then presented with reference to both oil price and the rough timeline of the broader En-

ergy Transition. This chapter concludes with the finding that corporate R&D Metrics are

insufficient to establish a direct link to how companies may or may not be adjusting their

technology management during the Energy Transition.

2.1 Overview of the R&D Metrics

2.1.1 R&D Expenditure

The first R&D metric for assessing a company’s commitment to Research and Develop-

ment (R&D) is R&D expenditure, which is variously labeled R&D spending, R&D invest-

ment, or R&D budget in the literature (Kleinberg & Fagan, 2019; Schilling, 2020; de Weck,

29



2022). For American publicly-traded companies, R&D expenditure can be listed as R&D

costs in corporate SEC 10-K filings (ExxonMobil, 2021b). In this report, R&D Expenditure

will be used as a formal metric and it will be capitalized.

R&D Expenditure is defined as the total amount of money allocated in a given year to

corporate Research and Development. Inside the company, R&D Expenditure is an output

of the Capital Rationing process that distributes available funds across the company dur-

ing the yearly budgeting cycle (Schilling, 2020, p. 146). Outside the company, this metric

is commonly used to hierarchically rank companies, industries, and geographical regions

on overall R&D investment (Schilling, 2020).

As the primary financial driver of the amount of technological innovation that a com-

pany can pursue, R&D Expenditure can be a proxy for the overall R&D effort of a given

company (Helfat, 1994; Kleinberg & Fagan, 2019). In an analysis of the Oil & Gas industry,

Helfat finds: "The expenditure levels for the various R&D activities provide a measure of

the resources devoted to the R&D efforts, and also reflect company policies for alloca-

tion of R&D funds" (Helfat, 1994, p. 1726). Kleinberg & Fagan (2019) also evaluate R&D

spending as a proxy for company policy and further equates the input with the overall

"innovation effort" of a firm.

At the same time, R&D Expenditure can be a problematic metric when used in isola-

tion. The limitation of R&D Expenditure is that it is difficult to quantify a commitment

to R&D without additional reference or comparison to other corporate performance data,

such as net sales, profitability or number of employees (Helfat, 1994). In this way, R&D

Expenditure does not always permit easy comparison and benchmarking between com-

panies of different sizes and market position. Moreover, R&D Expenditure is not always

the best way for a company to evaluate its own present performance with respect to past

performance, especially if the company has significantly expanded or contracted in size or

market share. Yearly trends that focus only on R&D Expenditure may obscure larger cor-

porate trends that may help to paint a fuller picture of why expenditure is changing. These

can include loss of profits, increase in sales, or a substantial resizing of the workforce. As

we will see below, both R&D Intensity and R&D Productivity address this weakness.
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2.1.2 R&D Intensity

The second R&D metric considered in this analysis is R&D Intensity, a practical metric

used by technology managers for benchmarking relative commitment to innovation.

R&D Intensity is a calculated metric and is defined as the fraction of R&D Expenditure

to the total yearly Net Sales of a company.1 The popularity of this metric is that it allows

technology managers to "directly control" for the market size of the company on the total

R&D budget (Helfat, 1994). Unlike the absolute value of R&D Expenditure, R&D Intensity

provides a normalized or proportional perspective on how much money a company is

committing to innovation in relation to their total market share. Hartmann et al. (2006)

explain: "The R&D intensity benchmark often serves as a test of reasonableness that the

level of investment is in the right range" (Hartmann et al., 2006, p. 28).

Multiple studies in the literature have explored that relationship of R&D Intensity

with both corporate funding and overall strategies in technology management. Coombs

& Bierly III (2006) recount work connecting R&D Intensity with "Absorptive Capacity",

a topic that will be discussed in more detail in Chapter 5 and Chapter 7. On the overall

behavior of R&D Intensity to Net Sales, Scherer (1992) provides quantitative evidence that

R&D Expenditure increases "approximately linearly" (Helfat, 1994, p. 1728).

In a landmark study on the relationship between technology management and R&D

activities, "Benchmarking Global Strategic Management of Technology," Roberts (2001)

presents findings that associate R&D Intensity with both increased profitability and the

overall "newness" or technological maturity of a firm. Roberts advances:

“R&D as a percentage of annual revenue correlates strongly with annual sales
growth rate, percent of sales from new products, and profitability. Strategi-
cally, R&D Intensity also correlates stronglywith overall newness of the firm’s
technology, but it relates negatively to improving break-even time and to per-
ceived competitive performance in satisfying manufacturing” (Roberts, 2001,
p. 28).

Likewise, Schilling reports the strong positive association between R&D Intensity and

profitability, sales, and growth rate in her leading textbook, Strategic Management of Tech-

nological Innovation (Schilling, 2020, p. 22). Finally, Roberts shows that R&D Intensity can
1At least one author has suggested using CAPEX in place of Net Sales (Acha, 2002).
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correlate positively to overall Technological Leadership defined as a measure of strategic

positioning relative to primary competitive peers (Roberts, 2001).

Notwithstanding the evidence which favors R&D Intensity, the Oil & Gas industry has

long maintained a low to very low average intensity (Perrons, 2014, p. 302). Companies

have historically invested under 1% of net sales into research and development (Perrons,

2014; Von Tunzelmann & Acha, 2006; Moncada-Paternò-Castello et al., 2010; Popp et al.,

2020).

Low R&D Intensities have ranked the Oil & Gas industry well outside of the "top 10"

intensities for global industries (Schilling, 2020). For example, Schilling (2020) calculates

the average industry R&D Intensities for the year 2016 based on Compustat data:

1. Drugs, biological products, and diagnostics: 20%

2. Special industry machinery: 13%

3. Semiconductors and electronic components: 11%

4. Software and computer programming services: 10%

5. Medical equipment: 8%

6. Communication equipment: 7%

7. Measuring equipment and instruments: 7%

8. Computers and peripherals: 7%

9. Nonstore retailers: 7%

10. Motor vehicles and motor vehicle equipment: 4% (Schilling, 2020, p. 147).

Writing around the same time as Schilling’s 2016 table on industry R&D Intensity,

Perrons (2014) reports that Oil & Gas Producers in the United States have an average

R&D Intensity closer to 0.21% (Perrons, 2014; Moncada-Paternò-Castello et al., 2010).

One important distinction is that Oil & Gas Service Providers have historically had

much higher R&D Intensities. Again, Perrons (2014) cites Service Providers having an av-

erage intensity of 2.4% (Moncada-Paternò-Castello et al., 2010). This, interestingly, would

place Service Providers just below "Motor vehicles and motor vehicle equipment" at 4%

intensity in Schilling’s 2016 table Schilling (2020).
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The reason for this low level of R&D Intensity, and the corresponding low underlying

amount of R&D Expenditure, connects back to structural challenges and opportunities

presented in Chapter 1.

Finally, it should be noted that the common definition of R&D Intensity—as R&D Ex-

penditure per Sales—differs from definitions utilized by several economic and governmen-

tal organizations concerned with regional R&D trends, particularly technology reports

published in the European Union. At the Organization for Economic Cooperation and

Development (OECD) and eurotat, the Business Enterprise Expenditure on R&D (BERD)

calculates R&D intensity as a percentage of value added for a sector, region or country

(European Commission, 2004). This alternative calculation allows policymakers to com-

pare broader competitiveness as opposed to assessing the individual corporate strategic

decisions that drive R&D expenditure (European Commission, 2004).

2.1.3 R&D Productivity

The third corporate metric used for benchmarking trends in strategic technology man-

agement can be labeled R&D Productivity. Whereas R&D Intensity normalizes spend to

net sales, R&D Productivity is defined as the ratio of a firm’s R&D Expenditure to the total

number of full-time employees (Morbey & Reithner, 1990). As a ratio, it is worth noting

that R&D Productivity can increase due to either an increase in yearly R&D Expenditure

or a decrease in a firm’s headcount. Thus, corporate downsizing with layoffs will result in

higher R&D Productivity, while Mergers and Acquisitions (M&A) that absorb workforce

will result in a reduction to R&D Productivity.

In their groundbreaking paper, Morbey & Reithner (1990) describe two reasons why

R&D Productivity is a better description of a firm’s commitment to strategic technology

development over time. First, R&D Productivity can exhibit less short-term variation than

R&D Intensity due to a lower yearly fluctuation in employee count than in net sales (Mor-

bey & Reithner, 1990). Building on the empirical study examining the productivity of R&D

programs by Hill & Snell (1989), the authors find that R&D Productivity is "more robust"

in evaluating a firm’s "long-term commitment to innovation" (Morbey & Reithner, 1990,

p. 12).
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Second, R&D Productivity has been shown to have higher significant correlation with

both subsequent Profit Margin and Sales Per Employee than R&D Intensity (Morbey &

Reithner, 1990, p. 13). This key insight will be returned to in Chapter 5 where the correla-

tion between R&Dmetrics will be examined alongside net sales, profit and—central to the

argument of this thesis—patenting trends for Climate Change Mitigating Technologies.

2.2 Data and Methodology

This study uses publicly available governmental data to analyze the three R&Dmetrics for

the Oil & Gas industry. This section will briefly explain the data sources used for analysis.

2.2.1 U.S. EIA Data Set for Average Yearly Nominal Oil Price

This research uses the data set from the U.S. Energy Information Administration (EIA)

for historical yearly oil prices. This publicly available data set is updated routinely and

includes subsections for Monthly, Quarterly and Yearly average oil prices in both Nominal

and Real dollars (Energy Information Administration (EIA), n.d.). For this analysis, the

yearly nominal oil price in U.S. dollars per barrel (USD/bbl) was used to better represent

oil price around the world, since the EIA’s real price is adjusted for the Consumer Price

Index (CPI) in the United States (Energy Information Administration (EIA), n.d.).

2.2.2 E.C. IRI Data Set for World Top R&D Investors

The corporate financial and R&D data used for this research is from the European Com-

mission (EC)’s Industrial Research and Innovation (IRI) division. The IRI is tasked with

providing "robust empirical scientific-sound evidence" on global and regional trends in

R&D to inform industry, academia and policymakers both inside and outside of Europe.

The IRI publishes both the "World Top 2500 R&D Investors" and the "EU Top 1000 R&D

Investors" and makes the collected corporate R&D data available to the public (Industrial

Research and Innovation, n.d.). Started in 2004, the "World Top 2500 R&D Investors" data

sets provide consistent financial and R&D data on global companies. The IRI data set was
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selected for this study for the following reasons:

• Accessibility. The IRI data sets are publicly available and not protected by a pay-
wall. This feature allows future studies to reproduce the results of this research.

• Completeness. The IRI data sets contain the twelve Oil & Gas companies selected
for this research. This includes the three Oil & Gas Service Providers (Halliburton,
Schlumberger, and Weatherford) and the two Chinese Producers (China Petroleum
and PetroChina).

• Time Frame. The IRI data sets cover data from 2004 to 2020. While there was
sufficient data in the 2004 data set to back-calculate values for 2003 and 2002, this
thesis uses only published data for analysis.

• Financial Standardization. The IRI data sets contain yearly financial values al-
ready converted to a base currency (here, the Euro (€)) and adjusted to the given
year’s exchange rate. This feature greatly reduced the required post-processing of
the financial data, particularly for the two Chinese companies. Had the information
been individually collected from company reports (including Securities Exchange
Commission (SEC) 10-K’s for the companies filed in the U.S.), normalizing the mul-
tiple currencies to common currency could introduce greater error than the stan-
dardized IRI reports.

• Pre-Ranked. The IRI data has companies preranked based on size of yearly R&D
Expenditure. For this study, this ranking facilitated easy ranking for top R&D Ex-
penditure among the twelve Oil & Gas companies in the study.

• Accuracy. The publication of the reports by European Commission’s Industrial
Research and Innovation (IRI) division implied a consistent level of data accuracy
and vetting.

It should be noted that all IRI values are extracted directly from corporate filings and are

not adjusted for inflation (Potters, 2022, p. 23). Additionally, financial values in the IRI

data sets have been converted to euro. However, this does not impact the calculation of

either R&D Intensity or R&D Productivity. And as will be shown in Chapter 5, the unit

of currency does not affect correlation analysis testing to determine association between

the R&D metrics and the patent data.

To ensure accuracy of the IRI data, financial data and employee count for US corpora-

tions were verified with Securities Exchange Commission (SEC) 10-K financial filings. As

shown in Table B.1 in Appendix B, the IRI data set accurately captured 10-K information

overall. For this study, several corrections were made to the IRI data sets. For example,

the recorded IRI data for ExxonMobil inaccurately recorded the Number of Employees
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between 2004–2010 as being the sum of both Regular Employees and auxiliary employees

at Company-Operated Retail Sites (CORS). These employment values were updated in the

data to accurately reflect the 10-K filings (ExxonMobil, 2021b).

2.3 Results for R&D Metrics

2.3.1 Results for R&D Metrics by Company

The collected data and calculations for the three R&D metrics are documented in Ap-

pendix C. All currency values are listed in euro (€), and for improved readability both Net

Sales and R&D Metrics are in units of one million euro (€, millions). Each of the twelve

tables contains the collected IRI data for R&D Expenditure, Net Sales and Employees, and

the calculated values for R&D Intensity and R&DProductivity over the time period of 2004

to 2020. The twelve tables include: BP (Table C.1), Chevron (Table C.2), China Petroleum

(Table C.3), Conoco (Table C.4), Equinor (Table C.5), Exxon (Table C.6), Halliburton (Ta-

ble C.7), PetroChina (Table C.8), Schlumberger (Table C.9), Shell (Table C.10), Total (Table

C.11), and Weatherford (Table C.12).

2.3.2 Summary Statistics for R&D Metrics by Sector and Region

To compare the different R&D results between both Oil & Gas companies and geographic

regions, summary statistics were calculated for the five key groupings for this study: All

Producers (Table 2.1), Service Providers (Table 2.2), Producers – Europe (Table 2.3), Pro-

ducers – US (Table 2.4), and Producers - China (Table 2.5). Following previous studies, the

combined results of Producers and Service Providers is not included because of the large

difference in R&D Intensity as discussed above (Perrons, 2014; Moncada-Paternò-Castello

et al., 2010; Perrons & Donnelly, 2012).

Each table of summary statistics includes Mean (𝜇), standard deviation (𝜎), coefficient

of variation (𝑐𝑣), and Range (𝑅). Here, Range is a measure of dispersion and is the differ-

ence between the maximum value for a data range and the minimum value.
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Table 2.1: Summary Statistics for R&D Metrics for O&G Producers, 2004–2020. Nominal
values are unadjusted for inflation. Source: Based on IRI data.

Table 2.2: Summary Statistics for R&D Metrics for O&G Service Providers, 2004–2020.
Nominal values are unadjusted for inflation. Source: Based on IRI data.

Table 2.3: Summary Statistics for R&D Metrics for O&G Producers – Europe, 2004–2020.
Nominal values are unadjusted for inflation. Source: Based on IRI data.

Table 2.4: Summary Statistics for R&D Metrics for O&G Producers – U.S., 2004–2020.
Nominal values are unadjusted for inflation. Source: Based on IRI data.

Table 2.5: Summary Statistics for R&D Metrics for O&G Producers – China, 2004–2020.
Nominal values are unadjusted for inflation. Source: Based on IRI data.
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2.4 Analysis of R&D Metrics

2.4.1 Analysis of R&D Expenditure

Figure 2.1 charts the collected corporate data for R&D Expenditure for the twelve Oil &

Gas companies in the sample set with respect to oil price volatility and a rough timeline

of the Energy Transition. Each company is depicted on the graph in a separate color and

its curve represents the recorded amount of R&D Expenditure for the given year based on

the IRI data set. The primary axis displays the total amount of current R&D Expenditure

shown on a scale of millions of euro (€), non-adjusted for inflation. Thus, the value on

the primary axis of €1,000 million is equal to €1,000,000,000 or €1 billion euro. On the

right side of the graph, the secondary axis shows the EIA’s Average Oil Price in nominal

dollars for one American barrel (bbl) of oil, non-adjusted for CPI or inflation. The Oil

Price curve is shown as a dashed gray line on the graph. Finally, a high-level timeline of

three events relating to the Energy Transition is listed along the top (see Appendix A for

more details). These dates are approximate and do not indicate a specific start date of the

Energy Transition (Markard, 2018; IEA, 2020; Smil, 2019).

The graph displays a gradual linear increase in the yearly spend for R&D Expenditure

from 2002 to 2014/2015. This increase in intensity corresponds with a more pronounced

increase in the price of oil from just over $20/bbl to over $100/bbl in 2011. In 2004, com-

panies were spending in a range between €100 million and €600 million euro in total R&D

Expenditure. By 2012, this yearly budget grew to between €200 million and €1,000 million.

An interesting observation here is that, if total R&DExpenditure is somehow reflective

of the increasing oil prices, then its yearly growth rate is well under that of the increase

in oil. Here, the curves indicate some degree of positive correlation between oil prices

and R&D Expenditure at least for a majority of the companies. Likewise, there appears to

be some degree of "lag" in the R&D Expenditure curves when compared with the price of

oil. By "lag" it means that the reaction or response to a correlated feature is delayed by

one or more years (Griliches, 1998; Trajtenberg, 1990). Lag can occur for several reasons:

(1) Market conditions occur after yearly budgeting has been set, thus requiring adjust-

ments in subsequent years; (2) Loss of sales or profit may need to be recouped based on
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Figure 2.1: R&D Expenditure for All O&G Companies with Oil Price, 2002–2020. Curves
show the yearly R&D Expenditure for each company with reference to the average oil
price and a rough timeline of the Energy Transition. Values reflect current, nominal prices
and are unadjusted for inflation. Source: Based on IRI and EIA data.

fluctuations in market conditions; and, most importantly, (3) The output of a R&D pro-

gram, including successfully published patents, can lag the initial expenditure. What is

striking in this chart is the variability in how firms adjusted their R&D Expenditure fol-

lowing the rapid drop in oil prices between 2014 and 2015. Several adjustments stand

out. Schlumberger (Medium-Light Blue) decreased its yearly R&D budget by nearly 50%

or from approximately €1,000 million to €500 million between 2015 and 2020. First, the

dedicated yearly commitment to R&D spend responds faster when oil prices drop than

when prices increase. (Figure 2.2 shows the R&D Expenditure for the O&G Producers

(No China).) This data confirms the econometric finding by Kleinberg & Fagan (2019)

that there is an "asymmetric R&D spending response". Asymmetric R&D spending re-

sponse means that when oil price increases, R&D Expenditure slowly increases over time;

but when oil prices fall, spending more "precipitously" levels off with less noticeable lag

(Kleinberg & Fagan, 2019, p. 4). This concept can also be found in Dargay et al. (2007).
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Figure 2.2: R&D Expenditure for O&G Producers (No China) with Oil Price, 2002–2020.
Curves show the yearly R&D Expenditure for each companywith reference to the average
oil price and a rough timeline of the Energy Transition. Nominal values are unadjusted
for inflation. Source: Based on IRI and EIA data.
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2.4.2 Analysis of R&D Intensity

Figure 2.3 charts the calculated R&D Intensity as defined as the R&D Expenditure divided

by Net Sales for the twelve Oil & Gas companies in the sample set. This graph has the

same layout with R&D Intensity now plotted on the primary axis.

Figure 2.3: R&D Intensity for All O&GCompanies with Oil Price, 2002–2020. Curves show
the calculated yearly R&D Intensity for each company with reference to the average oil
price and a rough timeline of the Energy Transition. Nominal values are unadjusted for
inflation. Source: Based on IRI and EIA data.

What is immediately evident from this figure is the difference between R&D Intensity

for Oil & Gas Service Providers and Oil & Gas Producers. Using this figure, and Figure 2.4

which provides a closer zoom of intensities for the major producers, it is shown that Oil &

Gas Producers have held R&D Intensities over the last twenty years in the range of 0.2%

and 0.5% with some expected variation. Figure 2.4 shows that all majors have surpassed

0.4% intensity, with the exception of BP. As expected, the calculated intensities using the

publicly available IRI data sets confirm previous findings in the literature of an average

R&D Intensity for producers below 1% (Perrons, 2014; Von Tunzelmann & Acha, 2006;

Moncada-Paternò-Castello et al., 2010; Popp et al., 2020).
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The three curves for the Service Providers tell a different story. Recent 2020 R&D In-

tensities are nearer 2.25% to 2.5% of total net sales. Beyond the difference in magnitudes,

the range of intensities for the Service Providers exhibit greater variability than the pro-

ducers. Beginning in 2002, all three service providers show a decrease in company R&D

intensity although oil prices were increasing during this time. Halliburton was the first to

adjust its R&D spending in 2007, followed by Schlumberger andWeatherford in 2009. The

data supports the findings by Perrons (2014) and Moncada-Paternò-Castello et al. (2010)

of an average intensity of 2.4% for Service Providers.

At the same time, the curves obscure the dynamics of the level of coupling of R&D In-

tensity with oil price. For example, the year 2016 appears to present that Service Providers

had weathered the storm of depressed oil prices. However, a closer look at the underlying

data indicates the impact of decreasingNet Sales. Take Schlumberger for example: In 2014,

the IRI reports it had €1,002.4 million invested in R&D Expenditure with €40,013 million in

Net Sales for a calculated intensity of 2.51% (as shown on Figure 2.3). Were the changes in

R&D Intensity in 2016 driven by an increase in funding or an underlying shift in technol-

ogy management? Probably neither. The IRI data records that, in 2016, Schlumberger’s

R&D budget dropped to €960.1 million but its Net Sales had dropped to €26,382 million for

a 2016 R&D Intensity of 3.64%. With this information, the period between 2015 and 2017

on Figure 2.3 portrays a classic example of how rapidly decreasing net sales can effectively

increase the apparent R&D Intensity of a company even when underlying R&D budgets

are decreasing. This example underscores the finding by Morbey & Reithner (1990) and

Hill & Snell (1989) that fluctuation in net sales can result in R&D Intensity lacking the nec-

essary robustness to successfully serve as a metric for, what (Morbey & Reithner, 1990)

call, "long-term commitment to innovation" (Morbey & Reithner, 1990, p. 12). Figure 2.4

is a close-up of the producers without China and provides a better view of the trends in

R&D intensity for these companies.

And it may give two additional insights for the Oil &Gas industry. First, R&D Intensity

can be less robust in the Oil & Gas industry than in other industries due to the commodity

impact of the price of oil on overall net sales. Short-term variability can mask actual

R&D effort. This claim will be examined in more detail in Chapter 5. Second, Service
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Figure 2.4: R&D Intensity for O&G Producers (No China) with Oil Price, 2002–2020.
Curves show the calculated yearly R&D Intensity for each company with reference to
the average oil price and a rough timeline of the Energy Transition. Nominal values are
unadjusted for inflation. Source: Based on IRI and EIA data.

Providers must react not only to the price of oil but also to the lagged reaction of Oil &

Gas Producers, who are their primary customers. Thus, there may be an additional time

lag in how Service Providers respond to commodity shocks, including how and when to

reduce their R&D expenditure when necessary.

2.4.3 Analysis of R&D Productivity

Figure 2.5 shows the calculated trends for R&D productivity for all twelve Oil & Gas com-

panies in the sample set. Like the charts for R&DExpenditure and R&D Intensity, the chart

covers the time period of 2002 to 2020 in relation to both the price of oil and three broad

categories for the Energy Transition. On the left side of the graph, the primary axis shows

the calculated R&D Productivity in units of €/employee. So, for example, €10,000 indicates

that €10,000 euro per full-time employee is invested in research and development.
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Figure 2.5: R&D Productivity for All O&G Companies with Oil Price, 2002–2020. Curves
show the calculated yearly R&D Productivity for each company with reference to the
average oil price and a rough timeline of the Energy Transition. Nominal values are un-
adjusted for inflation. Source: Based on IRI and EIA data.

Importantly, the graph shows that there has been a steady rise in R&D Productivity

for the sampled firms during the period of increasing oil prices.

2.5 Key Takeaways

This chapter used corporate financial and Research and Development (R&D) data to de-

velop a high-level view of how companies are strategically managing their technology

portfolios during the Energy Transition. The following are the key takeaways:

1. R&D Expenditure, R&D Intensity, and R&D Productivity are quantitative metrics

that provide insight on a firm’s high-level commitment to technological innovation.

2. R&D Expenditure is a year-end financial metric that reports the total budgeted in-

vestment in absolute terms. Both R&D Intensity and R&D Productivity are normal-
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ized metrics and can represent a more stable picture of technology management

over time.

3. There is high variance in the range of R&D Expenditure value for the twelve com-

panies in the sample.

4. Since 2004, European Producers are investing a mean of €570.6 million/year (𝜎 =

€112.2 million/year, 𝑐𝑣 = 19.7%) compared to American Producers with a mean of

€443.7 million/year (𝜎 = €85.9 million/year, 𝑐𝑣 = 19.4%).

5. Oil & Gas Producers have a mean R&D Intensity of 0.373% (𝜎 = 0.078%, 𝑐𝑣 = 21.0%),

while O&G Service Providers are significantly higher at 2.338% (𝜎 = 0.239%, 𝑐𝑣 =

10.2%), confirming previous studies. These low R&D intensities are likely related

to structural challenges confronting large-scale research and development in the

commodity energy industry.

6. R&D Productivity—defined as the total R&D expenditure per employee—is a nor-

malized, stable metric with significant correlation to net sales and profit. Both Eu-

ropean Producers and American Producers have near identical R&D Productivity

at €8,055/employee and €8,099/employee, respectively. This metric for China is sig-

nificantly lower at €2,130 due to headcount. O&G Service Providers have a mean

R&D Productivity of €5,235/employee.

7. Graphical trend analysis shows a yearly increase for R&D Expenditure over time

with some variation for oil price.

8. Periods of disruption create opportunity for firms to reevaluate R&D baselines and

peer grouping for competitive benchmarking.

9. R&D Intensity is a normalizedmetric that is defined as the ratio of R&D Expenditure

to Net Sales. This metric broadly serves as a measure of a company’s commitment

to innovation and overall technology management.

10. R&D Productivity is a normalized metric that evaluates the ratio of R&D Expen-

diture to total employees. Broadly, this metric serves as a proxy for the overall
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productivity of a firm’s R&D program. This metric has strong statistical correlation

with both Net Sales per Employee and, at times, Profit (This relationship will be

explored in Chapter 5).

11. Of the three metrics, R&D Productivity shows the highest variation between the

twelve companies with a range of €3,000/year to €12,000/year in 2020.

12. Overall, traditional R&D metrics provide a high-level snapshot of commitment to

technology management over time. However, these metrics alone are not sufficient

to indicate repositioning of technology strategies. This is due partly to the masking

effect of oil price on net sales, profit, and overall R&D budgeting.
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Chapter 3

Trends in Patenting and Climate

Change Mitigating Technologies

The last chapter concluded with the generalized finding that traditional corporate R&D

metrics lack the detail to clearly identify how technology management might be adapt-

ing to the opportunities of the Energy Transition. While there were positive indications

of strategic repositioning in the data, differentiation between the cyclical fluctuation in

commodity prices and any broader trends in technology management was not possible.

This chapter will introduce patent data for the twelve Oil &Gas firms in the sample set.

First, the author will introduce the new Cooperative Patent Classification (CPC) system

for Climate Change Mitigating Technology that is jointly managed by the United States

Patent and Trademark Office (USPTO) and the European Patent Office (EPO). Second, the

research method used to collect and process the patent data will be presented. Third, the

author will detail the results and analyze the high-level trends presented by the CCMT

patent data.

3.1 The Cooperative Patent Classification (CPC)

The Cooperative Patent Classification (CPC) is a joint partnership between the United

States Patent and Trademark Office (USPTO) and the European Patent Office (EPO) aimed

at "harmonizing" the United States Patent Code (USPC) and the European Classification
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System (ECLA) into one shared, common language for categorizing patented technolo-

gies (Cooperative Patent Classification, n.d.-a). This partnership was launched in October

2010 with the added mandate to ensure that the joint system was compatible with the

global classification standards of the World Intellectual Property Organization (WIPO)

and the structure of the International Patent Classification (IPC) (Cooperative Patent Clas-

sification, n.d.-a). The CPC website states that the final, jointly administered CPC system

was built more strongly on the ECLA framework, requiring additional transition for the

USPTO (Cooperative Patent Classification, n.d.-a). The USPTO officially replaced the pre-

existing United States Patent Code (USPC) with the CPC on January 1, 2013 (USPTO, n.d.).

The adopted CPC system is comprised of multiple taxonomy levels that facilitate fine-

tuned classification of each technology patent. At the highest level, there are nine Sec-

tions, including:

• A: Human Necessities

• B: Performing Operations; Transporting

• C: Chemistry; Metallurgy

• D: Textiles; Paper

• E: Fixed Constructions

• F: Mechanical Engineering; Lighting; Heating; Weapons; Blasting

• G: Physics

• H: Electricity

• Y: General Tagging of New Technological Developments (Cooperative Patent Clas-
sification, 2022).

Beneath the Section level, technologies are further classified by Class, Subclass, Main

Group and Subgroup. Impressively, this multi-leveled classification results in approxi-

mately 250,000 distinct classification entries (European Patent Office, n.d.-b).

3.2 Section Y and the Y02–Y04 Tagging System

A strength of the finalized CPC system is the inclusion of the ninth Section, "Y: General

Tagging of New Technological Developments". While this tagging scheme was not part

48



of the USPTO system, it was in early development by the EPO during the formation of

the CPC (Veefkind et al., 2012). In fact, the Y02–Y04S schema was publicly released by the

EPO in June 2010, and the ability to perform tagged searches on the EPO’s public patent

search engine, named Epacenet, quickly followed (Veefkind et al., 2012, p. 108), a launch

date that predated the formal joint partnership of the CPC in October 2010 by several

months (Cooperative Patent Classification, n.d.-a).

As detailed by Veefkind et al. (2012), the early pre-CPC development of the Y02–Y04

classification system was built on two earlier approaches to track the development and

proliferation of technologies aimed at reducing and controlling greenhouse gases.1 First,

the early Y02–Y04S schema simplified the effort by the WIPO to classify existing patents

into a "Green Inventory" of "Environmentally Sound Technologies" based on a catchword

index used for patent searching (Veefkind et al., 2012). However, as noted by Veefkind et

al., the WIPO’s approach to accessing technologies in the "Green Inventory" was cumber-

some for lay users and required significant time, skill and resources to perform accurate

and complete searches (2012). Near the same time, the EPO experimented with a new

label of "Y01N" of nanotechnologies to help group emerging technologies that were filed

under numerous Subclass, Main Group and Subgroup listings (Veefkind et al., 2012). The

success of the "Y01N" tagging for nanotechnology led to the broader "Y02–Y04" groupings

(Veefkind et al., 2012; Igami & Okazaki, 2007; Scheu et al., 2006).

The heart of the Y Section is the unique inclusion of the Y02 and Y04 tags.2 The power

and simplicity of the Y02–Y04 tagging scheme—particularly when compared with the ear-

lier WIPO model of using an index of catchwords—is that it is a "purely complementary"

tagging classification that operates in parallel to the existing Cooperative Patent Classi-

fication (CPC) taxonomy (Veefkind et al., 2012; Cooperative Patent Classification, 2022).

The requirement of the Y02–Y04 schema is defined by the CPC in its definition for CPC

Section Y:

“In this section, classes Y02 and Y04 are only to be used for tagging docu-
ments which are already classified or indexed elsewhere and which relate in

1 The influential paper by Veefkind et al. (2012) predates the official adoption of the CPC by the USPTO.
2 Additionally, the final EPO–USPTO Y Section contains the "Y10" class which specifically covers older

patent classifications under the USPTO’s USPC (Cooperative Patent Classification, 2022).
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a broad sense to specific major technical fields, these fields being defined by
the notes following the title of the subclasses of this section” (Cooperative
Patent Classification, 2022).

Thus, the Y02–Y04 tags enable cross-labeling technologies that are concurrently indexed

under at least one of the eight CPC sections, as detailed above (Cooperative Patent Clas-

sification, 2022).

3.2.1 Y02: Technologies or Applications for Mitigation or Adapta-

tion Against Climate Change

The Y02 class is significantly larger and more detailed than Y04, and includes the bulk

of the subclasses to describe and cover Climate Change Mitigation Technology (CCMT).

According to the Cooperative Patent Classification (2022), the Y02 class is defined:

“This class covers selected technologies, which control, reduce or prevent an-
thropogenic emissions of greenhouse gases [GHG], in the framework of the
Kyoto Protocol and the Paris Agreement, and also technologies which allow
adapting to the adverse effects of climate change” (Cooperative Patent Clas-
sification, 2022).

This formal definition of Y02 captures a number of important features. First, technologies

tagged with "Y02" are specifically tied to the Kyoto Protocol and the Paris Agreement and,

therefore, the broader Energy Transition. Second, the formal CPC definition is scoped to

include all technologies that reduce, control, and prevent GHG, in addition to those that

facilitate adaptation to climate change. Third, this definition can serve as a proxy defini-

tion for Climate Change Mitigation Technology (CCMT) as a whole. The final wording of

the Y02 class builds on language from earlier definitions for CCMT based on the United

Nations Framework Convention on Climate Change (UNFCCC) (Veefkind et al., 2012, p.

106).3

It should be noted that the eight subclasses of the Y02 class are listed in detail, as they

will play a role later in this chapter and in Chapter 4 when the research examines "Dis-

ruptive" and "Sustaining" technologies. The eight subclasses of the Y02 class are defined

(Cooperative Patent Classification, 2022):
3 The UNFCCC glossary referenced by Veefkind et al. (2012) no longer contains an entry for Climate

Change Mitigating Technology (CCMT).
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1. Y02A: Technologies for Adaptation to Climate Change

2. Y02B: Climate Change Mitigation Technologies Related to Buildings, e.g., Housing,
House Appliances or Related End-User Applications

3. Y02C: Capture, Storage, Sequestration or Disposal of Greenhouse Gases (GHG)

4. Y02D: Climate ChangeMitigation Technologies in Information and Communication
Technology (ICT), i.e. Information and Communication Technologies Aiming at the
Reduction of Their Own Energy Use, Capture, Storage, Sequestration, or Disposal
of Greenhouse Gases (GHG)

5. Y02E: Reduction of Greenhouse Gases (GHG) Emissions, Related to Energy Gener-
ation, Transmission or Distribution

6. Y02P: Climate Change Mitigation Technologies in the Production or Processing of
Goods

7. Y02T: Climate Change Mitigation Technologies Related to Transportation

8. Y02W: Climate Change Mitigation Technologies Related to Wastewater Treatment
or Waste Management (Cooperative Patent Classification, 2022).

Each of these eight subclasses is further divided into groups and subgroups, resulting in

hundreds of potential Y02 technology classifications.

3.2.2 Y04: Information or Communication Technologies Having

an Impact on Other Technology Areas

The "Y04" class contains technologies that, by definition, impact other technology areas.

Unlike the larger number of subclasses in the Y02 class, the Y04 class is currently delin-

eated by only one subclass, Y04S (Cooperative Patent Classification, 2022). Even though it

falls outside of the classification of "Technologies or Applications for Mitigation or Adap-

tation Against Climate Change", Y04S is related to the Energy Transition because it covers

systems technologies related to electrical power, generation, distribution and smart grids

(Cooperative Patent Classification, 2022).
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3.3 Methodology for Patent Search

This section lays out the formal research plan utilized to conduct the patent search for this

study. Specific detail is provided to allow replication of the search results and application

of the proposed method to study other industries.

3.3.1 Patent Search Query

Patent queries for this research were run using the EPO’s Espacenet patent search engine

between June 23 and June 27, 2022 (European Patent Office, n.d.-c). Prior to conducting

the research, Espacenet was compared with the USPTO’s Patent Public Search, Google

Patents, PatentScout, PatSnap, and the EPO’s Global Patent Index (GPI). Espacenet was

selected as the preferred patent search engine for five reasons:

1. Accessibility. Espacenet, Google Patents and USPTO’s Patent Public Search are
free-access public databases. Although PatentScout and PatSnap offer analytical
tools on top of the search engine, these sites are limited by a paywall and are not
accessible by all academic researchers.4 In theory, the EPO’s Global Patent Index
(GPI) andWorldwide Patent Statistical Database (PATSTAT) are available for public
use, however administrative approval is required for access.5

2. Searchability. The Espacenet engine provides intuitive Advanced Search capa-
bility to perform focused searches on a company’s patents that have the CPC’s
Y02 or Y04S tag to identify it as a Climate Change Mitigation Technology (CCMT)
(Veefkind et al., 2012, p. 110). Similar functionality was not discovered with Google
Patents, Patent Public Search, or PatSnap.

3. Filterability. Related to Searchability, the Espacenet search engine allowed col-
lecting patent-landscape data for the occurrence of Y02–Y04S tags in the CPC Main
Groups and CPC Subgroups (Veefkind et al., 2012). The ability to generate statistics
at the CPC Main Group and CPC Subgroup level per Year and per Company was
not discovered in any of the other search engines, although it is likely available in
PatSnap in an unsorted format. Additionally, Espacenet allowed easy visual identi-
fication to toggle searches between International Patent Family (IPF) and individual
publications.

4. Quality. Espacenet generated extremely consistent search results achieved from
testing the same search parameters on different search attempts. The reproducibil-

4 The MIT School of Engineering and Sloan Business School provide access to both PatentScout and
PatSnap for all current MIT students and faculty.

5 The author requested academic access to GPI on 6/23/2022 and was unable to secure access.
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ity of searches was enhanced by the added feature on Espacenet which reviews as
many as 100 previous searches with a list of all key search parameters.

5. Comparability. Lastly, the Espacenet search engine along with Worldwide Patent
Statistical Database (PATSTAT) was utilized by the European Patent Office (EPO)
and the International Energy Agency (IEA) in their influential report, "Patents and
the Energy Transition: Global Trends in Clean Energy Technology Innovation"
(EPO/IEA, 2021). As will be discussed in Chapter 6, this report contains global
benchmarks for quantifying how technology management is shifting during the
Energy Transition. The use of the same database for this research will facilitate
comparison of findings from the Oil & Gas industry with those from the EPO/IEA
joint report.

3.3.2 Patent Assignee Names

The identification of assignee names—meaning the multiple names that a given company

may patent under, particularly for global companies—is a critical step in ensuring consis-

tent data quality in a patent landscape study (Angelucci et al., 2018; Helm et al., 2014, p.

12). This study utilized a combination of software features in the Espacenet search engine,

together with the known company name, as well as the subsidiary and merged corporate

names over the years of this study, 2000–2020. First, a list of corporate assignee nameswas

compiled based on corporate reports. Second, the Advanced Search feature in Espacenet

was used used to enter all appropriate assignee names with appropriate Boolean opera-

tors. Third, the Filter tool in Espacenet was used to manually review all of the Assignee

names produced from the Advanced Search. Here, company names not directly associ-

ated with the primary parent company were reviewed and removed. A partial example of

this method is illustrated in Appendix E: Research Design for Patent Searching in EPO’s

Espacenet Database. While there may be remaining mismatches in the compiled results,

this method was applied consistently between all twelve companies in the study.

3.3.3 Patent Families

Generating a patent landscape for corporations in different countries presents the addi-

tional challenge of differentiating between diverse patenting behaviors and the underlying

value of the patented technology (Probst et al., 2021; Dechezleprêtre et al., 2017; Harhoff
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et al., 1999; Svensson, 2022). Building on the methodology presented in several influential

patent studies, this research utilized International Patent Families to both normalize and

high-grade innovation (EPO/IEA, 2021; Helm et al., 2014; Probst et al., 2021).

An International Patent Family (IPF) is generated when the same invention or under-

lying technology is patented in two or more countries or regions. For example, a patent

family would be generated if an invention was independently patented through the Japan

Patent Office (JPO) and the Korean Intellectual Property Office (KIPO). Likewise, this hy-

pothetical patent family would grow if it were subsequently patented with the European

Patent Office (EPO) and United States Patent and Trademark Office (USPTO) (Svensson,

2022).

There are two primary reasons to use patent families. First, Helm et al. (2014) note

that a patent family can be "regarded as a proxy for innovation" due to the higher overall

cost to patent a technology in more than one country. Here, the added R&D effort and

resources to ensure Intellectual Property (IP) protection under multiple patent offices is

an indicator of the perceived value of the invention due to the barrier to entry (Svensson,

2022). For this reason, Probst et al. recommend using patent families for landscaping

because they represent a "high-value invention" (2021, p. 4). For this study, the author

did not attempt to construct an evaluation or weighting scheme to the individual patents

outside of the value of belonging to a published international patent family based on the

difficulty presented in the literature (van Zeebroeck & van Pottelsberghe de la Potterie,

2011; Griliches, 1991; Svensson, 2022).

Second, using patent families as a "common metric" can help to standardize the differ-

ence in patenting activities between countries and regions (Probst et al., 2021).

Drawing on research design for patent landscaping, this study utilizes patent families,

or International Patent Family (IPF), to standardize the patent search between companies,

countries and regions. Specifically, the Espacenet search requires that all patent be pub-

lished in both the US with the USPTO and in the European Union with either the EPO or

the WIPO. An example of these search parameters in the Espacenet engine is shown in

Appendix E.

These patenting agencies were selected because they provided the largest number of

54



patent families for the twelve Oil & Gas companies in this study. Of the twelve selected

companies, five companies are headquartered primarily in Europe (BP, Equinor, Schlum-

berger, Shell, Total) and four companies are located primarily in the US (Chevron, Conoco,

ExxonMobil, Halliburton), whileWeatherford International is an Irish public limited com-

pany headquartered in the US.

The selection of the USPTO and either EPO or WIPO likely penalizes the two Chi-

nese companies, China Petroleum and PetroChina, thus reducing the reported number of

both total patent families and CCMT patent families. By selecting USPTO and either EPO

or WIPO, this selection of search parameters effectively has a bias toward technologies

patented outside of China. However, the overall impact of this bias on the two Chinese

companies may be less than anticipated. For example, a Y02–Y04S search on Espacenet for

PetroChina results in only 24 patent families in China, 18 patent families in the US, and 15

patent families with the EU/WIPO. Here, patent families in both China and US result in 16

patent families, while EU/WIPO and US results in 11 patent families. This indicates that,

while there is some penalty for the two Chinese companies, there is a larger indication

that Chinese Oil & Gas companies are prolifically patenting within China, but they are

not regularly seeking outside patent protection with USPTO, EPO, JPO or others. This

trend has been identified by Probst et al. who document that China is only responsible for

approximately 5% of high-value inventions when measured by patent families (Probst et

al., 2021, p. 4).

3.3.4 Search Boundaries and Limitations

Following Helm et al. (2014), this patent research has limited the search boundary to in-

ternational patent families containing the Y02 or Y04S tag, with limited review of the

individual patent applications. Continuing with the methodology outlined by Helm et al.,

the removal or addition of patents to queried patent searches was generally avoided to

allow for replication of the search results and to maintain consistency across the searches

(2014, p. 13). Additionally, the overall current status of the patent family was not assessed,

including whether published patents were practically implemented by the company in

question.
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3.4 Results of Espacenet Patent Search

The application of the above search method resulted in the first snapshot of Climate

Change Mitigation Technology (CCMT) in the Oil & Gas industry—no previous studies in

the literature are known to have explored CCMT trends for this industry.

3.4.1 Results of Espacenet Patent Search by Company

Table 3.1 documents the Espacenet search results for all companies between 2000–2020

collected during the patent search research window. The following definitions are used

to present the results:

• Total Patent Families. The total count for all international patent families, includ-
ing CCMTs, that were published by the company during a given year.

• CCMTPatent Families. The total count for all international patent families tagged
with one ormore of the CPC’s "Y02–Y04S" tags, that were published by the company
during a given year.

• Ratio of CCMT Patents. This is a calculated percentage determined by CCMT
Patents (as dividend or numerator) divided by Total Patents (as divisor or denomi-
nator) resulting in a percentage of CCMT Patents.
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Table 3.1: Results of Espacenet CCMT Patent Search by Company, 2000–2020. This com-
bined table records the Total Patent Families (including CCMT and non-CCMT patents),
Total CCMT Patent Families based on the Y02–Y04S schema, and the ratio of CCMT
Patents to Total Patents. Results are presented per year and as a summed total in the
last column. Source: Based on EPO and USPTO data from the Espacenet patent database.

57



3.4.2 Results of Espacenet Patent Search by Industry and Region

Table 3.2 shows the overall results for the CCMT patent search organized by the six key

groupings, including: (1) All O&G Producers and Service Providers; (2) O&G Producers;

(3) O&G Service Companies; (4) O&G Producers – Europe; (5) O&G Producers – United

States; and, (6) O&G Producers – China.

Table 3.2: Results of Espacenet Patent Search by Industry, Sector and Region, 2000–2020.
Source: Based on EPO and USPTO data from the Espacenet patent database.

Impressively, the collected results for All O&GProducers and Service Providers exhibit

a high number of patents for Climate Change Mitigation Technology (CCMT). Overall, all

companies combined result in approximately 11% of all patent families being CCMT, or

3,006 CCMT Patent Families out of 28,359 Total Patent Families. Review of the yearly

Ratio of CCMT Patents highlights a relatively stable production of yearly percentages of

CCMTs with a high of 16% in 2004 and a low of 6% in 2019. There is a decrease in the ratio

of CCMTs beginning in 2015 with indication of recovery by 2020.

The overall number and percentage of CCMTs increases dramatically for the O&G

Producers once the Service Providers are removed. As a group, the O&G Producers are
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delivering an average of 19% of their yearly technological innovation as Climate Change

Mitigation Technology (CCMT) with a high of 23% in 2014 and a low of 9% in 2019. What

stands out in this table, including a comparison with All O&G Producers and Service

Providers, is that O&G Producers published 86% of all CCMTs (2,592 out of 3,006).

The combined numbers for the O&G Service Providers present the finding that, while

these three companies are patenting prolifically (14,578 patent families compared with

13,781 patent families for all nine O&G Producers), there is a significantly lower emphasis

on technologies that are labeled CCMTs. They show an average of 3% of patents as CCMTs

(414 of 14,578) and contributed just 14% of the total CCMTs of the combined cohort of

twelve companies (414 of 3,006). On a yearly basis there is very little variance in the

publication of CCMTs, recording a high of 7% in 2005 and a low of 1% in 2002 and a

consistent 2–3% over the last decade.

On average, Oil & Gas Producers are publishing an average of 14.4 CCMTs/year and

Service Providers are publishing 6.9 CCMTs/year. Regionally, producers in the United

States are generating the greatest number of high-value CCMTs with an average of 24.4

CCMTs/year. European producers are delivering 13.0 CCMTs/year, while the two Chinese

producers have the lowest number at 2.1 CCMTs/year.

Perhaps the most striking results shown in Table 3.2 are the regional comparisons be-

tween O&G Producers in Europe and the United States. European Producers demonstrate

an average of 21% of all patents as Climate Change Mitigation Technology (CCMT) com-

paredwith 17% for American Producers. On the other hand, American Producers aremore

prolific overall than European Producers (8,454 to 4,858) and produce a greater number of

CCMT patents in total (1,465 to 1,043, respectively). The yearly data indicates that there

is greater yearly variance in the publication of CCMTs for European Producers; they have

a high of 31% and a low of 10%, in contrast to American Producers with a high of 25% and

a low of 8% in 2019.

The results for the two Chinese Producers show a far lower count for Total Patent

Families and CCMT Patent Families. As discussed in the previous section, there is likely

some bias based on the selection of patent families used in the search criteria. At the same

time, it is interesting that the combined percentages for these two producers closely align
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with the overall results for both European and American Producers. Chinese Producers

are showing an average 18% of patents as CCMTs, with a variant yearly total ranging from

a high of 52% in 2008 to a low of 0% in 2000, 2004 and 2006.

3.4.3 Number of CCMT Patents for All O&G Companies

Figure 3.1, shown below, displays the results for the total number of CCMT patent families

published each year, recognizing the constraints and limitations of this study.

Figure 3.1: Number of Climate Change Mitigation Technology (CCMT) Patent Families
for All O&G Companies, 2000–2020. Curves show the number of published CCMT patent
families by both the USPTO and either the EPO or the WIPO with reference to the Energy
Transition. Source: Based on EIA, IRI, and EPO/USPTO data.

Several generalized observations are possible based on these results:

• From 2000 to 2014, companies are publishing between 10–20 CCMT patent families
per year, with outliers producing none and others publishing 35–55 patent families.

• There is trending that indicates an increase in CCMT patenting, which coincides
with both the increase in oil price and the rough kick-off of the Energy Transition.
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• Most companies exhibit a peak in CCMT patenting between 2008 and 2014, and
then CCMTs generally drop following the decrease in global oil price in 2014–2015.

• The patenting trends of several companies appear to graphically indicate a "lag"
to previous years with a higher oil price. For example, it is possible that the 2014
CCMT patenting results for either Exxon (Orange) or Shell (Light Green) "lag" back
to 2011 or 2012.

• CCMT patenting decreased during the period of 2014/2015 and 2019 with indica-
tions of increased CCMT activity in 2020. As will be shown later in Chapter 6, this
exhibited trend in the Oil &Gas industry largely follows global trends in total CCMT
patenting across all industries and companies (EPO/IEA, 2021).

• There are no pronounced differences between the average patenting trends by Euro-
pean Producers and American Producers. The data shows that American Producers
are publishing CCMT patent families on par with European Producers. The two
Chinese producers show low CCMT patenting but with an increase overall in the
last several years of this study.

• Service Providers are publishing far less CCMT patents than Producers. This trend
is shown in Figure 3.2, which is a close-up of the European and American Producers.

Figure 3.2: Number of Climate Change Mitigation Technology (CCMT) Patent Families
for O&G Producers (No China), 2000–2020. Curves show the number of published CCMT
patent families by both the USPTO and either the EPO or the WIPO with reference to
the Energy Transition. The dashed gray line depicts the price of oil over the same time.
Source: Based on EIA, IRI, and EPO/USPTO data.
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3.4.4 Percentage of CCMT Patents for All O&G Companies

Much like the issue of scaling discussed in Chapter 2 which arises when comparing bud-

gets for R&D Expenditure between companies or countries, it should be noted the total

CCMT patenting count as shown in the previous Figure 3.1 can overstate the relative

commitment to CCMT by companies of different size and market share. For this reason, it

may be instructive to view compiled data for CCMT as the percentage of CCMT Patents

to Total Patents for each given year. Here, the calculated percentage of CCMT patents

to Total patent families can normalize the relative output achieved by a company. These

results are shown below in Figure 3.3:

Figure 3.3: Percent of Climate Change Mitigation Technology (CCMT) Patent Families for
All O&G Companies, 2000–2020. Curves show the percentage of published CCMT patent
families by the USPTO and either the EPO or the WIPO as compared to the total patent
families published with reference to the Energy Transition. Source: Based on EIA, IRI,
and EPO/USPTO data.

Key generalized findings include:

• On average, All Oil & Gas Companies have produced between 10% to 20% of their
total high-value, international patent families as Climate Change Mitigation Tech-
nology (CCMT).
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• The normalized metric of percent CCMT to total patents shows an affinity in patent
publication between companies.

• In general, percentage of CCMT patenting increases as oil price increases. This
trend can be clearly noted in curves from Conoco (Light Blue), Shell (Light Green),
and BP (Dark Blue).

• The percentage of CCMT patenting drops with decreasing oil prices in 2014/2015,
however the impact of oil price on percent CCMT is less pronounced than for Total
Patents in Figure 3.1. This is due to a general decrease in all patenting activity
during periods of lower oil price.

• One possible explanation for the increase in CCMT in 2008 for bothChina Petroleum
(Rust Red) and BP (Dark Blue) is that, as oil prices increased up through 2008, pre-
viously completed Research and Development (R&D) may have been filed as an
international patent family based on higher oil prices.

• The time period following the decrease in oil prices in 2014/2015 exhibits some de-
gree of changing trends between companies. Graphically, it is possible to contend
that the slump in percentage of CCMT patenting in 2019 "lags" back to the gen-
eral oil-price slump of 2015/2016, resulting in approximately a 3-year lag in percent
CCMT to oil price.

• The data shows no stark difference between the percent CCMT patents between
European and American Oil & Gas Producers. A close-up of these producers is
shown in Figure 3.4, following.

• Service Providers have produced a lower percentage of CCMT patents when com-
pared with Producers. All three Service Providers show a ratio of CCMT to total
patents under 5% for the time period in this study. For most years in this specific
patent study, Weatherford (Dark Blue-Green) produced zero percent of their patents
as CCMT.

• The percent CCMT patenting trends of the two Chinese companies are intriguing. It
should be noted the relatively small amount of overall patent families (as discussed
above) can skew these results. That said, there is indication that the two Chinese
Oil & Gas companies have increased the percentage output of CCMT patents. As
will be shown below, these CCMT patents are in technology areas distinct from Oil
& Gas Producers in Europe and the US.

• As a normalized metric, Percent CCMT to Total Patents can serve as a new, pow-
erful metric for companies to track, expand and benchmark their Climate Change
Mitigation Technology (CCMT) activities.
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Figure 3.4: Percent of Climate Change Mitigation Technology (CCMT) Patent Families for
O&G Producers (No China), 2000–2020. Curves show the percentage of published CCMT
patent families by the USPTO and either the EPO or the WIPO as compared to the total
patent families published with reference to the Energy Transition. Source: Based on EIA,
IRI, and EPO/USPTO data.

3.5 CCMTFocusAreas byCompany, Sector andRegion

This section expands on the advantages of aggregating CCMT tags across companies,

sectors and regions. Here, the Y02–Y04S tagging schema is used to highlight the primary

areas of technological concentration for CCMTs in the Oil & Gas industry.

A novel method to display the aggregated technological focus areas for an industry is

developed. A previous example of this approach to analyzing the CCMT focus areas of an

industry was not found in the literature, to the best of the author’s knowledge.

Analysis of CCMT technology focus areas can reveal indications of sector specializa-

tion, niche skills, competitive advantage, and strategic technology management. Here it is

informative to introduce the concept of Revealed Technological Advantage (RTA). Tradi-

tionally, RTA is utilized by governments seeking to quantify their technological compara-
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tive advantage in relation to the technology progress in other countries to assess strengths

and weaknesses (EPO/IEA, 2021). The EPO and IEA (2021) formally define Revealed Tech-

nology Advantage as:

“An RTA is defined as a country’s share of IPFs in a particular field of tech-
nology divided by the country’s share of IPFs in all fields of technology.... The
RTA index indicates a country’s relative specialization in a given technology
innovation in relation to other countries” (EPO/IEA, 2021, p. 56).

The value of this concept is the development of a quantitative method that can be used

to evaluate the "relative specialization" between technology competitors. Although this

formal definition is applied to countries and regions, it is reasonable to extrapolate this

concept to highlighting the RTA of companies.6 For this work, the concept of Revealed

Technological Advantage (RTA) is applied broadly through association of the percentage

of Climate Change Mitigation Technology (CCMT) patents with a unique Y02–Y04 tag in

relation to their total CCMT and Total patenting activity. Building on the language of the

EPO and IEA, this level of detail can highlight "relative strengths" in specific CCMT focus

areas and indicate an "overall capacity for innovation" (EPO/IEA, 2021).

3.5.1 Methodology for CCMT Focus Areas

The combined data from the Espacenet patent search was filtered to sort the prevalence

of specific Y02–Y04S tags in the Cooperative Patent Classification (CPC) system. For this

study, Y02–Y04S tags were sorted at the Main Group level and not the Subgroup level to

increase the statistical relevance of each group. However, future studies in other industries

may find reason to sort at the Subgroup level depending on the population size and detail

of the available data. It should be noted that the author will use the Subgroup level as will

be described in Chapter 4 when exploring "Sustaining" and "Disruptive" technologies.

6This researchwill not calculate an RTA index as described by EPO/IEA (2021), although such an analysis
is possible and recommended for internal company benchmarking (see Recommendations for Future Work
in Chapter 8).
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3.5.2 Results for CCMT Focus Areas by Company

The collected CCMT Focus Areas by company are documented in Appendix F. These ta-

bles record the overall prevalence for the top ten Y02–Y04 tags by company. Listed on each

table is the CPC reference code, official CPC definition, and the Total Number of Y02–Y04S

tags between 2000–2020. Additionally, two calculated percentages are included. First, the

percent prevalence of the specific Y02–Y04 tag to all Y02–Y04 tags by the specific com-

pany (Y02–Y04S Tags to All Tags). Second, the prevalence of the specific Y02–Y04 tag to

all patent families (Y02–Y04S Tags to All Patents). The twelve tables include: BP (Table

F.1), Chevron (Table F.2), China Petroleum (Table F.3), Conoco (Table F.4), Equinor (Ta-

ble F.5), Exxon (Table F.6), Halliburton (Table F.7), PetroChina (Table F.8), Schlumberger

(Table F.9), Shell (Table F.10), Total (Table F.11), and Weatherford (Table F.12).

3.5.3 Results for CCMT Focus Areas by Industry

Table 3.3 presents the occurrence of all CPC Codes at the Main Group level for all twelve

companies in the research. The official CPC Definition of the given CPC Code is provided

for insight into the technological focus areas. Finally, the Combined Count shows the total

number of CCMT patents for this CPC Code, along with the percentage of occurrence

among the top occurring CCMTs.

The top occurring CPC Code for the Oil & Gas industry is Y02P 20/00, or Technolo-

gies relating to chemical industry, at 32% of all CCMT patents for the test sample between

2000–2020. The Y02P 20/00 Main Group is one of the largest and most detailed Main

Groups in the CPC Y02–Y04S schema with 19 listed Subgroups (Cooperative Patent Clas-

sification, n.d.-c). Several examples of Climate Change Mitigation Technology (CCMT)

covered by Y02P 20/00 include:

• Y02P 20/10: Process efficiency.

• Y02P 20/129: Energy recovery, e.g., by cogeneration, H2 recovery or pressure recov-
ery turbines.

• Y02P 20/143: Feedstocks; the feedstock being recycled material, e.g., plastics.

• Y02P 20/151: Reduction of greenhouse gas [GHG] emissions, e.g., CO2.
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• Y02P 20/52: Improvements relating to the production of bulk chemicals using cata-
lysts, e.g., selective catalysts.

At 20% of CCMT patents, Y02P 30/00 defines Climate Change Mitigation Technology as

"Technologies relating to oil refining and petrochemical industry" (Cooperative Patent

Classification, n.d.-b). A relatively small Main Group with only two Subgroups, Y02P

30/00 covers CCMT related to bio-feedstocks and ethylene production (Cooperative Patent

Classification, n.d.-b).

The third most prevalent Climate Change Mitigation Technology (CCMT) for the Oil

Table 3.3: Ranked CCMT Focus Areas for All O&G Companies, 2000–2020. Table shows
the ranked prevalence and percentage of top Y02–Y04 classifications for all CCMT patent
families compiled from the twelve companies in the study. Source: Based on EPO and
USPTO data from the Espacenet patent database.
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& Gas industry based on results in the study is Y02C 20/00, Capture or disposal of green-

house gases. At 11% of all CCMT patents, this group is focused on the capture, storage,

sequestration or disposal of greenhouse gasses (GHG), including nitrous oxide (N2O),

methane, and CO2. In this study, the vast majority of the 678 CCMT patents for this

CPC Code fall under the Subgroup Y02C 20/40 for the capture or disposal of CO2.

It is interesting that Y02E 60/00 for "Enabling Technology in relation to energy gen-

eration and transmission" is the fourth most common CPC Code for overall CCMT in the

Oil & Gas industry. Defined as "Technologies with a potential or indirect contribution to

GHG emissions mitigation", these technologies account for 7% of published CCMT patent

families. Globally, the EPO and IEA have noted an increased publication in enabling tech-

nologies (EPO/IEA, 2021). Key technology focus areas include:

• Y02E 60/10: Energy storage using batteries

• Y02E 60/30: Hydrogen technology

• Y02E 60/36: Hydrogen production from non-carbon containing sources, e.g., by wa-
ter electrolysis

• Y02E 60/50: Fuel cells.

The fifth focus area for the Oil & Gas industry in Climate Change Mitigation Technol-

ogy (CCMT) is CPC Code Y02E 50/00, Technologies for the production of fuel of non-fossil

origin (6%). This CPC group includes technologies that focus on bio-fuels (including bio-

diesels) and also the generation of fuel fromwaste (including synthetic alcohol and diesel).

Rounding out the top ten most common technology focus areas for the Oil & Gas in-

dustry are: (6) Y02W30/00: Technologies for solidwastemanagement (6%); (7) Y02E 20/00:

Combustion technologies with mitigation potential (4%); (8) Y02E 10/00: Energy genera-

tion through renewable energy sources (3%); (9) Y02T 50/00: Aeronautics and air transport

(2%); and, (10) Y02P 70/00: Climate change mitigation technologies in the production pro-

cess for final industrial or consumer products (2%). Here, it is worth highlighting that

the category Y02T 50/00: Aeronautics and air transport CCMT is used predominantly for

patenting wind turbines and associated technology to support wind-power generation.
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3.5.4 Results for CCMT Focus Areas by O&G Producers

Next, this method was replicated for both O&G Producers and O&G Service Providers to

identify the similarities and differences in the technology focus areas of these two sectors.

Shown below in Table 3.4 are the collected technology focus areas for O&G Producers.

There is little change in the overall CCMT technology focus areas for Producers than

those listed in the combined results in Table 3.3. As expected, this is due to the overall

low publication of CCMT patent families by O&G Service Providers as shown in 3.2.

Table 3.4: Ranked CCMT Focus Areas for O&G Producers, 2000–2020. Table shows the
ranked prevalence and percentage of top Y02–Y04 classifications for all CCMT patent
families compiled from the nine Oil & Gas Producers in the study. Source: Based on EPO
and USPTO data from the Espacenet patent database.

In the top five, Y02E 50/00: Technologies for the production of fuel of non-fossil ori-

gin advances from fifth spot to fourth spot (7%). Y02E 60/00 Enabling technologies moves

closely to number five (7%). Tellingly, Y02W 30/00: Technologies for solid waste manage-

ment drops out of the top, as this is a top technology focus area for Service Providers. But,
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again, this represents only a marginal increase in understanding of the technology focus

areas of Producers due to the low CCMT output of Service Providers.

3.5.5 Results for CCMT Focus Areas by O&G Service Providers

There are noticeable differences between the technology focus areas of Service Providers

and the Producers. As shown below in Table 3.5, Service Providers publish not only a

lower number of CCMT patent families but also in different CPC Codes.

Table 3.5: Ranked CCMT Focus Areas for O&G Service Providers, 2000–2020. Table shows
the ranked prevalence and percentage of top Y02–Y04 classifications for all CCMT patent
families compiled from the three O&G Service Providers in the study. Source: Based on
EPO and USPTO data from the Espacenet patent database.

At 50% of all CCMT patents, Y02W 30/00 dominates the technology landscape for Ser-

vice Providers. Y02W 30/00 represents Climate Change Mitigation Technology (CCMT)

related to technologies for solid waste management. This CPCMain Group is quite exten-

sive with 18 unique subgroups. For the Oil & Gas Service Providers in this study the vast

majority of the Y02W 30/00 patents fall under the Subgroup Y02W 30/91: Use of waste
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materials as fillers for mortars or concrete. Generally, these CCMT patents are related to

innovations in cementing technologies utilized for securing and safeguarding hydrocar-

bon wells.

3.6 Key Takeaways

This chapter covered a large amount of ground. It introduced the CPC’s Y02–Y04S schema,

outlined the research methodology for conducting the patenting search, presented the

CCMT results, and highlighted the key CCMT Focus Areas by company, sector and region.

The key takeaways are summarized below:

1. Published international patent families are an ideal proxy for quantifying high-

quality technological innovation, enabling normalized comparison between com-

panies, industries and countries.

2. The CPC’s Y02–Y04S classification system is a powerful tool for R&D trends in Cli-

mate Change Mitigating Technologies and for improved technology management

benchmarking.

3. There is wide variability in the distribution of CCMT patenting activity between

individual companies, sectors and regions. Overall, the Oil & Gas industry is pro-

ducing near 11% of total technology patenting on Climate Change Mitigating Tech-

nologies.

4. Nearly 19% of all yearly technological innovation by O&G Producers is Climate

Change Mitigating Technology (CCMT). In contrast, O&G Service Providers are

patenting just under 3% as CCMTs.

5. Oil & Gas Producers are publishing an average of 14.4 CCMTs/year and Service

Providers are publishing 6.9 CCMTs/year. Overall, O&G Producers publish a total

higher count of CCMTpatents thanO&GService Providers, delivering 2,592 CCMTs

out of a total of 3,006 CCMT patent families. This finding shows that while O&G
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Service Providers continue to produce more total patents this generalization is not

true for CCMT patenting.

6. Regionally, O&G Producers in the United States are generating the highest number

of high-value CCMTs with 24.4 CCMTs/year, followed by European producers at

13.0 CCMTs/year, and Chinese producers at 2.1 CCMTs/year. However, European

Producers are producing a higher relative percentage of CCMTs per year (21%) com-

pared to US Producers (17%) and Chinese Producers (18%). This finding advances

the results of previous work by showing that the dominant position of the United

States in technological innovation also includes Climate Change Mitigating Tech-

nologies.

7. The top three prevalent Y02–Y04 tags for CCMTs are Y02P 20/00: Technologies re-

lating to chemical industry (32% of total CCMTs), Y02P 30/00: Technologies relating

to oil refining and petrochemical industry (20%), and Y02C 20/00: Capture or dis-

posal of greenhouse gases (11%).

8. Enabling Technology is the fourth most common CCMT Focus Area at 7%, indicat-

ing technology that can fast-track future innovation. This finding mirrors broader

global patenting trends in CCMT and enabling technologies.

9. O&G Producers broadly exhibit a CCMT Focus Area on Y02E 50/00: Technologies

for the production of fuel of non-fossil origin at 7% of total Climate Change Miti-

gating Technologies. Additionally, both Y02E 10/00: Energy generation through re-

newable energy sources, and Y02T 50/00: Aeronautics or air transport (wind power)

are in the top ten CCMT Focus Areas.

10. The extensive classification system for CCMTs allows close analyses of the technol-

ogy focus areas and clusters that companies are investing R&D dollars, which can

indicate Revealed Technological Advantage (RTA).
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Chapter 4

Parsing Patent Data as Sustaining and

Disruptive Technologies

This chapter directly builds on the results presented in the previous chapter that exhibited

the statistics and technology focus areas for the Climate Change Mitigation Technology

(CCMT) in the CPC’s Y02–Y04 classification system. In this chapter, a novel method is

developed based on the influential terminology of Clayton Christensen (2016; 2013) and

Rebecca Henderson and Kim Clark (1990) to further sub-classify the CCMT patent fam-

ilies into "Sustaining" CCMTs and "Disruptive" CCMTs. As will be argued, this method

presents a practical yet powerful technique to differentiate the relative technological im-

pact of large patent data sets, particularly in reference to periods of transformative change

like the Energy Transition. Importantly, the results of this chapter will also be used in

Chapter 5 to perform correlation analysis between the patent types, R&D metrics, and

the impact of the price of oil.

4.1 Methodology for Identifying Technologies

4.1.1 Defining Disruptive Technology in the Y02–Y04 Schema

As described in the previous chapter, the Cooperative Patent Classification (CPC) Y02–Y04

schema is an incredibly specific classification system that is jointly managed by the Eu-
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ropean Patent Office (EPO) and the United States Patent and Trademark Office (USPTO).

With approximately 250,000 distinct classifications under the system, the taxonomy per-

mits detailed classification of any patented technological innovation (European Patent

Office, n.d.-a).

Leveraging this specificity of the Y02–Y04 schema, this research uses a novel method

which has been developed to further sub-classify the CCMT and patent families. This

approach qualitatively analyzes whether the technological description of each Y02–Y04

subsection matches with the existing base businesses and value chains of the industry

in question. Technologies in Y02–Y04 subsections that are predominantly related to the

existing business of an industry are labeled Sustaining CCMT, while technologies that are

generally unrelated are labeled Disruptive CCMT.

There is an additional advantage to this method when examining technologies in the

Energy Transition: All published patent families in the study that are not tagged as Y02–

Y04 CCMTs can be also be labeled Incremental Energy Technology. The combination of

these three types of results in an innovative three-tiered sub-classification for all patent

families in the study. These three sub-classes are defined as follows:

1. Incremental Energy Technology. Any international patent family that is not
tagged with a CPC Y02–Y04 classification. These technologies are not specifically
related to the Energy Transition, but may reduce cost, increase efficiency, or support
socio-technical systems.

2. Sustaining CCMT.AClimate ChangeMitigation Technology (CCMT) tagged with
a CPC Y02–Y04 classification where the CPC definition for the tag broadly aligns
with the core businesses, existing value chains, or established markets of the indus-
try, sector, or company being studied. These technologies are directly related to the
Energy Transition.

3. Disruptive CCMT.AClimate ChangeMitigation Technology (CCMT) tagged with
a CPC Y02–Y04 classification where the CPC definition for the tag is meaningfully
independent or outside of the core businesses, existing value chains, or established
markets of the industry, sector, or company being studied. These technologies are
directly related to the Energy Transition.

These three definitions are purposefully broad and are applicable to other studies focused

on the Energy Transition, including those outside of the Oil & Gas industry. For example,

these definitions could be used for an analysis of the chip manufacturing industry or

aviation businesses.
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These definitions can accommodate the many types of innovation identified in the

technology management literature (de Weck et al., 2011; Schilling, 2020). Using several

of the frequent classifications that are included in the Glossary, we can generalize that

Sustaining CCMT will likely include some Emerging Technology, significant Incremental

Innovation, a majority of Modular Innovation and Architectural Innovation, and occa-

sionally some Radical Innovation that is intertwined with existing value chains or core

businesses. Contradistinctively, Disruptive CCMT will predominantly contain Emerg-

ing Technology and Radical Innovation. Enabling Technology can be either Disruptive

or Sustaining, with a tilt toward Sustaining: Even if an Enabling Technology supports a

Disruptive CCMT, it is likely that the underlying Technology Drivers of the enabler is it-

self not disruptive, perhaps adhering to existing Targets, Milestones and Figures of Merit

(FOMs) (de Weck, 2022; de Weck et al., 2011).

This coupling of the proposed definitions with the broader concepts and definitions

used in industry and research support that alternative names for these definitions are

possible. Perrons & Donnelly (2012) built their prominent case study on innovation in

the Oil & Gas industry using the theoretical framework of Leifer et al. (2000) and Hen-

derson & Clark (1990), designing their industry-specific survey with the borrowed termi-

nology of "incremental innovation" and "radical innovation" (Perrons & Donnelly, 2012;

Perrons, 2014). This study opted to use the classical terminology from Christensen (2016,

2013) despite the complexities and open questions with the theory of disruptive innova-

tion (A. A. King & Baatartogtokh, 2015; Christensen et al., 2018).1 Future studies could

swap terminology without affecting the outcome of the underlying research method.

The CPC’s taxonomy allows for multiple Y02–Y04 tags at the subgroup level (USPTO,

n.d.). While it allows for the specificity that defines the schema, it does present an added

methodological challenge of numerically counting the "Sustaining CCMT" and "Disrup-

tive CCMT" patent families. As will be detailed below, the study used a simple propor-

1Perrons & Donnelly (2012)’s definition for "radical innovation" in the Oil & Gas industry was highly
qualitative and could not be applied to the current focus on R&D metrics and CCMT patenting. Perrons &
Donnelly (2012) define "radical innovation" for the Oil & Gas survey: "as a new technology that fulfilled at
least one of these criteria: 1) It delivered an entirely new set of performance features to the marketplace
that simply were not available before. 2) It brought about an improvement in existing performance features
of five times or greater. 3) It delivered a significant (30% or greater) reduction in cost."
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tional normalization to account for the effect of known CCMT patent families having

potentially both Sustaining and Disruptive tags. Here, a simple ratio of the respective

count of "Sustaining" and "Disruptive" tags over the sum of the total tag count was used

as a multiplier with the total known CCMT patent count. This approach, though an ap-

proximation, enabled an expedient way to differentiate patents with multiple tags while

maintaining the known count of total patents and CCMT patents.

There is an added benefit to this approach. Debate on whether to label a technology

as "Sustaining" or "Disruptive" will not change the overall count of CCMT patents or the

total percentage of CCMT patents to total patents. In this way, as long as the selection of

subgroups as Disruptive CCMT or Sustaining CCMT are applied consistently to all compa-

nies in a research study, the results will provide a uniform comparison of the technology

programs.

4.1.2 Limitations

There are several limitations to the proposed method. Foremost, the classification of Y02–

Y04 subgroups as either Disruptive or Sustaining requires input and review from Subject

Matter Experts (SMEs) familiar with the specific technology of the given industry, sec-

tor or company. The selection of the Y02–Y04 subgroups is a largely qualitative process

based on an interpretation of the CPC definitions and their relationship to technologies

and existing value chains. Thus, it is imaginable that this process could at times be time-

intensive, contentious, and political in regards to how different researchers, senior en-

gineers or technologists evaluate the subgroup as Disruptive or Sustaining. Of course,

if corporate or business unit performance metrics and/or incentive packages are tied to

the number of Sustaining CCMT and Disruptive CCMT, the resources required to reach

consensus will likely increase (Bahcall, 2019a; Christensen, 2016).

However, this limitation can be overcome by tracking both the general Cooperative

Patent Classification (CPC) Section classification in addition to the Y Section tagging. If,

for example, a high percentage of patents are in a subgroup related to an established

value chain and established product line, then many innovations in this space are likely

sustaining technologies. For this reason, it is reasonable to classify the overall subgroup
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as Sustaining, even if they might be concurrently described as Modular Innovation or

Architectural Innovation under Henderson & Clark’s classification system (1990). Here,

a reasonability test can go a long way: The proposed qualitative method should raise

red flags if a large, proactive SkunkWorks-style R&D laboratory is filtered to have under,

say, 2% Disruptive technologies. Likewise, it is unlikely though not impossible, for an

underfunded R&D laboratory focused on product-line improvement to produce a large

percentage of Disruptive R&D.

4.1.3 Selection of Sustaining Subgroups for the Oil & Gas Industry

After the patent search and initial data analysis was performed on the patents in Chapter

3, all of the CPC subgroup definitions were reviewed for direct connection to the estab-

lished base businesses and value chains in the Oil & Gas industry. Second, a comparison of

the CPC definitions with the sorted count of the patents was performed to identify areas

of strong technology focus and concentration. Third, the individual patent abstracts were

verified in Espacenet to confirm whether the CPC definition was best matched with "Sus-

taining CCMT" or "Disruptive CCMT" relative to the base businesses and value chains

of the Oil & Gas industry. If a majority of individual patents in a CPC subgroup were

related to base businesses or existing value chains, then the group was identified as "Sus-

taining CCMT". Conversely, if patents indicated a variability in theme or focus and were

broadly in a category unrelated to base business and value chains, then they were tagged

"Disruptive CCMT".

For this study of the Oil & Gas industry, there are more CPC subgroups for disruptive

technology than for sustaining technology. Listed below in Table 4.1 and Table 4.2 are the

final results of evaluating all of the Y02–Y04 subgroups for their generalized relationship

to the Oil & Gas industry.

Several key areas of technological research that are classified as "Sustaining" may raise

questions on why they are not better tracked as "Disruptive" technologies. Here, the au-

thor will explain the evaluations likely to be regarded as contentious:

• Y02C 20/40: Capture or disposal of Greenhouse Gases – CO2. The importance
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Table 4.1: Selection of Sustaining Technologies to Define Disruptive Technologies in CPC
Y02–Y04 Schema (1 of 2). These two tables document the CCMTs directly related to the
base businesses, existing value chains and established markets for the Oil & Gas industry.
All other CPC Y02–Y04 tags are classified as Disruptive Technologies for this industry.
Source: Based on EPO and USPTO data from the Espacenet patent database.
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Table 4.2: Selection of Sustaining Technologies to Define Disruptive Technologies in CPC
Y02–Y04 Schema (2 of 2). These two tables document the CCMTs directly related to the
base businesses, existing value chains and established markets for the Oil & Gas industry.
All other CPC Y02–Y04 tags are classified as Disruptive Technologies for this industry.
Source: Based on EPO and USPTO data from the Espacenet patent database.
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of technologies that capture or dispose of GHG cannot be understated for the Energy

Transition. The IEA states that Carbon Capture, Utilization, and Storage (CCUS)

technology must play a "substantial and varied role" in meeting all net-zero targets,

contributing to nearly 15% of cumulative reduction of CO2 (IEA, 2020, p. 103). Even

as a critical CCMT, this study classifies Y02C 20/40 as "sustaining CCMT" because

the Oil & Gas industry has been a key innovator in developing existing CCUS tech-

nology.

• Y02E 20/16: Combined cycle power plant (CCPP) or combined cycle gas tur-

bine (CCGT). Technologies in this subgroup can increase the efficiency of gas-

powered turbines by over 60% resulting in reduced cost and GHG (General Elec-

tric, 2017). Even as a critical CCMT, this study classifies Y02E 20/16 as "sustaining

CCMT" since the Oil & Gas industry has been a key innovator in developing existing

CCPP and CCGT technology.

• Y02P 20/52: Technologies relating to the chemical industry–using catalysts,

e.g. selective catalysts. These Climate ChangeMitigation Technology (CCMT) are

predominantly related to improved, environmental methods for processing, recy-

cling and utilizing catalysts. This study classifies Y02P 20/52 as "sustaining CCMT"

because the Oil & Gas industry has been a key innovator in developing existing

chemical and catalyst technology.

This sub-classification of technologies is neither exact nor absolute. It is important to

note that the selection of Sustaining CCMT and Disruptive CCMT can evolve over time—

it is not unreasonable for technologies considered as "sustaining" to be later grouped as

"disruptive" if there is a shift in the technology landscape. The primary value of this tool

is to provide additional differentiation across an industry or sector. Methodologically, it

is critical to apply the same selection to all companies, sectors, or geographic regions in

the study.
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4.2 Results for Sustaining andDisruptive Technologies

Before examining the results of sorted patents into Incremental Energy Technology, Sus-

taining CCMT, and Disruptive CCMT, several high-level notes are in order:

• The count of Total Patents and CCMT Patents is based on IPFs as described in Chap-
ter 3. This number does not represent the total number of all patents awarded.

• Total Patents is equal to the sum of Incremental Energy Tech, Sustaining CCMT and
Disruptive CCMT.

• CCMT patents can have multiple Y02–Y04 tags, including those classed as Sustain-
ing CCMT, and Disruptive CCMT. To adjust for this tagging, the patent count for
each was proportionally normalized based on total Y02–Y04 tags for a given year.
In the following charts, both Sustaining CCMT and Disruptive CCMT are marked
by an asterisk (*).

Table 4.3 shows the collected results for all twelve companies in this study over the

time period of 2000–2020. Based on the methodology detailed in Chapter 3 and this chap-

ter, all twelve companies in this study show an aggregate of 28,303 Total Patents of which

25,297 are Incremental Energy Tech, 2,357 are Sustaining CCMT and 649 are Disruptive

CCMT. With the cohort of twelve companies as a proxy for the larger Oil & Gas indus-

try, we can report the finding that 10.6% of total international patent families are Climate

Change Mitigation Technology (CCMT) of which 8.3% are Sustaining CCMT and 2.3% are

Disruptive CCMT.

Table 4.3: Results for Incremental Energy Technology, Disruptive CCMTs, and Sustaining
CCMTs by O&G Sector and Region, 2000–2020. Patent count for Total Patents and CCMT
Patents are based on international patent families. Due to multiple Y02–Y04 tags, both
Sustaining CCMT and Disruptive CCMT have been proportionally normalized. Source:
Based on EPO and USPTO data from the Espacenet patent database.
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Results show O&G Producers generating approximately 18.8% total CCMT patents

with 14.8% Sustaining CCMT and 4.0% Disruptive CCMT. Comparatively, O&G Service

Providers are publishing 2.8% of their total international patent families as CCMT patents

with 2.1% as Sustaining CCMT and 0.7% as Disruptive CCMT.

Oil & Gas Producers publish not only more CCMT patents in total when compared

to O&G Service Providers, they also produce a greater number of Disruptive CCMT. This

quantitative finding supports the qualitative finding based on an industry-wide survey

published by the Society of Petroleum Engineers (SPE) that "nearly two-thirds of radical

innovation" is generated by large, international oil producers (Perrons & Donnelly, 2012,

p. 67). Working from the assumption that these companies fairly represent the broader

make-up of the Oil &Gas industry, we can see from Figure 4.3 that Oil &Gas Producers are

generating nearly 87% of all Sustaining CCMT and 85% of Disruptive CCMT, even though

Service Providers are publishing an impressive 56% of all Incremental Energy Technol-

ogy patents (14,164 of 25,297). These results broadly support the finding that there is a

fundamental difference in how Service Providers manage their R&D focus, especially in

technologies related to the Energy Transition. It further supports the finding by Perrons

& Donnelly that "service companies tend to steer their portfolios toward more incremen-

tal technologies that are essentially an iterative improvement on an existing technology"

(Perrons & Donnelly, 2012, p. 67).

What stands out in Table 4.3 is the general pattern of consistency between the three

geographic regions. Among Oil & Gas Producers there is small to minimal difference

between producers in the United States, Europe and China. In terms of absolute count

between the producers, American Producers are publishing roughly 61% of Sustaining

CCMTs (1246 to 2044) and 40% of Disruptive CCMTs (219 to 548), while European Pro-

ducers are publishing nearly 36% of Sustaining CCMTs (729 to 2044) and 57% of Disruptive

CCMTs (314 to 548). The two Chinese producers are far less influential when based on

total CCMT patent count, with under 4% of Sustaining CCMTs (69 to 2044) and a mere 3%

of Disruptive CCMTs (15 to 548). It is interesting to note that the absolute results for the

two Chinese Producers, though limited by sample size, does support the previous finding

reported in the literature that China, on average, is only producing around 5% of global
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high-value international patent families (Probst et al., 2021, p. 4).

Looking at regional technology portfolios, European Producers demonstrate total CCMT

patents at 21.5% with 15.0% as Sustaining CCMTs and 6.5% as Disruptive CCMTs. Ameri-

can Producers, which generated nearly twice as many Total Patents over the time period

of this study, come in at 17.3% CCMTs patents with 14.7% Sustaining CCMTs and 2.6% Dis-

ruptive CCMTs. Compared with European Producers, American Producers are publishing

approximately 70% more Sustaining CCMT patents (1246 to 729) but approximately 70%

less Disruptive CCMT patents (219 to 314). Results for China are based on the two com-

panies in this study but show relatively similar numbers to their European and American

counterparts, with 14.8% Sustaining CCMTs and 3.1% Disruptive CCMTs.

Table 4.4 reports the results for Sustaining andDisruptive CCMT for each of the twelve

companies in the study. However, the recorded results can be misleading: A higher over-

all commitment to internal R&D, which includes Incremental Energy Technology, can

indicate a lower relative percentage for Sustaining CCMTs and Disruptive CCMTs. For

example, BP and Chevron produced approximately the same absolute number of Sustain-

ing CCMTs (184 and 218, respectively) and Disruptive CCMTs (105 and 100, respectively).

However, Chevron produced over twice as many Incremental Energy Technology innova-

tions when compared with BP (2138 to 926, respectively) over the same time period. This

difference in the overall productivity of the R&D portfolios results in BP recording higher

portfolio percentages for Sustaining CCMTs (15.2% to 8.9%) and Disruptive CCMTs (8.6%

to 4.1%). Thus, the calculated percentages at the company level are a better benchmark

for examining the internal allocation of R&D focus than as a comparison of R&D output.

From a high-level perspective across all companies, the results show a high degree

of heterogeneity between the companies in their technological capacity and R&D output,

confirming previous qualitative evidence for the Oil &Gas industry (Perrons, 2014). At the

same time, the data show similar alignment in total output of Disruptive CCMTs between

BP (105), Chevron (100), and Shell (129).
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Table 4.4: Results for Incremental Energy Technology, Sustaining CCMT, and Disruptive
CCMT by O&G Company, 2000–2020. Patent count for Total Patents and CCMT Patents
are based on international patent families. Due to multiple Y02–Y04 tags, both Sustaining
CCMT and Disruptive CCMT have been proportionally normalized. Source: Based on
EPO and USPTO data from the Espacenet patent database.

4.3 Examples of Disruptive CCMT, Sustaining CCMT,

and Incremental Energy Tech

As highlighted by the previous sections, the Oil & Gas industry patents a wide range of

technological innovation. This provides several specific examples of technology patents in

order to better illustrate the differences between Disruptive CCMTs, Sustaining CCMTs,

and Incremental Energy Technology.

The following examples were selected because they exemplify the differences in the

classification. Additionally, each of the published patent filings provided at least one di-

agram or schematic that further illustrated the category. Finally, one example is given

at the end of this section of a technology that may be incorrectly classified under the

proposed method.

4.3.1 Example of Disruptive CCMT: Shell and Equinor

Two examples are provided of published international patent families that were classified

as Disruptive CCMTs under the sorting method.
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As shown below in Figure 4.1, the first example is a 2011 patent from Shell that out-

lines a process for producing hydrogen (WO2011/115899A1). This patent application had

three separate Y02-Y04 tags: Y02E50/30, Y02P20/10, Y02P30/00. According to the sorted

Sustaining Y02-Y04 tags in Table 4.1 and Table 4.2, both Y02P20/10 and Y02P30/00 are

classified as Sustaining technologies. However, the Y02E50/30 tag for "Technologies for

the production of fuel of non-fossil origin" is not on the list and, thus, the patent can be

classified as a Disruptive CCMT.

A closer look at this example suggests that the Disruptive CCMT tagging is appropri-

ate. This example from Shell highlights a novel process for producing hydrogen through a

biomass fermentation process in a reformer with a pressure range between 100 psi to 600

psi. The published patent application claims that this novelmethodwill result in a "smaller

carbon footprint than conventional hydrogen production processes" (WO2011/115899A1).

It should be noted that this technology also has application within the established value

streams of the Oil & Gas industry, as evidenced by both the Y02P20/10 and Y02P30/00 tags

and the practical ability to utilize hydrocarbon feedstock in addition to biofeedstocks. This

example highlights that the sorting of Y02-Y04 tags can have crossover and theremay need

to be adjustments to include or exclude cross-tagged technologies.

Figure 4.1: Example of Disruptive CCMT: Shell’s Process for Producing Hydrogen,
WO2011/115899A1. Source: Based on EPO and USPTO data from the Espacenet patent
database.
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As shown in Figure 4.2, the second example of a Disruptive CCMT is from a recent

2022 published patent from Equinor titled "Wind Turbine Control" (EP3954895A1). This

patent application has only tone Y02-Y04 tag which is Y02E10/72 for "Wind Energy: Wind

turbines with rotation axis in wind direction" (EP3954895A1). Based on the proposed clas-

sification system, this patent unambiguously falls into the category of Disruptive CCMT.

However, it is arguable that this level of technology is no longer truly "disruptive" since the

general technology is well established. This example highlights that the proposed method

evaluates technologies in relation to the base businesses and value streams of a given in-

dustry or sector. For example, this patent would likely be labeled Sustaining CCMT if

it was examined from the perspective of mechanical engineering companies focused on

wind-power generation.

Figure 4.2: Example of Disruptive CCMT: Equinor’sWind Turbine Control, EP3954895A1.
Source: Based on EPO and USPTO data from the Espacenet patent database.

4.3.2 Example of Sustaining CCMT: BP

There is a wide variety of technologies that can be tagged as Sustaining CCMT, including

those that are highly innovative even if they are not classified as Disruptive. As shown in

Figure 4.3, this example of a Sustaining CCMT showcases a published 2020 patent from

BP that forwards a method for creating a Digital Replica (or "Digital Twin" in everyday
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language) of an offshore Oil & Gas production facility. This published patent had one Y02-

Y04 tag, Y02P90/80, which indicates "Management or planning: Enabling technologies

with a potential contribution to greenhouse gas [GHG] emissions mitigation". This Y02-

Y04 tag classifies this technology as a Sustaining CCMT based on Table 4.1 and Table

4.2. In this case, the classification appropriately classifies the innovation. Although it

is focused on the cutting-edge research field of Digital Twins, this technology is aimed

at improving the efficiency, safety, and inspection of offshore production facilities. As

in the above example with Equinor, this patent highlights that it could be classified as

a Disruptive CCMT under different circumstances. For example, a Digital Twin of an

offshore wind-farm installation would classify as Disruptive, if it were cross-tagged.

Figure 4.3: Example of Sustaining CCMT: BP’s Digital Replicas of Production Facilities,
US2020312036A1. Source: Based on EPO and USPTO data from the Espacenet patent
database.

4.3.3 Example of Incremental Energy Technology: Exxon

This example examines an Incremental Energy Technology patented by Exxon in 2018. As

shown in Figure 4.4, this patent highlights a method for developing a long-term strategy
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for allocating a supply of liquefied natural gas (US10013663B2). This innovation has no

Y02-Y04 tags, even though it is an international patent family and published in several

countries. The patent is broadly concerned with optimizing supply chains and efficient

scheduling, but it did not meet the hurdle for Y02-Y04 tagging for reduction in GHG.

However, this type of innovation importantly highlights that Incremental Energy Tech-

nology can have large positive impact on facilitating existing fuel supplies, distribution,

and global access to energy.

Figure 4.4: Example of Incremental Energy Technology: Exxon’s Method for Optimized
Shipping Schedule for LNGDelivery, US2014310049A1. Source: Based on EPO and USPTO
data from the Espacenet patent database.

4.3.4 Example of Borderline Disruptive CCMT: Schlumberger

The proposed classification system is based on sorting at the level of the Y02-Y04 tag, and

not the individual content of the patent application (Verhoeven et al., 2016). As discussed,

more advanced methods could be developed that could additionally scan text in the title

or abstract. This said, it is reasonable for some technologies to be mislabeled as Disruptive
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or Sustaining. As shown in Figure 4.5, the last example of this section looks at a fantas-

tic innovation published in 2020 by Schlumberger that patented a "System and Method

for Noise, Vibration, and Light Pollution Management on Rig Systems" (US10,669,783B2).

This patent had only one Y02-Y04 tag and was classified as Disruptive CCMT based on

the Y02B20/40 tag being defined as "Energy efficient lighting technologies, e.g. halogen

lamps or gas discharge lamps: Control techniques providing energy savings, e.g. smart

controller or presence detection". Although the patent presents several novel methods to

dampen noise and vibration pollution, it is arguable that the technology is better counted

as a Sustaining CCMT since it is specifically focused on hydrocarbon drilling worksites.

This patent highlights that, depending on how the sortingmethod is utilized, there may be

several technologies that are mislabeled or that could fit in either Disruptive or Sustaining

categories.

Figure 4.5: Example of Borderline Disruptive CCMT: Schlumberger’s System for Noise,
Vibration, and Light Pollution on Rig Systems, US10,669,783B2. This technology is tagged
Y02B20/40 and classified as Disruptive CCMT, although it may better be re-classified as
Sustaining CCMT due to its focus on providing base-business services in the Oil & Gas
industry. Source: Based on EPO and USPTO data from the Espacenet patent database.
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4.4 Key Takeaways

1. The CPC’s Y02–Y04 tagging scheme for Climate Change Mitigation Technology

(CCMT) enables a powerful yet practical method to delineate between Disruptive

and Incremental Energy Technologies.

2. Incremental Energy Technology broadly aligns with all innovations that support the

core businesses, existing value chains, or established markets of the target study.

3. Disruptive CCMTs are all innovations outside or unique to the core businesses, ex-

isting value chains, or established markets of the target study.

4. Sustaining CCMTs are innovations tagged under the Y02-Y04 schema as climate

change mitigating technology that also support base businesses or existing value

chains.

5. As a proxy for the broader Oil & Gas industry, the twelve companies show an av-

erage of 89.4% Incremental Energy Technology, 8.3% Sustaining CCMT, and 2.3%

Disruptive CCMT.

6. Oil & Gas Producers generate significantly more technological innovation related

to the Energy Transition than Service Providers. In absolute number count, Pro-

ducers generate approximately 87% of Sustaining CCMT (2044 of 2357) and 84% of

Disruptive CCMT (548 of 649).

7. The twelve companies show greater heterogeneity in R&D output including tech-

nologies related to the Energy Transition than exhibited in a comparison of the

three R&D metrics (Expenditure, Intensity, and Productivity).

8. The percentage of an individual company’s R&D mix can be a valuable tool for

internal benchmarking and selection of high-graded projects.
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Chapter 5

Correlation Analysis of Technology,

R&D Metrics, Sales and Oil Price

This section presents a methodology for modeling the correlation between the key drivers

that shape technologymanagement during periods of transitional change. The goal of this

exploration is threefold. First, to address the question of whether the lag between R&D

expenditure and patenting needs to be adjusted prior to conducting correlation analy-

sis. Second, to establish whether statistical correlation confidently exists between our

technology variables, particularly between CCMT patent families and the three corporate

R&D metrics. And, third, to quantify the relationship of oil prices to patenting. This fi-

nal step will provide additional support for assessing whether firms are adjusting their

technology management focus in light of the Energy Transition.

5.1 Time-Lag Analysis

5.1.1 The Question of Lag

At the big-picture level, R&D expenditure in a given year is regarded as an input to the

research and development of both new and existing projects in a company. This money

does not immediately produce R&D output; rather there is a some degree of "lag" between

the injection of R&D funding and the output of R&D as patenting activity (Hartmann et
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al., 2006; Griliches, 1998; Hall, 2002). This spread is defined as "lag" and has been the focus

of a significant number of analytical studies (Hall et al., 1984; Griliches, 1998, 1991).

At first sight, lag appears as a critical question that needs to be answered before quan-

titative assessment with patents and R&D data can take place. At the practical level, there

is the technology management question of how long it takes for money invested in R&D

tomaterialize as completed research and development. And this is related to the corporate

question of the length of time between completed R&D and broader commercialization

that can increase net sales and overall profitability (Morbey & Reithner, 1990). How-

ever, Griliches (1998) argues that the ability to attribute increased productivity to specific

yearly R&D patenting with econometric models is "doubtful", because of both the "long

and variable lag" and that this combined "aggregation over many inventions and many

lag structures is likely to smooth them out further, beyond recognition" (Griliches, 1998,

p. 333).

Even if the output of R&D as specific patents cannot be successfully lagged to fu-

ture performance, there remains the question of whether R&D expenditure can be time-

adjusted tomatch patenting trends. Key research fromTrajtenberg (1990), Griliches (1998),

and Hall et al. (1984) show that, on average, the highest correlation between R&D Expen-

diture and Patents is "lagged just five months" (Trajtenberg, 1990, p. 183). This period of

"short gestation" of average lag is found independently by Griliches (1998, 1991). Here,

Griliches states:

“To the extent that one does observe correlations between patent numbers and
contemporaneous productivity numbers, the causality is most likely running
the other way, from productivity as a measure of the economic environment
to patents as a measure of inventive “effort” rather than from the impact of
inventive “output” on subsequent productivity....
There is also a statistically significant relationship between R&D and patents
in the within-firm time series dimension, but it is weaker there. The bulk of
the effect is contemporaneous, implying possibly also some reverse causality:
successful research leading to both patents and to the commitment of addi-
tional funds for the further development of the resulting ideas” (Griliches,
1998, pp. 333–335).

Here, the final conclusion by Griliches is unexpected: R&D Expenditure may often better

correlate with patenting if it is lagged into the future, and not the past (Griliches, 1998;
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Trajtenberg, 1990).

However, the addition of Climate Change Mitigating Technology (CCMT) patents in-

troduces an additional level of complexity to the question of time, one that is only in-

creased by the further differentiation between Sustaining CCMT and Disruptive CCMT.

Can R&D Expenditure be better lagged to Disruptive technologies? Is there a difference

in lagging behavior between geographic regions with different approaches to technology

management? Current research has not addressed these questions.

5.1.2 Testing for Time Lag

This study will test for time lag to confirm or reject the general findings from Griliches

(1998) and Trajtenberg (1990). At the same time, this time-series analysis will further

test the difference in lagging between total patenting, Disruptive CCMT, and Sustaining

CCMT that were differentiated in Chapter 4. This approach will then support the follow-

up analysis at the end of this chapter that examines the overall correlation between all of

our R&D and patenting variables.

Testing for time lagwas conducted using the R programming language’sccf function,

which is part of the inbuilt stats package. This function calculates the cross-correlation

of two univariate series over a designated time period (RDocumentation.org, n.d.). The

advantage of this R function is that it returns the calculated lag as units of time on the

x-axis, allowing for visible interpretation. Importantly, this function also time-lags into

the future. A second function, lag2.plot was also used to better graphically present

the data distributions over periods of lag.

5.1.3 Results for Time Lag

Figure 5.1 presents the aggregated time-lag correlation results between all individual pairs

of R&D Expenditure and total patents per year for each of the twelve companies in the

study. The top figure depicts the combined cross-correlation when patents are held con-

stant and R&D Expenditure is lagged both into the past (the left side of the graph) and into

the future (the right side of the graph). The dashed blue line represents the confidence
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interval of the the uncorrelated series (Rdocumentation.org, n.d.-a).

The results are unexpected. For all companies in the study, the time-lag cross-correlation

shows that R&D expenditure is negatively correlated with future patent delivery, though

insignificantly. On the right of the graph, R&D Expenditure is showing positive corre-

lation when it is lagged into the future, giving indication of support of Griliches (1998)’s

finding, though at the extreme end. These results are likely skewed by the high number of

non-CCMT patents published by the three Service Providers: Halliburton, Schlumberger

and Weatherford.

Figure 5.2 reduces the overall number of patents—including the high volume of non-

CCMT patents from the three Service Providers—and presents only the Sustaining CCMT

Patents as counted in Chapter 4. This figure supports two of the key findings from

Griliches (1998) and Trajtenberg (1990): (1) The strongest correlation is approximately six

months in the past as indicated to the left from the zero mark; and (2) R&D Expenditure

shows some "reverse causality" where successful patenting promotes additional follow-up

funding in future years.

Figure 5.3 presents a finding from this research that challenges the accepted model.

The data from this study show that R&D Expenditure can exhibit strong positive cor-

relation when lagged into the past with only Disruptive CCMT patent data. Here, the

results demonstrate that R&D funding lags approximately 9–11 years before published,

high-value patent families.

Appendix H further compares the results of Total Patents, Sustaining CCMT and Dis-

ruptive CCMT for both Oil & Gas Producers in Europe and the United States. Both Eu-

ropean and American time-lag behavior support the general findings with a propensity

for forward positive lagging (Griliches, 1998). Notably, the total patents for both regions

remove much of the noise exhibited in the Total Patent time-lag (Figure 5.1).

Again, the results for the association between R&DExpenditure andDisruptive CCMT

patenting is unique and outside of orthodox theory. As shown in Figure H.3 and Figure

H.6, R&D Expenditure exhibits positive correlation when lagged to the past with Disrup-

tive technologies. There are several explanations for this behavior. First, because of the

reduced number of Disruptive CCMT Patents, the actual matching with past R&D spend
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may avoid the smoothing that Griliches (1998) identified as a cause of masking recogni-

tion. Second, it is not inconceivable that Disruptive CCMT Patenting was developed after

earlier periods of increased investment, perhaps due to increased oil price.

The time-series test was performed individually for each of the twelve companies,

with largely similar results.1 By and large, each individual company showed the strongest

positive correlation in either Year 0 or Year -1, and then a decreasing correlation further

into the future and into the past.

These results give ample support to not apply a generic time-lag to the R&D Expendi-

ture and patent data in this study or to attempt an individual time-lagging per company.

Instead, this study will keep data non-lagged but will include notes, when necessary, to

highlight that related findings or results could be impacted by this modeling assumption.

However, before correlation analysis can be performed, the overall normality of the

data sets must be determined. This will be the focus of the next section.

1The time-lag results for each individual company are not included in the Appendix due to space, but
can be furnished by the author on request.
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Figure 5.1: Lag of R&D Expenditure to Total R&D Patenting Activity: All O&G Com-
panies, 2000–2020. The top plot shows the time series cross-correlation function (CCF)
between R&D Expenditure and Total Patents, with R&D Expenditure as the lagged series
and autocorrelation at time 0. The bottom plot shows past correlation distribution with
R&D lagged. Note that CCF value on top plot aligns with values in top-right boxes on
lower plot. Source: Based on IRI data and EPO/USPTO data.
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Figure 5.2: Lag of R&D Expenditure to Sustaining CCMT Patenting Activity: All O&G
Companies, 2000–2020. The top plot shows the time series cross-correlation function
(CCF) between R&D Expenditure and Sustaining CCMT Patents, with R&D Expenditure
as the lagged series and autocorrelation at time 0. The bottom plot shows past correlation
distribution with R&D lagged. Note that CCF value on top plot aligns with values in top-
right boxes on lower plot. Source: Based on IRI data and EPO/USPTO data.
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Figure 5.3: Lag of R&D Expenditure to Disruptive CCMT Patenting Activity: All O&G
Companies, 2000–2020. The top plot shows the time series cross-correlation function
(CCF) between R&D Expenditure and Disruptive CCMT Patents, with R&D Expenditure
as the lagged series and autocorrelation at time 0. The bottom plot shows past correlation
distribution with R&D lagged. Note that CCF value on top plot aligns with values in top-
right boxes on lower plot. Source: Based on IRI data and EPO/USPTO data.

98



5.2 Methodology for Correlation Analysis

5.2.1 Testing for Normality

As overviewed in Section 2.1.3, groundbreaking work on the relationship between R&D

Productivity and Sales Per Employee and Profitability was published by Morbey & Rei-

thner (1990). Beyond the seminal contribution of correlating Research and Development

with overall business profitability, Morbey&Reithnermade the importantmethodological

observation that the three R&D metrics—R&D Expenditure, Intensity, and Productivity—

are better evaluated using non-parametric rank-order statistics. Based on their research,

it was not possible to provide significant explanation through the use of linear economet-

ric models based on normal distributions; and, instead, the Spearman rank-order test was

implemented to establish statistical correlation (Morbey & Reithner, 1990, p. 14).2

Based on the above finding by Morbey & Reithner, the first step for evaluating the

overall correlation between technology patenting, R&D metrics, Sales and Oil Price was

to determine whether the current data sets of the twelve representative Oil & Gas com-

panies could be evaluated using linear/normal calculations with the Pearson correlation

coefficient or if the Spearman rank correlation coefficient was required.

To test the three patenting variables (Incremental Energy Technology, SustainingCCMT,

and Disruptive CCMT) for normality, two methods were utilized. First, the Shapiro–Wilk

test was applied to test for normality. Second, results of the Shapiro-Wilk test were spot-

checked with Q–Q probability plots to ensure consistency. Both methods will be briefly

described.

The Shapiro-Wilk test is part of R’s standard statistics package stats (3.6.2)

as the function shapiro.test (Rdocumentation.org, n.d.-b). This shapiro.test

function returns approximate p-values based on the earlier algorithm work by Royston

(Rdocumentation.org, n.d.-b; J. P. Royston, 1982a,b; P. Royston, 1995). A common sta-

tistical significance test, the Shapiro-Wilk is based on a null-hypothesis that the tested

population has a normal distribution (Wikipedia, 2022a; J. P. Royston, 1982a). Normality
2Helfat (1994) reports the Pearson coefficients for his study on the path dependence of R&D spending

in "Evolutionary Trajectories in Petroleum Firm R&D" but then provides a footnote that the results were
confirmed with Spearman ranked correlation coefficients.
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is confirmed by a p-value greater than the defined alpha level of the test, set typically at

0.5 for many tests. On the other hand, the null-hypothesis test cannot be rejected—and

therefore the data cannot be assumed to be normally distributed—if the p-value is less

than the defined alpha value (Wikipedia, 2022a; J. P. Royston, 1982a).

Normality testing for Total Patents, Total CCMTPatents, andDisruptive CCMTPatents

was conducted for each of the twelve companies based on the need to properly model

the correlation of the Climate Change Mitigation Technology with other technology-

management variables. The Shapiro-Wilk test confirmed that many, but not all, of the

variables were non-normal. Shown below in Figure 5.4 is an example of the results of

the Shapiro-Wilk test for Equinor as an output from the Integrated Desktop Environment

(IDE), RStudio:

Figure 5.4: Example of Shapiro-Wilk Normality Test based on Equinor’s Total Patents, To-
tal CCMT Patents, and Disruptive CCMT Patents. The R output shows that Total Patents
are normally distributed, but that Total CCMT Patents and Disruptive CCMT Patents are
non-normally distributed based on p-values < 0.05.

In the uppermost Shapiro-Wilk test, the distribution of Equinor’s Total Patents is con-

firmed as normal based on the p-value of 0.6069 being greater than the selected alpha
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value of 0.05. However, the same test run independently for both Total CCMT Patents and

Disruptive CCMT Patents indicates non-normality, with p-values of 0.02564 and 9.716e-05

being under the defined 0.05 threshold.

To confirm the non-normality of the data, key populations were double-checked with

Q–Q probability plots to assess overall linear distribution of population’s data points. This

test was performed using R’s ggqqplot function from the ggpubr add-on package to

the standard ggplot2 package. The function conveniently depicts the normality of the

population within an error window. Shown below as Q–Q plots, Figure 5.5 again uses

Equinor as an example for the normally distributed Total Patents (p-value = 0.6069) and

the non-normal Disruptive CCMT Patents (p-value = 9.716e-05):

Figure 5.5: Example of Q–Q Plot for Normality based on Equinor’s Total Patents (left)
and Disruptive CCMT Patents (right). The left panel shows the general linear nature of
the Total Patent data plotted over a normal distribution range, confirming the p-value of
0.6069. The right panel shows the non-normal distribution of the Disruptive CCMT Patent
data. Here, note the prevalence of data points outside the error band and the data outlier
in the top right (p-value = 9.716e-05). This confirms the result of the Shapiro-Wilk test
CCMT patent data is non-normal.

The results of the Shapiro-Wilk tests and theQ–Qplots confirm the generalizedmethod-

ological finding in Morbey & Reithner (1990) that non-parametric rank-order statistics are
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preferred for performing correlation analysis on combined patent, R&Dmetrics, Sales and

Oil Price data set.

5.2.2 Spearman Rank Correlation Coefficient

The R package PerformanceAnalytics (version 1.5.3)was selected for cor-

relation analysis based on the range of available econometric functions, the option of

selecting normal and non-normal correlation methods (including Spearman Rank Corre-

lation Coefficient), and the standardized correlation matrix that enables straightforward

analysis between multiple input variables on one graph (Peterson, 2019).

5.2.3 Interpreting the Spearman Matrix

Before reviewing the results of the Spearman correlation models and analyzing how these

enrich an understanding of how technology management might be repositioning during

the Energy Transition, a quick overview of how to read the matrix is instructive.

As shown below in Figure 5.6, the 11 x 11 matrix is an output of the eleven populations

associated in the model, with each named variable running along the diagonal squares

of the matrix. The eleven variables included in this analysis are: Total R&D Patenting,

Incremental Energy Patenting (all non-CCMT patents), Sustaining CCMT Patents, Dis-

ruptive CCMT Patents, R&D Expenditure, R&D Intensity, R&D Productivity, Employees,

Net Sales, Sales per Employee, and Oil Price.

This matrix layout facilitates easy visual correlation between each pair of variables.

Here, the matrix can be read by finding the square intersected by the two variables of

interest. For the upper section of the matrix this involves selecting the first variable of

interest on the diagonal and then tracing horizontally to line up with the second variable

of interest. In this way, each pair of variables share exactly one square in the upper right

section and one square in the lower left section. For example, Total Patents aligns with Oil

Price in the uppermost right square and the lowermost left square, while R&DExpenditure

and R&D Intensity share the two center squares in common.

Below the diagonal of the input variables and on the lower half of the matrix are the
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bivariate scatterplots with a fitted line for each pair of correlated variables. Following

normal correlation convention, the fitted line depicts positive correlation as a monotonic

diagonal increasing from the lower left of the plot to the upper right of the bivariate

scatterplot, while negative correlation is a monotonic diagonal decreasing from the upper

left of the y-axis to the lower right side of the x-axis. Spanning a total of 17 years between

2002–2020 and using 12 companies, each bivariate scatterplot on Figure 5.6 contains 204

separate correlation calculations. The total count of 17 data points per company is easier

to see on the individual matrix for each company. For example, see the matrix for Chevron

(Figure I.2, Appendix I).

On the top portion of thematrix is the calculated Spearman rank correlation coefficient

for each paired sample. Each rank correlation conveys an estimate of the association in the

range of [-1,1] with 0 indicating no correlation, +1 indicating perfect positive association,

and -1 indicating perfect negative association Peterson (2019);Wikipedia (2022b). The size

of the reported numbers are scaled to reflect the overall positive or negative rank-based

correlation of each paired sample (Peterson, 2019).

The red stars above the Spearman coefficient indicate the significance or p-value for

the ranked sample pair (Peterson, 2019). This research uses the baseline values included

in the R package, as shown in Table 5.1, below:

Significance Code Range of p-Values

"***" [0, 0.001]

"**" [0.001, 0.01]

"*" [0.01, 0.05]

"." [0.05, 0.1]

" " [0.1, 1]

Table 5.1: Significance Codes for Spearman p-Values

It is worth highlighting that it is unclear whether the lower significance ranges match

those presented by Morbey & Reithner (1990). Without providing ranges, they tabulate

their results with "*" equal to 99.0% significance and "***" equal to 99.9% significance (Mor-

bey & Reithner, 1990, pp. 12–13). Importantly, the "***" coding matches, however R’s "**"
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code alignswithMorbey&Reithner’s "*". This distinction allows the standardized R statis-

tics package to have a p-value of 0.05 correspond with "*".

5.3 Results and Analysis of Correlation Testing

5.3.1 Results of Correlation Testing by Company

The collected results of Spearman rank-order correlation testing are documented in Ap-

pendix I. The twelve figures include: BP (Figure I.1), Chevron (Figure I.2), China Petroleum

(Figure I.3), Conoco (Figure I.4), Equinor (Figure I.5), Exxon (Figure I.6), Halliburton (Fig-

ure I.7), PetroChina (Figure I.8), Schlumberger (Figure I.9), Shell (Figure C.10), Total (Fig-

ure I.11), and Weatherford (Figure I.12).

5.3.2 Correlation Analysis of All O&G Companies

The first test examines the entire sample set of twelve Oil & Gas companies over the time

period of 2004–2020. The results of the Spearman rank-order correlation are shown below

in Figure 5.6. As a reminder, these results present same-year, non-lagged correlations.

• Sustaining CCMT Patents. There is strong positive correlation between Sustain-

ing CCMT Patents and Incremental Energy Patenting, with 𝑟𝑠(202) = .66, 𝑝 = <

.001. This significant result highlights that the development of Sustaining Climate

Change Mitigation Technology is more closely tied to the base-business patenting

of a corporation than to its Disruptive CCMT patenting activities, with 𝑟𝑠(202) =

.55, 𝑝 = < .001. It is interesting to highlight that Sustaining CCMT Patenting

is the most significant association with same-year R&D Expenditure, at𝑟𝑠(202) =

.28, 𝑝 = < .001, indicating that on average the total yearly number of Sustaining

CCMT patents increases as the budget grows.

• Disruptive CCMT Patents. There is strong positive correlation between Disrup-

tive CCMT Patents and Sustaining CCMT Patents, as reported above. It is important

to note that Disruptive CCMT Patents are more closely tied to Sustaining CCMT
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Figure 5.6: Correlation of Total R&D Patenting Activity with R&D Metrics, Sales and Oil
Price: All O&G Companies, 2004–2020. This matrix captures the Spearman rank order co-
efficient for the eleven, same-year, non-lagged pairs. Patent count for Incremental Energy
Technology, Sustaining CCMT, and Disruptive CCMT is separated to avoid collinearity.
Source: Based on IRI data and EPO/USPTO data.

Patents than to Incremental Energy Patents or the overall Total R&D Patenting port-

folio. At 𝑟𝑠(202) = .55, 𝑝 = < .001 compared to Incremental Energy Patenting at

𝑟𝑠(202) = .43, 𝑝 = < .001, this broadly indicates that there is organizational affin-

ity and learning between the development of unrelated Sustaining CCMT Patents

105



and Disruptive CCMT Patents. As expected, Disruptive CCMT Patents have slightly

lower correlation to Total R&D Patenting when compared with Incremental Energy

Technology or Sustaining CCMT Patenting. This provides evidence that the overall

productivity of Disruptive CCMT Patenting is less tied to larger-scale R&D efforts.

Additionally, we can observe that, on average, Disruptive CCMT innovation is only

moderately related to R&D Expenditure (𝑟𝑠(202) = .21, 𝑝 =< .01), however it has

higher statistical significance with both R&D Productivity (𝑟𝑠(202) = .39, 𝑝 = <

.001) and Sales Per Employee (𝑟𝑠(202) = .46, 𝑝 = < .001).

In general, the organizational capability to deliver traditional technology patents

translates into a correlated ability to produce patents for more unrelated technolo-

gies, including Sustaining CCMT and Disruptive CCMT technologies. This gener-

alized relationship, however, does not hold across all of the individual firms. For ex-

ample, Exxon has routinely had one the highest output of overall published patents

in this study yet this high patent count associates with neither Sustainable CCMT

Patents nor Disruptive CCMT Patents (See Figure I.6, Appendix I).

• R&D Expenditure. As reported above, there is moderate positive correlation be-

tween R&D Expenditure and both Sustaining CCMT Patents and, to a lesser degree,

Disruptive CCMT Patents. What is noteworthy here is that absence of associa-

tion between R&D Expenditure and both Incremental Energy Patenting and Total

R&D Patenting. This highlights a high-level finding on how technology is being

managed: on average, base-business R&D—with much of it likely modular or in-

cremental, and operating on a given performance trajectory of known quantitative

metrics and targets (Christensen et al., 2018; de Weck, 2022)—is less correlated to

the year-to-year fluctuations in Net Sales and R&D Expenditure compared to either

Sustaining CCMT or Disruptive CCMT innovation. By extension, this highlights

that Incremental Energy Patenting is less likely to be the R&D cut during market

adjustments or periods of low oil price. Figure 3.3 demonstrates that the relative

percentage of CCMT Patents decreased compared to Totals Patents during periods

of lower oil prices.
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• R&D Intensity. Surprisingly, there is little insight to be gained from this metric. It

appears that fluctuations in Net Sales are overshadowing increases in R&D Expen-

diture, thus creating a metric that negatively correlates with patent performance

and, as expected, Net Sales. These average results show there is no correlation be-

tween R&D Expenditure and R&D Intensity, underlying the inflated influence of

Net Sales on this metric. This highlights a key limitation that Helfat (1994) found

in the path-dependency of the R&D Intensity metric:

“With regard to persistence in R&D, the use of R&D intensity could un-
derstate the degree of path dependence in R&D if sales revenues fluctuate
more than do R&D expenditures” (Helfat, 1994, p. 1728).

ConfirmingHelfat’s concern, this secondary role for R&D Intensity is foreshadowed

by the fact that Net Sales has a stronger positive correlation with both Sustaining

CCMT and Disruptive CCMT patenting, compared to R&D Expenditure.

• R&DProductivity and Sales Per Employee. As same-year, non-lagged pairs, there

is a moderately strong positive correlation between R&D Productivity and Sales

Per Employee, with 𝑟𝑠(202) = .55, 𝑝 = < .001. Though non-lagged, this shows

a similar finding as Morbey & Reithner (1990). At the same time, this association

may be partly reflective of the correlation between Net Sales and R&D Expenditure

(𝑟𝑠(202) = .66, 𝑝 = < .001) which has an associated effect on R&D Productivity.

• Employees. A higher employee headcount is correlated with increased Net Sales

and higher R&D Expenditure. But, on average, employee count is not significantly

correlated to same-year Incremental Energy Technology Patents, Sustaining CCMT

Patents, or Disruptive CCMT Patents.

• R&D Productivity and R&D Intensity. In general, R&D Productivity is a better

predictor of higher innovative activity than R&D Intensity. R&D Productivity has

moderate and significant association with all three patenting groups and the over-

all Total Patents and, further, the correlation is nearly the same across Disruptive

CCMTs, Sustaining CCMTs, and Incremental Tech. On one hand, this suggests that
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innovative activity increases as the money per person increases. It may also sug-

gest that a workforce is generally more innovative if there is a greater availability of

funds for experimentation and creativity. Here, importantly, the data suggests that

technical innovation is related to the quality of the workforce and their generalized

access to resources.

• Oil Price. The unexpected finding from this Spearman matrix is the low level

of correlation between same-year Oil Price and the other ten features. Oil Price

shows a weak positive correlation to both Net Sales and Sales Per Employee, with

𝑟𝑠(202) = .20, 𝑝 = < .01 and 𝑟𝑠(202) = .19, 𝑝 = < .01, respectively. Same-year

R&D Expenditure shares only faint correlation, as does Disruptive CCMT Patent-

ing. The quick explanation is that the correlation of oil price is lagged to the other

features, outside of Net Sales. While this is most definitely true for large one-year

changes in oil price, this explanation does not account for a lack of correlation dur-

ing relative stable periods of increase or decrease in oil price. Returning to Figure

2.1, a key takeaway may be that higher than average oil prices are less correlated

to R&D Expenditure than initially surmised.

5.3.3 Correlation Analysis of O&G Producers (No China)

Based on our previous review of the companies in the data set, it is informative to look

at several smaller sub-groupings. First, a quick look will be given to O&G Producers (No

Service Providers) and O&G Producers (No China). Then, second, the next subsection will

compare results for European Producers and American Producers.

Figure 5.7 exhibits the results for the Spearman rank-correlation testing for the O&G

Producers (No Service Providers) and Figure 5.8 shows the results for O&G Producers

(No China). Based on on our previous analysis, removing the Service Providers removes

three companies with high Total Patents, low CCMT patents, and moderate R&D budgets.

Likewise, removing the Chinese Producers removes two companies with very high R&D

budgets, and relatively low Total Patents and CCMT Patent, but that have had moderately

high percent of CCMT to Total Patents based on lower patent families.
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Figure 5.7: Spearman Correlation of Total R&D Patenting Activity with R&D Metrics,
Sales and Oil Price: O&G Producers, 2004–2020. This matrix captures the Spearman rank
order coefficient for the eleven, same-year, non-lagged pairs. Patent count for Incremen-
tal Energy Technology, Sustaining CCMT, and Disruptive CCMT is separated to avoid
collinearity. Source: Based on IRI data and EPO/USPTO data.

As shown below in Figure 5.8, O&G Producers (No China) exhibits moderately strong

positive correlation between R&DExpenditure and both SustainingCCMTPatents (𝑟𝑠(117) =

.50, 𝑝 = < .001) and Total Patents (𝑟𝑠(117) = .48, 𝑝 = < .001), and moderately weak

association with Disruptive CCMT Patents 𝑟𝑠(117) = .29, 𝑝 = < .01). These results sug-
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gest a direct correlation between same-year R&D Expenditure and un-lagged patenting

for the seven O&G Producers in Europe and the US. Additionally, same-year Net Sales has

a stronger correlation with Sustaining CCMT Patents (𝑟𝑠(117) = .68, 𝑝 = < .001) and

Total Patents (𝑟𝑠(117) = .65, 𝑝 = < .001).

5.3.4 Correlation Analysis of European and American Producers

The final analysis of Spearman correlations will examine the similarities and differences

between European Producers and American Producers to evaluate whether there is in-

sight on differences in technology management. For this analysis, there are four Euro-

pean Producers (BP, Equinor, Shell, and Total) and three American Producers (Chevron,

Conoco, and Exxon). As expected, the number of statistical pairings for the rank correla-

tion decreases for these two smaller data sets.3 A side-by-side comparison of the results

for European Producers in Figure 5.9 and for American Producers in Figure 5.10 display

relative similarity between the regions.

A closer examination shows several regional nuances that may highlight technology

strategies. In Figure 5.9, European Producers demonstrate a higher positive correlation

between Disruptive CCMT Patents and all other variables than the American Produc-

ers. For example, European Producers show strong positive correlation between Dis-

ruptive CCMT Patents and both Sustaining CCMT Patents and Total R&D Patents, with

𝑟𝑠(66) = .50, 𝑝 = < .001 and 𝑟𝑠(66) = .57, 𝑝 = < .001 respectively. Contradistinc-

tively, American Producers show low correlation between Disruptive CCMT Patents and

either Sustaining CCMT patents or Total R&D Patents, with 𝑟𝑠(49) = .38, 𝑝 = < .01 and

𝑟𝑠(49) = .35, 𝑝 =< .05 respectively. This indicates that Disruptive CCMT Patents—here

a proxy for the development of technologies that create new value streams—are more

closely tied to the everyday technology management and R&D programs of the Euro-

pean Producers. However, it is likely that these results are skewed due to the patenting

data from Exxon. As shown in Figure I.6, Appendix I, the analysis of Exxon’s public data

3For the Spearman test, degrees of freedom are defined as the available number of matched pairs minus
two (𝑛− 2). With 17 years covered in the 2004–2020 data used for the Spearman correlations, this equates
to a degree of freedom of 66 for European Producers and 49 for American Producers.
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demonstrates no significant same-year correlation between patents and the three R&D

metrics. This is contrasted by the results for both Chevron in Figure I.2 and Conoco in

Figure I.4 that in general show stronger positive correlation between Disruptive CCMT

Patents and both CCMT Patents and Total Patents.

On average, the American Producers show a stronger positive correlation between

R&D Expenditure and both Sustaining CCMT Patenting (𝑟𝑠(49) = .83, 𝑝 = < .001) and

Total Patenting (𝑟𝑠(49) = .91, 𝑝 =< .001), and between R&D Expenditure and Net Sales

(𝑟𝑠(49) = .82, 𝑝 =< .001). European Producers show only moderate positive association

between R&D Expenditure and both Sustaining CCMT Patenting (𝑟𝑠(66) = .42, 𝑝 = <

.001) and Total Patents (𝑟𝑠(66) = .47, 𝑝 = < .001).

Likewise, the association between R&D Expenditure and Net Sales for European Pro-

ducers is less correlated than for American Producers (𝑟𝑠(66) = .58, 𝑝 = < .001). One

explanation is that during capital allocation for determining early budgets, European Pro-

ducers may try to allocate R&D funding based on targeted benchmarks as opposed to ad-

justing the funding amount based on projections of Net Sales. The stronger correlation

for American Producers could indicate that final R&D funding for a given year is more

tied to same-year market performance.

5.4 Key Takeaways

1. Time-lag analysis indicates that the "lag" of R&DExpenditure to overall R&Dpatent-

ing activity is complex. In general, R&D Expenditure lags from zero to one year in

the past, with 5 months in the past as the average (Trajtenberg, 1990; Griliches,

1998).

2. Time-lag analysis exhibits the counter-intuitive finding that R&D Expenditure fre-

quently lags into the future, indicating that successful R&D innovation can further

enable increased future R&D and/or funding (Griliches, 1998).

3. This study provides evidence that R&D Expenditure does positively lag Disruptive

innovation, here represented as Disruptive CCMT Patents. This general finding
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is presented in Figure 5.3, as well as the Appendices H.3 and H.6, suggesting the

correlation is likely due to the decreased number of Disruptive innovations.

4. R&D Intensity and R&D Productivity generally exhibit non-normal distributions,

confirming earlier studies (Morbey & Reithner, 1990).

5. Spearman rank-order correlation testing provides a convenient method to analyze

the association of multiple non-normal pairs, particularly when combined with

graphical matrix tools.

6. On average, there is a moderately strong positive correlation between Disruptive

CCMT Patents and both Sustainable CCMT Patents and Incremental Energy Tech

Patents (see Figure 5.6). This finding indicates a degree of shared organizational

capacity and portfolio management across the research groups.

7. R&D Productivity provides more explanatory power than R&D Intensity, due to

the strong dependence of R&D Intensity on fluctuating Net Sales (Helfat, 1994).

R&D Productivity shows moderate same-year positive correlations with Disrup-

tive CCMT Patents, Sustaining CCMT Patents, and Incremental Energy Patents. As

shown by Morbey & Reithner (1990), there is a moderately strong positive asso-

ciation between R&D Productivity and same-year Sales per Employee (see Figure

5.6).

8. Oil Price exhibits only weak correlation to same-year patenting or R&D Expendi-

ture. Oil price has low correlation with same-year Net Sales.

9. On average, European Producers exhibit a stronger positive correlation between

Disruptive CCMT Patents with both Sustaining CCMT Patents and Incremental En-

ergy Patents, while US Producers demonstrate higher association among Sustaining

CCMT Patents and overall patenting, and greater positive correlation between the

R&D Expenditure and Total R&D Patenting. Both show similar strong positive cor-

relation between Net Sales and same-year patenting (see Figures 5.9 and 5.10).
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Figure 5.8: Spearman Correlation of Total R&D Patenting Activity with R&D Metrics,
Sales and Oil Price: O&G Producers (No China), 2004–2020. This matrix captures the
Spearman rank order coefficient for the eleven, same-year, non-lagged pairs. Patent count
for Disruptive CCMT, Sustaining CCMT, and Incremental Energy Tech is separated to
avoid collinearity. Source: Based on IRI data and EPO/USPTO data from Espacenet search
engine.
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Figure 5.9: Spearman Correlation of Total R&D Patenting Activity with R&D Metrics,
Sales and Oil Price: European O&G Producers, 2004–2020. This matrix captures the Spear-
man rank order coefficient for the eleven, same-year, non-lagged pairs. Patent count for
Disruptive CCMT, Sustaining CCMT, and Incremental Energy Tech is separated to avoid
collinearity. Source: Based on IRI data and EPO/USPTO data.
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Figure 5.10: Spearman Correlation of Total R&D Patenting Activity with R&D Metrics,
Sales andOil Price: AmericanO&GProducers, 2004–2020. Thismatrix captures the Spear-
man rank order coefficient for the eleven, same-year, non-lagged pairs. Patent count for
Incremental Energy Technology, Sustaining CCMT, and Disruptive CCMT is separated to
avoid collinearity. Source: Based on IRI data and EPO/USPTO data.
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Chapter 6

Global Patent Growth, CCMTs and the

Energy Transition

This final chapter compares fluctuations in global patenting statistics with the results we

have presented in this thesis to identify potential trends and directions in technology

management. Several steps are necessary to make this connection. First, we review the

global technology trends that the EPO and IEA have identified as being tied to the larger

Energy Transition. These trends will point to ongoing shifts in the direction of technology

management and patenting. Second, statistics for the Oil & Gas industry will be computed

to align with the time frame of the EPO and IEA study, including a reproduction of the

EPO and IEA data sets. Third, the Disruptive CCMT, Sustaining CCMT, and Incremental

Energy Technology patent data from this thesis will be graphically related to the broader

global trends.

6.1 Patent Growth and the Energy Transition

A landmark study titled "Patents and the Energy Transition: Global Trends in Clean En-

ergy Technology Innovation" was jointly published by the European Patent Office (EPO)

and the International Energy Agency (IEA) in April 2021. This comprehensive, 72-page

report lays out a definitive view of how Climate Change Mitigation Technology (CCMT)

patenting trends are evolving during the Energy Transition. While recognizing that en-

116



ergy policy and governmental regulation play a critical roles in the Energy Transition,

the EPO and IEA argue that the Energy Transition can be analyzed through the "chang-

ing technology landscape" of energy innovations (EPO/IEA, 2021, p. 9).

Importantly, the EPO and IEA build the case for utilizing the evolving trends in the

patenting of high-value energy innovations as an analytical framework for assessing tech-

nological progress in the Energy Transition (EPO/IEA, 2021). To monitor this change over

time, the EPO and IEA have tracked published international patent families for three main

patenting trends, (1) Low-Carbon Energy (LCE), (2) Fossil Fuels; and (3) All Technologies.

Here, it should be noted that a formal definition of Low-Carbon Energy (LCE) is not pro-

vided in "Patents and the Energy Transition: Global Trends in Clean Energy Technology

Innovation". The report describes LCE technologies as "fuel-switching and energy effi-

ciency technologies", "renewables (like wind, solar, geothermal or hydroelectric power)",

and also "cross-cutting technologies such as batteries, hydrogen and smart grids, as well

as carbon-capture, utilization and storage (CCUS), that serve as key enablers of the energy

transition" (EPO/IEA, 2021, p. 11). We will return to this definition later in this chapter

when we analyze the trends in the Oil & Gas industry for Climate Change Mitigation

Technology (CCMT).

Figure 6.1 presents the EPO and IEA’s landmark graph, presented as a bar chart, that

illustrates both how patenting trends have changed over time and how these changes

indicate an evolving Energy Transition. Copied directly from the EPO/IEA report, this

bar chart was originally labeled Figure E1 in "Patents and the Energy Transition: Global

Trends in Clean Energy Technology Innovation" (EPO/IEA, 2021, p. 10). According to the

EPO and IEA, Figure 6.1 tells the developing global story of the Energy Transition. With

the data for the three groupings of trend data normalized at Year 2000 at 100%, this figure

shows the yearly global growth rate in international patent families between 2000 and

2019. The EPO and IEA state:

“After a rapid rise in the period to 2013, patenting activity in LCE technologies
slumped between 2014 and 2016. However, the latest data show three years
of growth in LCE, which is a particularly encouraging trend when contrasted
with the simultaneous decline of patenting in fossil energy—a four-year de-
cline that is unprecedented since the second World War....
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However, the average annual growth rate of LCE patents in recent years (3.3%
since 2017) has been considerably lower than the 12.5% average growth in the
period 2000–2013” (EPO/IEA, 2021, p. 10).

A closer look at Figure 6.1 graphically depicts the average yearly growth of 12.5% be-

tween the years 2000 and 2013. This growth rate in Low-Carbon Energy (LCE) technologies—

or, for convenience in this study, Climate Change Mitigation Technology (CCMT)—can be

compared with the growth rate for both Fossil Fuel Technologies and All Technologies,

which are both positive but lower than the growth of LCEs.

Figure 6.1: EPO/IEA’s Analysis of Patent Activity and the Energy Transition. This graph
is from the EPO’s and IEA’s 2021 report, Patents and the Energy Transition: Global Trends
in Clean Energy Technology Innovation. It charts a global decrease in CCMT patents (here
called Low-Carbon Energy (LCE), depicted in Dark Blue) during the 2014–2015 drop in
global oil price, which also resulted in a drop in Fossil Fuel patents (Light Blue) and overall
Technology patents (Gray). Changing trends in patent recovery may indicate the Energy
Transition. Data is normalized to base 100 in year 2000. Source: European Patent Office
and International Energy Agency (EPO/IEA, 2021).

The critical argument laid out by the EPO and IEA is that an overall shift in the tech-

nology landscape is revealed by the patenting data following the growth adjustments in

2013. Now, LCEs (or CCMTs) continue to grow, albeit at a slower growth rate, while Fossil
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Fuel Technologies begin to decline. As noted in the quoted passage above, the EPO and

IEA state that this decline in the patenting activity in Fossil Fuel Technologies is the first

sustained decrease since the second World War (EPO/IEA, 2021).

These findings by the EPO and IEA are supported by a handful of recent studies. In

the recent research article, "Global Trends in the Innovation of Climate ChangeMitigation

Technologies", Probst et al. (2021) detail findings similar to the growth rates calculated by

the EPO and IEA. However, and importantly, Probst et al. (2021) connect the drop in both

LCE patenting and overall patenting to the global drop in oil price that occurred between

2014–2016. As detailed in Chapter 2, global oil price dropped from a high of above $100/bbl

in 2014 to under $40/bbl in 2015–2016. As shown in the reproduced Figure 6.2, Probst et al.

(2021) calculate a negative 6% growth rate for CCMTs following the reduction in oil prices.

Probst et al. (2021) calculate an Average Annual Growth Rate (AAGR) of 10.4%, leading

up to the oil drop, whereas the EPO/IEA calculated a 12.5% over a shorter time period.

Probst et al. (2021) summarizes the global decrease in CCMT patenting as "likely driven

by declining fossil fuel prices and, possibly, a readjustment of investors’ expectations and

a stagnation of public funding for green R&D after the financial crisis" (Probst et al., 2021,

p. 2). Still, this study is limited by its time duration: the study only utilizes patent data up

through 2017 and this prevents capturing the rebound in patenting growth rates as shown

by the EPO and IEA study that examined patenting activity through 2020 (Probst et al.,

2021, p. 13).

In Figure 6.3, Probst et al. (2021) present a graph of the normalized percentage of

yearly CCMT patents to the total number of technology patents compared with the oil

price. (Here, it is worth noting that Probst et al. (2021) normalize their graph to year 1995

with base 1, similar to how the EPO and IEA normalized their findings to base 100 in 2000.)

The findings of EPO/IEA (2021) and Probst et al. (2021) raise important questions to

answering how technology management has changed in the Oil & Gas industry during

the Energy Transition. And, this ties directly the Research Question #7: How does the

Oil & Gas industry’s R&D focus on Climate Change Mitigating Technologies (CCMTs)

compare with the broader, global technology trends driving the Energy Transition? The

next sections will describe an approach to quantifying this question.
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Figure 6.2: Probst et al. (2021)’s Analysis of Patent Activity, Oil Price and the Energy
Transition, 1994–2017. This graph charts the percentage of normalized growth for global
CCMT Patents as compared with total global patents, indicating an average yearly growth
of 10.4% for CCMT patents from 1994 to 2014, and -5.5% from 2014 to 2015. Source: Probst
et al., 2021, p. 13. Accessed at https://www.researchsquare.com/article/rs-266803/v1. This
work is licensed under a Creative Commons Attribution 4.0 International License.

.

Figure 6.3: Probst et al. (2021)’s Normalized Percentage of CCMT Patent Activity to
Total Patents with Oil Price, 1970–2017. This graph charts the percentage of normal-
ized growth for global CCMT Patents as compared with trends in global oil price, in-
dicating a high decree of coupling. Source: Probst et al., 2021, p. 13. Accessed at
https://www.researchsquare.com/article/rs-266803/v1. This work is licensed under a Cre-
ative Commons Attribution 4.0 International License.
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6.2 Methodology

6.2.1 Data Collection

This section overviews a method to quantitatively assess the growth rates for Climate

Change Mitigation Technology (CCMT) and all technologies in the Oil & Gas industry,

thus allowing a comparison with overall global trends.

First, the Espacenet patent search engine was used to approximate the total patent

counts as presented by the EPO and IEA in Figure 6.1. This was achieved by using a similar

search strategy as employed in Chapter 3 for Y02–Y04S patents, but without restricting

the global search by company name, and thus including all international patent families.

This approximated the "Low-Carbon Energy" data as shown on Figure 6.1. Likewise, a

second search was conducted for total internal patent families that did not require the

Y02–Y04S tags. This recreated the "All Technologies" data as shown on Figure 6.1.

The EPO/IEA search for "Fossil Fuels" patents could not be replicated in Espacenet

because the search criteria used for this query was not detailed in their report (EPO/IEA,

2021). However, for this study, the data collected in Chapter 3 for "Incremental Energy

Technology" can substitute as technologies directly related to fossil fuels and without a

direct connection to CCMT. This substitution is reasonable based on the assumption that

the twelve Oil & Gas companies in this study are largely representational of the overall

industry.

Finally, and following the work by Probst et al. (2021), the EIA data for average yearly

oil prices that was introduced in Chapter 2 is charted along with the total family of curves.

6.2.2 Verification of Results with EPO/IEA Data

Figure 6.4 presents the results of recreating the global patenting trends depicted by the

EPO/IEA in Figure 6.1. Additionally, Figure 6.4 captures Global CCMT Patent Families,

O&G Incremental Energy Tech (as a proxy for the EPO/IEA’s Fossil Fuel patents), and

Global Patent Families.

The Espacenet patent search results are highly consistent with the EPO/IEA report.
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Several points of alignment are noted:

• Global CCMT Patent Families (Blue) grow from 100% in 2000 to approximately 440%
in 2013. This compares with the EPO/IEA’s Low-Carbon Energy (Dark Blue) grow-
ing from 100% to 460% in 2013, as shown in Figure 6.1.

• Global CCMTPatent Families (Orange) decrease in 2014–2015 by roughly 25%, while
the EPO/IEA curve decreases by roughly 25%. Both decrease for nearly two years
before increasing in 2017. Both curves had shown a cumulative growth of over 300%
by 2015. O&G Incremental Energy Tech patents peak in 2015, fully aligning with
the EPO/IEA data for Fossil Fuels patents, as shown in Figure 6.1.

• Global Patent Families (Green) continue to grow after 2015, but at a slightly de-
creased rate. This aligns with the All Technologies curve on Figure 6.1.

As a result, the alignment between the data sets provides confidence in using the

EPO/IEA methodology to further examine how the Oil & Gas industry has managed tech-

nology through the Energy Transition.

Figure 6.4: Results of Espacenet Search for Comparison with EPO/IEA and Energy Tran-
sition, 2000–2020. Source: Based on EIA and EPO/USPTO data.
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6.3 Results

The results for comparing the Oil & Gas industry with the broader, global technology

trends are included below. In total, there are two figures and one table presenting the

results.

Figure 6.5 is a duplication of the EPO/IEA’s bar graph that was presented in the previ-

ous subsection, but with the addition of O&G Disruptive CCMTs (Red) and O&G Sustain-

ing CCMTs (Teal-Green). The only change made to this graph was the adjustment of the

scale on the primary axis in order to accommodate the higher range of O&G Disruptive

CCMTs. Figure 6.6 portrays the exact same data as Figure 6.5, but has changed the chart

type from a bar chart to a line graph. Thus, Figure 6.6 allows for easier comparison and

analysis of the changing trends.

Table 6.1 presents the calculated Average Annual Growth Rate (AAGR) for the Oil

& Gas industry and the global technology landscape. Additionally, this table presents

the published AAGR from both EPO/IEA (2021) and Probst et al. (2021). Average annual

growth rate is calculated as the growth rate between the two dates, following the apparent

method captured by the EPO/IEA (2021) and Probst et al. (2021). It should be noted that

since the methodology on how the EPO/IEA sorted patents for Fossil Fuels is unknown,

the values in the table are graphical approximations from Figure 6.1.

Table 6.1: Comparison of Average Annual Growth Rates (AAGRs) for Global and O&G
Patenting Trends in the Energy Transition, 2000–2020. The table shows the calculated
non-compounded, average annual growth rate for comparative patent classes over the
time intervals of 2000–2014, 2014–2015, and 2017–2020. Source: Based on EIA and
EPO/USPTO data, (EPO/IEA, 2021) and Probst et al. (2021).
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Figure 6.5: Global and O&G Patent Activity with Reference to the Energy Transition and
Oil Price, 2000–2020 (1 of 2). The graph normalizes the patent data to base 100 in Year
2000, following EPO/IEA (2021) and Probst et al. (2021). EIA oil data is shown on the
secondary axis and is non-normalized. Source: Based on EIA, and EPO/USPTO data.

Figure 6.6: Global and O&G Patent Activity with Reference to the Energy Transition and
Oil Price, 2000–2020 (2 of 2). The graph normalizes the patent data to base 100 in Year
2000, following EPO/IEA (2021) and Probst et al. (2021). EIA oil data is shown on the
secondary axis and is non-normalized. Source: Based on EIA and EPO/USPTO data.
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6.4 Analysis

The data show a surprising amount of parity between the Oil & Gas industry and the

global trend in patenting CCMTs and LCE technologies from 2000 through 2016. Both

Figure 6.5 and Figure 6.6 graphically exhibit the similar growth rates of Global CCMT

Patent Families (Light Blue) and O&G Sustaining CCMT (Teal Green). The period of 2006–

2010 is exceptional for the degree of coupling between the Oil & Gas industry and the

broader growth of technologies during the Energy Transition. It appears that the drop

in oil price between 2008–2009 from $90/bbl to under $60/bbl resulted in a readjustment

for the Oil & Gas industry that took nearly five years, between 2010 and 2014, to regain

the similar trajectory of the Global CCMT Patent Families. It is interesting to highlight

that it does not appear that the broader R&D technological development of Global CCMT

Patent Families was affected by the 2008–2009 drop in oil price. The two curves regain a

similar normalized growth rate between 2014 and 2016, with both exhibiting total growth

of nearly 400%. As recorded in Table 6.1, O&G Sustaining CCMTs achieved an AAGR of

21.4% between 2000–2014, while Global CCMT Patent Families had a near identical rate

of 24.6%.

During this same time period of 2000 to 2013/2014, the yearly growth of O&G Incre-

mental Energy Tech (Orange) was, likewise, very similar to the overall growth of Global

Patent Families (Light Green). The similar growth rates between these two curves through

the years 2008–2013 is noteworthy. As recorded in Table 6.1, O&G Incremental Energy

Technology had an AAGR of 13.1%while Global Total Patent Families registered an AAGR

of 8.5% and these number would be closer if the time period were calculated only to 2013,

and not 2014.

However, the truly impressive curve, over this time period of 2000–2013/2014, is the

O&GDisruptive CCMTs (Red). Here, O&GDisruptive CCMTs relatively traced the broader

growth of both O&G Sustaining CCMTs and Global Total Patent Families from 2000 to

2008. But as oil prices continued to increase well above $80/bbl in 2008, the growth rate of

published international families for O&G Disruptive CCMTs greatly increased. The com-

bined growth for O&G Disruptive CCMTs increased from 300% in 2008 to over 600% in
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2011, just three years later. This curve reached a peak of nearly 650% combined growth in

2011 as oil prices broke the $100/bbl threshold. Overall, O&G Disruptive CCMTs recorded

an AAGR of 24.9% over the time period of 2000-2014, which shows strong alignment with

the 24.6% of the Global CCMT Patent Families.

These normalized results lead to the new finding that the Oil & Gas industry was

producing Climate ChangeMitigation Technology (CCMT) on par with the broader global

marketplace during the years 2000 to 2014. Overall, the growth of CCMT innovations

mirrored the global growth of CCMTs. During increasing oil prices, O&G Disruptive

CCMTs grew at a faster rate than both O&G Sustaining CCMTs and Global CCMT Patent

Families. At the same time, the Global CCMT Patent Families appear to increase with

rising oil prices, but do not show a noticeable downturn during the reduction in oil price

in 2009.

The dramatic drop in oil price between 2014–2016 significantly challenges the parity

between the O&G and Global curves. In this drop, oil prices fell from above $100/bbl in

2011 to under $40/bbl in 2016. Importantly, the Global CCMT Patent Families curve shows

a decrease in growth between 2014 and 2015, as does Global Patent Families. As shown in

Table 6.1, Global CCMTPatent Families dropped -8.0% andGlobal Patent Families dropped

collectively as -1.9%. This highlights a finding in Probst et al. (2021) and EPO/IEA (2021)

that all energy-related Climate Change Mitigation Technology (CCMT) are affected by

changes in oil price. Referencing both Popp (2006) and Popp (2001) for their work, Probst

et al. (2021) claim: "Existing research confirms a causal and not merely correlational rela-

tionship: CCMT inventors respond rapidly to changes in fossil fuel prices."

At the same time, the Oil & Gas industry had more dramatic drops in growth rates.

Between 2014 and 2015, O&G Sustaining CCMTs dropped by -15.0% and Oil & Gas Disrup-

tive CCMTs plummeted by -51.2%. On the other hand, O&G Incremental Energy Technol-

ogy continued to increase, but this result is likely the ongoing publishing of innovations

already in the pipeline as the growth rate does not begin to drop until 2016/2017.

Here, we can summarize that Global CCMT Patent Families are more impacted by

decreases in oil price thanGlobal Patent Families, but that this decrease is minor compared

to the large-scale effect that changes can have on technology management in the Oil &
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Gas industry. The evidence indicates that O&G Disruptive CCMTs are the first to be cut

during periods of deflated prices, followed by O&G Sustaining CCMTs and, finally, O&G

Incremental Energy Tech.

It is not entirely clear in the data whether overall activity in Global CCMT Patenting

or the Oil & Gas industry has recovered from the 2014–2015 drop in oil price, a point

highlighted in the literature (Probst et al., 2021; EPO/IEA, 2021). As noted by EPO/IEA

(2021), the annual growth rate for Global CCMT Patent Families has been muted since

2015, showing a calculated value in Table 6.1 of -0.7% between 2017 and 2020. The EPO

and IEA have noted that: "Overall, the current growth rate remains below that witnessed

before 2013, and an acceleration in activity would be needed to make up for the lost years"

(EPO/IEA, 2021, p. 10). Likewise, the growth rate for Global Total Patent Families is effec-

tively zero at 0.1%.

A central premise in the EPO/IEA report, "Patents and the Energy Transition: Global

Trends in Clean Energy Technology Innovation", is that the drop in the publication of

patent families for Fossil Fuels since 2014/2015 is a broad indication of the Energy Tran-

sition at work (EPO/IEA, 2021). This premise may prove to be true, however it is not

possible to completely differentiate between the lagged recovery from the 2014/2015 drop

in oil prices and any strategic or structural changes to how Oil & Gas companies are pur-

suing R&D and patenting activity. Between 2017 and 2020, O&G Sustaining CCMTs have

dropped by -11.5% and this is a greater percent change than the estimated amount by the

EPO/EIA of -5.1%. This drop in O&G Sustaining CCMTs is closely mirrored by the similar

decrease in O&G Incremental Energy Technology by -10.5%. There is the possibility that

this decrease reflects not just the drop in oil price and subsequent recovery but a shift in

technology management. While oil prices did increase to above $60/bbl in 2018–2019, the

positive response in growth rates is muted, if any.

But perhaps there is some indication of the Energy Transition and shifts in technology

management. Here, the O&GDisruptive CCMTs show an increase of 12.2% that may point

toward expanding technology priorities. However, these numbers must be treated with

caution due to the lower number of Disruptive CCMTs for the twelve companies: Small

yearly changes can make a large percentage change.
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In summary, the period following 2014–2015 is complicated for both global trends and

those in the Oil & Gas industry. As expected, a decrease an oil price has a larger influence

on Oil & Gas companies than on the technology landscape as a whole, and the recovery

time appears to be longer. As argued by the EPO/EIA, there has been a decrease in O&G

Sustaining CCMTs and O&G Incremental Energy Technology since 2015, however this

claim cannot be differentiated from overall oil price. Despite the small yearly count of

twelve companies in this study, the growth rate of Oil & Gas Disruptive CCMTs highlights

potential shifts that could occur in the coming years.

6.5 Key Takeaways

1. TheOil &Gas industry has developedClimate ChangeMitigation Technology (CCMT)

on par with annual growth rates for global development of climate-forward tech-

nologies, specifically from 2000 to 2014.

2. Between 2000 and 2014, there was close alignment in the AAGR between O&G Sus-

taining CCMTs at 21.4% and Global CCMT Patent Families at 24.6%. Moreover, O&G

Disruptive CCMTs had an AAGR of 24.9%. O&G Incremental Energy Technology

shared a similar AAGR with Global Patent Families, at 13.1% and 8.5%, respectively.

3. The AAGR of O&G Disruptive CCMT patenting was affected first by the decrease

of oil prices in 2014–2015, with subsequent impact on O&G Sustaining CCMTs and

O&G Incremental Energy Tech. The wider Global CCMT Patent activity had a one-

year drop of -8.0% due to changes in oil price.

4. The years since the 2014–2015 decrease in oil price are complex. The overall, and

lingering, impact of the decrease seems to be reflected in both the overall R&D de-

velopment of Oil & Gas patenting as well as global trends. Since 2014–2015, Global

CCMT Patent Families have achieved a lower yearly growth rate of -0.7%. The cause

of this could be the ongoing impacts of oil price, the higher hurdle to successfully

patent CCMTs, impacts from the financial crisis, or market signals for increased

governmental regulation (Probst et al., 2021, pp. 4–6).
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Chapter 7

Conclusions and Practical

Recommendations

This thesis, "Quantifying Technology Management in the Energy Transition: Evidence

from the the Oil & Gas Industry", has utilized quantitative R&D data to explore how Oil &

Gas companies are adapting their technology management during the Energy Transition.

7.1 R&D Metrics and Technology Management

Research Question #1 examined whether classical R&D benchmarking metrics are suffi-

ciently descriptive to quantify how Oil & Gas companies have expanded their technology

efforts during the Energy Transition (see Chapter 2).

• This study calculated R&D Intensity and confirmed values previously reported in
the literature. Themean R&D Intensity for all O&GProducers is 0.373% (𝜎 = 0.078%),
while for O&G Service Providers this jumps to 2.338% (𝜎 = 0.239%). On average,
European Producers have a higher R&D Intensity than American Producers.

• This study provided evidence that R&D Productivity—defined as the total R&D ex-
penditure per employee—is a more stable metric to track R&D commitment in the
Oil & Gas industry due to the cyclical nature of oil prices and year-to-year fluctu-
ations in net sales. Both European Producers and American Producers have nearly
identical R&D Productivity at €8,055/employee and €8,099/employee, respectively.
This metric for China is significantly lower at €2,130 due to an increased headcount.
O&G Service Providers have a mean R&D Productivity of €5,235/employee.
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• Overall, traditional R&D metrics provide a high-level snapshot of commitment to
technology management over time. However, these metrics alone are not sufficient
to indicate repositioning of technology strategies. This is due partly to the masking
effect of oil price on net sales, profit, and overall R&D budgeting.

7.2 CCMT Patenting and Technology Focus Areas

Research Question #2 examined how much high-value innovation is classified as Climate

Change Mitigation Technology (CCMT), and which technology focus areas are being re-

searched and developed in the Oil & Gas industry (see Chapter 3).
• This study provided evidence that published international patent families are an
ideal proxy for quantifying high-quality technological innovation because they pro-
vide for a normalized comparison between companies, industries and countries. The
CPC’s Y02–Y04S classification system is a powerful tool for R&D trends in Climate
Change Mitigating Technologies and for improved technology management bench-
marking.

• There is wide variability in the distribution of CCMT patenting activity between in-
dividual companies, sectors and regions. Overall, the Oil & Gas industry is produc-
ing near 11% of total technology patenting on Climate ChangeMitigating Technolo-
gies. Nearly 19% of all yearly technological innovation by O&G Producers is Cli-
mate Change Mitigating Technology (CCMT). In contrast, O&G Service Providers
are patenting just under 3% as CCMTs.

• The top three prevalent Y02–Y04 tags for CCMTs are Y02P 20/00: Technologies re-
lating to chemical industry (32% of total CCMTs), Y02P 30/00: Technologies relating
to oil refining and petrochemical industry (20%), and Y02C 20/00: Capture or dis-
posal of greenhouse gases (11%). Enabling Technology is the fourth most common
CCMT Focus Area at 7%, indicating technology that can fast-track future innova-
tion. This finding mirrors broader global patenting trends in CCMT and enabling
technologies.

• This study highlights a potential opportunity in technology management. Whereas
O&GProducers have long relied onO&G Service Providers for innovation and prod-
uct development, this trend is not present for CCMTs. Based on the current data,
O&G Producers will need to either identify and outsource to new Service Providers
or will need to increase in-house output of CCMT innovations.

• Finally, this study highlighted the potential value for benchmarking CCMT data be-
tween industry peers and competitors. This level of information can provide further
insight on Technology Focus Areas and Revealed Technological Advantage. Addi-
tionally, this information can provide a framework for the current state of the art
and opportunities to expand Absorptive Capacity in the company.
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7.3 Disruptive and Sustaining Technologies

Research Question #3 investigated how companies are apportioning their R&D portfolios

between Incremental Energy Technology, and both Sustaining and Disruptive Climate

Change Mitigation Technology (CCMT). To explore this research question, a novel quali-

tative method was developed to further sub-classify the Climate Change Mitigating Tech-

nologies (CCMT) into either Sustaining CCMTs or Disruptive CCMTs. This method was

based on using the detailed definitions in the CPC’s Y02-Y04S schema to sort groups of

technologies on whether they broadly supported, or "sustained", existing base businesses

and value chains (see Chapter 3.

• A key finding of this study calculated that the twelve O&G companies exhibit an
average of 89.4% Incremental Energy Technology, 8.3% Sustaining CCMT, and 2.3%
Disruptive CCMT. These percentages shift toward Climate ChangeMitigating Tech-
nologies when the O&G Service Providers are removed, resulting in 82.7% Incre-
mental Energy Tech, 14.7% Sustaining CCMT, and 2.6% Disruptive CCMT.

• Regionally, this method highlighted that there is less variation between European
O&G Producers and American O&G Producers. On average, American Producers
publish more Incremental Energy Technology and Sustaining CCMT, while Euro-
peans Producers have a higher percentage of Disruptive CCMTs and Sustaining
CCMTs, although only slightly.

• O&G Service Providers are publishing a low percentage of both total Disruptive
CCMT patents and total Sustaining CCMT patents.

7.4 Correlation Between Incremental, Sustaining, and

Disruptive Technologies

As the first of the three research questions in Chapter 5, Research Question #4 examined

if there is positive correlation between the in-house organizational capability to produce

Incremental Energy Technology and either Sustaining CCMTs or Disruptive CCMTs.

• This study shows that, on average, there is a moderately strong positive correla-
tion between Disruptive CCMT Patents and both Sustainable CCMT Patents and
Incremental Energy Tech Patents (see Figure 5.6). This finding indicates a degree
of shared organizational capacity and portfolio management across the research
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groups for the industry as a whole. Here, it is theorized that a higher positive cor-
relation between Incremental Energy Technology and either Sustaining CCMT or
Disrupting CCMT indicates more established or centralized organizational R&D ca-
pabilities.

• However, this finding does not hold for all of the individual companies. Several
companies show non-correlation between all patenting activity, indicating that in-
novation may occur in silos or in a R&D portfolio management system that does
not differentiate funding between types of innovation (see Appendix I).

7.5 Association Between Patenting and R&D Metrics

Research Question #5 addressed the question of how R&D Spend, R&D Intensity and R&D

Productivity are linked to the innovation of high-value Climate Change Mitigating Tech-

nology. Additionally, it explored the question of whether time lag needs to be included in

correlation studies between R&D patents and R&D expenditure.

• Time-lag analysis indicates that the "lag" of R&DExpenditure to overall R&Dpatent-
ing activity is complex. In general, R&D Expenditure lags from zero to one year in
the past, with 5 months in the past as the average (Trajtenberg, 1990; Griliches,
1998). Time-lag analysis exhibits the counter-intuitive finding that R&D Expendi-
ture frequently lags into the future, indicating that successful R&D innovation can
further enable increased future R&D and/or funding (Griliches, 1998).

• This study provides evidence that R&D Expenditure does positively lag Disruptive
innovation, here represented as Disruptive CCMT Patents. This general finding
is presented in Figure 5.3, as well as the Appendices H.3 and H.6, suggesting the
correlation is likely due to the decreased number of Disruptive innovations.

• Results of the correlation analysis showed that R&D Productivity provides more
explanatory power than R&D Intensity, due to the strong dependence of R&D In-
tensity on fluctuating Net Sales (Helfat, 1994). R&D Productivity shows moderate
same-year positive correlations with Disruptive CCMT Patents, Sustaining CCMT
Patents, and Incremental Energy Patents. As shown by Morbey & Reithner (1990),
there is a moderately strong positive association between R&D Productivity and
same-year Sales per Employee (see Figure 5.6).

• On average, European Producers exhibit a stronger positive correlation between
Disruptive CCMT Patents with both Sustaining CCMT Patents and Incremental En-
ergy Patents, while US Producers demonstrate higher association among Sustaining
CCMT Patents and overall patenting, and greater positive correlation between the
R&D Expenditure and Total R&D Patenting. Both show similar strong positive cor-
relation between Net Sales and same-year patenting (see Figures 5.9 and 5.10).
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7.6 R&D Activity, Net Sales and Oil Price

As the last research question explored in Chapter 5, Research Question #6 examined how

significantly an organization’s overall R&D effort and R&D innovation capability are cor-

related with year-to-year fluctuations in net sales and oil price.

• Oil Price exhibits only weak correlation to same-year patenting or R&D Expendi-
ture. Oil price has low correlation with same-year Net Sales.

• Spearman correlation results give support to previous findings that there is a strong
"asymmetric response" between R&D Expenditure and Oil Price, indicating that
R&D expenditure rises slowly during periods of increase in oil price, but decrease
quickly when oil prices fall.

7.7 Global Trends and the Energy Transition

As outlined in Chapter 6, Research Question #7 explored how the Oil & Gas industry’s

R&D focus on CCMTs compares with the broader, global technology trends driving the

Energy Transition.

• TheOil &Gas industry has developedClimate ChangeMitigation Technology (CCMT)
on par with annual growth rates for global development of climate-forward tech-
nologies, specifically from 2000 to 2014.

• Between 2000 and 2014, there was close alignment in the annual growth rates be-
tween O&G Sustaining CCMTs at 21.4% and Global CCMT Patent Families at 24.6%.
Moreover, O&GDisruptive CCMTs had a near identical AAGR of 24.9%. O&G Incre-
mental Energy Technology shared a similar growth ratewithGlobal Patent Families,
at 13.1% and 8.5%, respectively.

• The AAGR of O&G Disruptive CCMT patenting was affected first by the decrease
of oil prices in 2014–2015, with subsequent impact on O&G Sustaining CCMTs and
O&G Incremental Energy Tech. The wider Global CCMT Patent activity had a one-
year drop of -8.0% due to changes in oil price.

• The years since the 2014–2015 decrease in oil price are complex. The overall, and
lingering, impact of the decrease seems to be reflected in both the overall R&D de-
velopment of Oil & Gas patenting as well as global trends. Since 2014–2015, Global
CCMT Patent Families have achieved a lower yearly growth rate of -0.7%. The cause
of this could be the ongoing impacts of oil price, the higher hurdle to successfully
patent CCMTs, impacts from the financial crisis, or market signals for increased
governmental regulation (Probst et al., 2021, pp. 4–6).
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7.8 Practical Recommendations

The findings of this research result in several practical recommendations for technology

managers, particularly those in the Oil & Gas industry.

• R&D Productivity. Findings suggest an expanded role for R&D Productivity for
competitive benchmarking and, ideally, both capital allocation and yearly budget-
ing. This metric presents a more stable measure of R&D commitment than either
R&D Intensity or R&D Expenditure. Benchmarking could include a target Average
Annual Growth Rate for R&D Productivity. Additionally, companies may examine
how R&D Productivity relates to attracting and retaining top talent.

• Y02-Y04Tracking andRevealed TechnologicalAdvantage. Organizations should
develop an in-house system for tracking and monitoring Y02-Y04 patenting activity
for sharpening business intelligence and growing organizational capability.

• Innovating CCMTs. Organizations should examine how new innovations can be
adapted to qualify for CCMT tagging through increased efficiency and mitigation.

• Percent CCMT for Benchmarking and Portfolio Management. Findings sug-
gest adopting Percent CCMT (% CCMT) as an additional technology benchmark for
tracking competitors and in-house focus areas. Ideally, R&D portfolio management
could set target percentages for Incremental Energy Technology, Sustaining CCMT,
and Disruptive CCMT. It is recommended that project selection and funding should
occur within each separated category, independent of the other two categories.

• R&D Effort as a Proxy for Absorptive Capacity. The R&D organization of the fu-
ture may be as focused on synthesizing knowledge from outside the organization as
on creating new knowledge inside the organization (Cohen & Levinthal, 1990). This
is particularly true for companies and industries that are typically defined as "fast
followers". The expansion of Y02-Y04 CCMTs presents a practical opportunity for
corporations to evaluate how absorptive capacity is occurring within R&D efforts,
and the preferred channels for capturing and cascading organizational learning.

• Service Companies and the Energy Transition. The CCMT patenting trends of
O&G Service Providers may be a mid-term to long-term technology concern for
O&G Producers. As Oil & Gas companies continue to pivot into expanded markets
opened up by the Energy Transition, it is not evident from the current data that Ser-
vice Providers will have the in-house competencies to develop innovation in areas
tangential or outside of hydrocarbons. Oil & Gas Producers will likely need to in-
crease in-house R&D in the area of CCMTs or develop relationships with additional
service providers with expertise in Climate Change Mitigating Technologies.

• Strategic Technology Roadmapping. The above recommendations and findings
support the development and maintenance of integrated technology roadmaps to
be used as drivers of strategic planning, particularly for critical areas of Sustaining
CCMTs and Disruptive CCMTs (de Weck, 2022; Phaal et al., 2013).
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Chapter 8

Recommendations for Future Work

This final chapter presents three broad research areas that are fertile ground for future

exploration. Several of the recommendations are for methods or topics that have been

introduced in this thesis but that could be expanded. Other recommendations are aimed

at potential next-steps for advancing how quantitative methods and data analytics can

be used in the evaluation of technology management strategies. The overarching goal

of these inquiries is to better understand and model how companies, communities and

governments can best shape technology-management plans in the face of uncertainty.

8.1 Patent Landscaping

As detailed in Chapter 3, a significant focus of this thesis explored how Climate Change

Mitigating Technologies can be searched, extracted from the public patent data, and ana-

lyzed to gain additional technological insight.

• Patent Data Collection. An improved search method for collecting CCMT data

from the Y02–Y04S tagging scheme is needed. Specifically, a method to access or

download data sets is necessary to conduct more complex research studies in CCMT

patenting trends, perhaps with more companies or for cross-industry studies. This

thesis relied on the EPO’s Espacenet patent search engine and a large amount of

manual searching and data handling. Access to the EPO’s PATSTAT data base could
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facilitate large-scale data downloads. As noted in Chapter 3, MIT provides free-

access to both PatSnap and PatenScout, however these patent search engines have

paywalls for other users.

• Quantitative Analysis with Patent Citations and Network Theory. This re-

search did not utilize the rich data provided by patent citations. The current aca-

demic literature provides numerous examples of applying clustering and network-

ing algorithms to establish the connection between patents (Svensson, 2022; Scherer,

1992; Fischer & Leidinger, 2014; Trajtenberg, 1990). There is opportunity to utilize

forward patent citations—defined as the network of future patents that specifically

cite the original patent—on top of the methods presented in this thesis on CCMT

patenting (Svensson, 2022; Harhoff, Scherer, & Vopel, 2003; Fischer & Leidinger,

2014). This could improve the differentiation between "Disruptive" and "Sustain-

ing" technologies through the introduction of the patent concepts of "radicalness"

and "originality" (Popp et al., 2020; Trajtenberg, 1990; Trajtenberg et al., 1997). Here,

"radicalness" evaluates how individual patents have absorbed ideas from outside of

their primary technology area, while "originality" evaluates that degree of different

fields that an individual patent relies on (Popp et al., 2020, p. 27). For example, are

patents labeled as "Disruptive" linked to other "Sustaining" technologies developed

by a company and/or industry, or are the connections more widespread? Building

on the clustering algorithms: How are "Disruptive" technologies clustered com-

pared to other technology? These are rich areas for future research on the Energy

Transition.

• Qualitative Classification of Sustaining and Disruptive Technologies. Future

research could expand the proposed method for sorting patents as Sustaining and

Disruptive, particularly through the application of qualitative methods. Specifically,

the Delphi method could be used to anonymously poll subject-matter experts to bet-

ter establish the boundaries for Sustaining and Disruptive technologies. In addition

to the Delphi method, additional qualitative tools could be applied (Nightingale &

Rhodes, 2015).
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• Patent Timing. Building on the research methods used by other patent landscape

studies, this thesis used the first instance of the Publication Date of the International

Patent Family. And due to the limitations with the collection of patent data from

Espacenet, the First Filing date was not recorded for this study. Future studies could

use both the First Filing date and the Publication Date to better understand the

"turnaround time" or "time to market" for technology development and patenting

processing time. Moreover, this information could be used to improve the Time-

Lag Analysis between R&D Expenditure and time to patents. As will be discussed

below, this could improve the overall correlation model.

• Collaboration Analysis. A relatively new trend in patent landscape studies is to

analyze the amount of connection or collaboration which exists between the patent

filer and those that license or cooperate through collaborative models (Perrons,

2014). Here, future studies could examine the degree of technology transfer be-

tween companies, industries and/or geographic regions Ghafele & Gibert (2011).

Perrons (2014) includes a rather comprehensive literature review on current work

on collaborative R&D endeavors in the Oil & Gas industry.

8.2 Correlation Analysis

• Corporate Venture Capital. This research relied heavily on differentiated patent

data to build a case for trends in technology management and potential strategic

repositioning to meet outside change (Perrons, 2014; Daneshy, 2004, 2003). Future

work could incorporate the publicly available data for Corporate Venture Capital

(CVC), perhaps from a source like CrunchBase (Popp et al., 2020, p. 36). Several

intriguing areas of pursuit open up with the addition of CVC data. Is there technol-

ogy alignment between CCMT Patents or Disruptive Patents and Corporate Ven-

ture Capital? Do investment trends support or contradict findings of a Revealed

Technological Advantage? Here, the research could explore whether internal R&D

is aligned with external acquisition of technology, potentially still using the Y02–

Y04S schema to align the data sets. Perrons (2014) provides a partial bibliographic
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list of the role of CVC in the Oil & Gas industry.

8.3 R&D Benchmarking Metrics

This research attempted to explore several metrics that are useful for evaluating R&D

technology programs. Several potential metrics were discussed or mentioned in this study

that could provide a springboard for future inquiry.

• Percent CCMT Patents. This research proposed a potential R&D metric of Per-

cent CCMT Patents as a measure of the amount of technologies broadly associated

with the Energy Transition. Future work could examine the relationship of Percent

CCMT Patents and R&D Intensity across multiple industries. Whereas it is common

for studies to present average R&D Intensities per industry, there could be added

value in establishing an average Percent CCMT Patents across sectors. This could

advance thework presented in Chapter 6, which attempted to connect technological

development in the Oil & Gas industry with broader, global trends.

• Approximating R&D Portfolio Budgets. The work in this thesis resulted in the

separation of R&D patenting into three main groups: Incremental Energy Tech-

nology, Sustaining CCMT, and Disruptive CCMT. Importantly, these groups, con-

structed as percentages, could be utilized as a proxy for the overall distribution of

R&D effort in a company. Using this division, future work could explore the devel-

opment of weighting factors to estimate how R&D Expenditure is approximately

being appropriated between different portfolio groups.

• Absorptive Capacity. Following the landmark paper by Cohen & Levinthal (1990),

the expanding role of how corporate R&D departments can expand the overall "ab-

sorptive capacity" of the company remains a rich area of inquiry. Here, several ap-

proaches could be used to estimate how companies are benefiting from the develop-

ment of CCMTs by neighboring competitors, including the analytical "technology

proximity" models forwarded by A. B. Jaffe (1989). Here, there are rich opportunities

to adapt the Jaffe equations for large-scale data analytics.
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Glossary

Absorptive Capacity "The ability of an organization to recognize, assimilate, and utilize

new knowledge" (Schilling, 2020, p. 29).

Alternate Technology "An alternate technology is one of several technologies that exist

or can be developed within the time frame required to meet one or more targets for

a technology roadmap. In some cases, two technologies are pure alternatives in that

the target can be reached using either technology X or Y. In other cases, they may be

complementary, in that X and Y together may allow a target to be obtained" (Bray

& Garcia, 1997).

Applied Research "Research targeted at increasing knowledge for a specific application

or need" (Schilling, 2020, p. 27).

Architectural Innovation "An innovation that changes the overall design of a system

or the way its components interact with each other" (Schilling, 2020, p. 49).

Basic Research "Research targeted at increasing scientific knowledge for its own sake.

It may or may not have any long-term commercial application" (Schilling, 2020, p.

27).

Capital Rationing "The allocation of a finite quantity of resources over different possi-

ble uses" (Schilling, 2020, p. 146).

Competence-destroying Innovation "A competence-destroying innovation renders ex-

isting knowledge and skills obsolete. An innovation can be competence enhancing

to one firm, while competence destroying for another" (Schilling, 2020, p. 48).
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Competence-enhancing Innovation "A competence-enhancing innovation builds on

existing knowledge and skills" (Schilling, 2020, p. 48).

Complex System "A system with components and interconnections, interactions, or in-

terdependencies that are difficult to describe, understand, predict, manage, design,

or change. (This implies nonrandom and nonsimple structure)" (de Weck et al.,

2011).

Cooperative Patent Classification A patent classification system developed in part-

nership between the USPTO and the EPO. It is an extension of the International

Patent Classification (IPC) system which further classifies patent documents into

specialised categories and is used by more than 45 patent offices. More specifi-

cally, the CPC consists of all IPC symbols; a "main trunk" of CPC symbols; plus a

Y section for tagging emerging technologies or technologies spanning several sec-

tions of the CPC. The CPC is subject to ongoing revision by both offices, and doc-

uments are reclassified accordingly (Source: https://www.epo.org/searching-for-

patents/technical/espacenet.html)..

Critical System Requirement "A critical system requirement (CSR) is an essential prod-

uct characteristic. It is derived from product needs by assessing customer require-

ments, product technologies, and process technologies that are essential in deliver-

ing the product in the future" (Bray & Garcia, 1997).

Development "Activities that apply knowledge to produce useful devices, materials, or

processes" (Schilling, 2020, p. 28).

Discontinuous Innovation "A technology that fulfills a similarmarket need by building

on an entirely new knowledge base" (Schilling, 2020, p. 53).

Disruptive Technology "A disruptive technology is one that falls short of satisfying

one or more current customer requirements, but which has such a rapid projected

improvement that it will soon overcome this problem. In most cases the disruptive

technology overtakes the existing sustaining technology and replaces it" (Bray &

Garcia, 1997).
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Dominant Design "A product design that is adopted by the majority of producers, typ-

ically creating a stable architecture on which the industry can focus its efforts"

(Schilling, 2020, p. 60).

Emergent Properties "Properties or behaviors of a system that are discovered (i.e. prop-

erties that were there but latent), those that emerge spontaneously over time or

space, and those that arise in response to behavior of other systems and environ-

ments; in a hierarchical view of systems, emergent properties show up at one level

of the hierarchy, but not at lower levels" (de Weck et al., 2011).

Emerging Technology "An emerging technology is a new, potentially promising tech-

nology perhaps demonstrated in the lab, but not developed enough to clearly iden-

tify all of its uses and benefits. Investments in emerging technologies tend to be

more positioning than ROI (return-on-investment) decisions. An emerging technol-

ogy may appear in either a product technology roadmap or an emerging technology

roadmap" (Bray & Garcia, 1997).

Enabling Technology "Component technologies that are necessary for the performance

or desirability of a given innovation" (Schilling, 2020, p. 101).

Engineering System "A systemdesigned/evolved by humans having some purpose; large-

scale and complex engineering systemswill have amanagement or social dimension

as well as a technical one" (de Weck et al., 2011).

Era of Incremental Change A period of stable dominant designs characterized by fo-

cus on process improvement and efficiency Anderson & Tushman (1990). Schilling

notes that during the Era of Incremental Change, companies may "cease to invest in

learning about alternative design architectures and instead invest in refining their

competencies related to the dominant design" (Schilling, 2020, p. 61).

Era of Ferment A period of "turbulence and uncertainty" brought on by a technolog-

ical discontinuity that disrupts the previously stable dominant design and intro-

duces competition between alternative design concepts (Schilling, 2020; Anderson

& Tushman, 1990, pp. 60–61).
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Espacenet Espacenet is the EPO’s free, public patent search engine. It is updated daily

and contains over 130 million global patents (European Patent Office, n.d.-c) .

Incremental Innovation "An innovation that makes a relatively minor change from (or

adjustment to) existing practices" (Schilling, 2020, p. 47).

Incumbent Inertia "The tendency for incumbents to be slow to respond to changes

in the industry environment due to their large size, established routines, or prior

strategic commitments to existing suppliers and customers" (Schilling, 2020, p. 101).

Innovation "The practical implementation of an idea into a newdevice or process" (Schilling,

2020, p. 19).

International Patent Family Each IPF covers a single invention and includes patent

applications filed and published at several patent offices. It is a reliable proxy for

inventive activity because it provides a degree of control for patent quality by only

representing inventions for which the inventor considers the value sufficient to seek

protection internationally.

International Patent Classification Almost all patent applications are classified in this

internationally recognised classification system. It is maintained by the World In-

tellectual Property Organization (WIPO) and is used in more than 100 countries

worldwide. The IPC has a hierarchical structure and is subdivided into sections,

classes, subclasses, groups and subgroups. One of the most precise classification

systems available, the IPC currently divides technology into around 70,000 areas

(World Intellectural Property Organization, n.d.).

Learning Organization "An organization that systematically reviews its experiencewith

its internal and external environments and acquires knowledge in order to improve

its functioning" (de Weck et al., 2011).

Metric "A metric is a variable that can be quantified and may be used to define a target

for either the product or the technology" (Bray & Garcia, 1997).
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Milestone "Milestones reflect the technology progress along a timeline necessary for

achieving the performance targets" (Bray & Garcia, 1997).

Modular Innovation "An innovation to one or more components that does not signifi-

cantly affect the overall configuration of the system. Also called "Component Inno-

vation" (Schilling, 2020, p. 49).

Radical Innovation "An innovation that is very new and different from prior solutions"

(Schilling, 2020, p. 47).

Scenario-Based Planning "This is a planningmethodology that explicitly addresses un-

certainty about the future. This methodology allows planners to explicitly identify

several alternate future states or scenarios. One can then consider prerequisites for

or consequences of each alternative. In the technology roadmapping context, this

approach provides a mechanism to deal with uncertainty in either product needs or

technological developments" (Bray & Garcia, 1997).

Sociotechnical Systems "Broadly, systems in which both human and nonhuman ele-

ments interact, and where the social or management dimensions tend to be signifi-

cant" (de Weck et al., 2011).

Strategic Business Development "Strategic business development (SBD) is planning

for, and implementation of, certain aspects of the strategic plan, specifically those

involving the development of new products and services and/or new lines of busi-

ness" (Bray & Garcia, 1997).

Strategic Planning "Strategic planning is the generation of high-level business goals

and directions for the company; given a corporate vision, it involves decisions that

identify and link at a high level the customer/market needs a company wants to

address and the products and services to satisfy those needs" (Bray & Garcia, 1997).

Systems Point of View "A conviction that system behaviors are qualitatively different

from the behaviors of a system’s components, that system design requires doing
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more than designing the components, and that special effort is required to under-

stand systems and their behavior over and above what is required to understand

any individual component" (de Weck et al., 2011).

Target "A target is the quantitative value that the technology driver must achieve by a

certain date" (Bray & Garcia, 1997).

Technological Spillovers "A positive externality from R&D resulting from the spread

of knowledge across organizational or regional boundaries" (Schilling, 2020, p. 37).

Technology "The application of science to solve the problems of development capability,

in the context of the marketplace, competition and historical performance" (Will-

yard & McClees, 1987). "Technology is a use of science- and engineering-based

knowledge to meet a need" (Bray & Garcia, 1997).

Technology Roadmap "A technology roadmap is the output of the technology roadmap-

ping process at either the corporate or the industry level. It identified (for a set of

product needs) the critical system requirements, the product and process perfor-

mance targets, and the technology alternatives and milestones for meeting those

targets" (Bray & Garcia, 1997).

Technology Planning "Technology planning is the process for identifying, selecting,

and investing in the technologies that are required to support those product and

service requirements identified in a company’s strategic plan. Technology roadmap-

ping is only one of many forms of technology planning" (Bray & Garcia, 1997).

Technology Management "Technology management addresses the effective identifica-

tion, selection, acquisition, development, exploitation and protection of technolo-

gies (product, process and infrastructural) needed tomaintain amarket position and

business performance" (Nimmo, 2013).

Technology Driver "The technology drivers are the critical variables that determine

which technology alternatives will be pursued. They are dependent on the tech-
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nology areas, but relate to how the technology addresses the critical system re-

quirements" (Bray & Garcia, 1997).

World International Patent Organization Agency of the United Nations responsible

for promoting the protection of intellectual property throughout the world by en-

couraging co-operation between nations. WIPO is responsible for: the promotion of

the protection of intellectual property throughout the world through co-operation

among states; the administration of various multilateral treaties dealing with the

legal and administrative aspects of intellectual property; the administration of the

Patent Cooperation Treaty and PCT patent applications (World Intellectural Prop-

erty Organization, n.d.).
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Appendix A

Timeline of the Energy Transition

Table A.1: Rough Timeline of Events Related to the Energy Transition, 1997–2020. While
there are no exact dates or timeline for what is broadly called the Energy Transition
(Markard, 2018), it is helpful to contextualize the Energy Transition in a broader land-
scape of world events. The table includes three generalized time periods used in this
study to evaluate changes in technology management: Ramp-Up (∼2007), Energy Transi-
tion (∼2010), and Drop in Oil Price and Paris Agreement (∼2015). Source: Based on data
from IEA (2020), Markard (2018), and Wikipedia.
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Appendix B

Quality Check of IRI R&D Data with

SEC 10-K

Table B.1: Comparison of ExxonMobil’s SEC 10-K and IRI Data to Ensure Accuracy, 2002–
2020. The IRI data shows consistency with official 10-K filings accounting for currency
adjustment of U.S. Dollar to Euro. Note strong consistency between the calculated metric
of Ratio of R&D per Sales (%). Source: Based on data from ExxonMobil’s SEC 10-K filings.
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Appendix C

R&D Metrics: Collected IRI Data and

Calculated Results
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Table C.1: R&D Metrics for BP, 2004–2020. IRI data for Net Sales, Employees, and R&D
Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per Employee.
Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI data.

Table C.2: R&D Metrics for Chevron, 2004–2020. IRI data for Net Sales, Employees, and
R&D Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per Em-
ployee. Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI data.
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Table C.3: R&D Metrics for China Petroleum, 2004–2020. IRI data for Net Sales, Employ-
ees, and R&D Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales
Per Employee. Net Sales and R&D Expenditure are in units of millions. Source: Based on
IRI data.

Table C.4: R&D Metrics for Conoco, 2004–2020. IRI data for Net Sales, Employees, and
R&D Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per Em-
ployee. Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI data.
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Table C.5: R&D Metrics for Equinor, 2004–2020. IRI data for Net Sales, Employees, and
R&D Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per Em-
ployee. Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI data.

Table C.6: R&DMetrics for Exxon, 2004–2020. IRI data for Net Sales, Employees, and R&D
Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per Employee.
Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI data.
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Table C.7: R&D Metrics for Halliburton, 2004–2020. IRI data for Net Sales, Employees,
and R&D Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per
Employee. Net Sales and R&D Expenditure are in millions. Source: Based on IRI data.

Table C.8: R&D Metrics for PetroChina, 2004–2020. IRI data for Net Sales, Employees,
and R&D Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per
Employee. Net Sales and R&D Expenditure are in millions. Source: Based on IRI data.
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Table C.9: R&D Metrics for Schlumberger, 2004–2020. IRI data for Net Sales, Employees,
and R&D Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per
Employee. Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI
data.

Table C.10: R&DMetrics for Shell, 2004–2020. IRI data for Net Sales, Employees, and R&D
Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per Employee.
Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI data.
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Table C.11: R&DMetrics for Total, 2004–2020. IRI data for Net Sales, Employees, and R&D
Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per Employee.
Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI data.

Table C.12: R&D Metrics for Weatherford, 2004–2020. IRI data for Net Sales, Employees,
and R&D Expenditure used to calculate R&D Intensity, R&D Productivity, and Sales Per
Employee. Net Sales and R&D Expenditure are in units of millions. Source: Based on IRI
data.
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Appendix D

Cooperative Patent Classification:

Documentation of Y02–Y04 Schema
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Y

CPC COOPERATIVE PATENT CLASSIFICATION

Y GENERAL TAGGING OF NEW TECHNOLOGICAL
DEVELOPMENTS; GENERAL TAGGING OF CROSS-
SECTIONAL TECHNOLOGIES SPANNING OVER SEVERAL
SECTIONS OF THE IPC; TECHNICAL SUBJECTS COVERED
BY FORMER USPC CROSS-REFERENCE ART COLLECTIONS
[XRACs] AND DIGESTS
NOTES

1. In this section, classes Y02 and Y04 are only to be used for tagging documents which are already classified or indexed
elsewhere and which relate in a broad sense to specific major technical fields, these fields being defined by the notes
following the title of the subclasses of this section.

2. As the primary purpose of the tagging according to Note (1) is to monitor new technological development and to tag cross-
sectional technologies that do not fit in a single other section of the IPC, the tagging codes of this section do not in any way
replace the classification or indexing codes of the other sections.

3. Class Y10 has been introduced in July 2012 in view of the CPC to accommodate for technical subjects formerly covered by
USPC cross-reference art collections [XRACs] and digests

Y02 TECHNOLOGIES OR APPLICATIONS FOR MITIGATION OR
ADAPTATION AGAINST CLIMATE CHANGE
NOTES

1. This class covers selected technologies, which control, reduce or prevent anthropogenic emissions of greenhouse gases
[GHG], in the framework of the Kyoto Protocol and the Paris Agreement, and also technologies which allow adapting to the
adverse effects of climate change.

2. If appropriate, a document can receive more than one indexing code of this class.

Y02A TECHNOLOGIES FOR ADAPTATION TO CLIMATE CHANGE
NOTE

This subclass covers technologies for adaptation to climate change, i.e. technologies that allow adapting to the adverse effects
of climate change in human, industrial (including agriculture and livestock) and economic activities.

Y02B CLIMATE CHANGE MITIGATION TECHNOLOGIES RELATED TO BUILDINGS,
e.g. HOUSING, HOUSE APPLIANCES OR RELATED END-USER APPLICATIONS

Y02C CAPTURE, STORAGE, SEQUESTRATION OR DISPOSAL OF GREENHOUSE GASES
[GHG]

Y02D CLIMATE CHANGE MITIGATION TECHNOLOGIES IN INFORMATION
AND COMMUNICATION TECHNOLOGIES [ICT], I.E. INFORMATION AND
COMMUNICATION TECHNOLOGIES AIMING AT THE REDUCTION OF THEIR
OWN ENERGY USE
NOTES

1. This subclass covers information and communication technologies [ICT] whose purpose is to minimize the use of energy
during the operation of the involved ICT equipment.

2. This subclass does not cover the use of an ICT technology supporting energy efficient operation of a further piece of
equipment, nor the reuse or recycling of ICT equipment.

Y02E REDUCTION OF GREENHOUSE GAS [GHG] EMISSIONS, RELATED TO ENERGY
GENERATION, TRANSMISSION OR DISTRIBUTION

CPC - 2022.05 1

Figure D.1: Formal Documentation for Cooperative Patent Classification (CPC) (1 of 2).
This shared document between the USPTO and the EPO defines the formal definitions
for the CPC’s Y02–Y04 tagging schema. Importantly, this document (1) defines Y02–Y04S
tags to be applied in parallel with existing CPC technology classifications; (2) states that
multiple Y02–Y04 tags can be applied to the same technology; and (3) introduces the ter-
minology of Climate Change Mitigation Technology (CCMT). Source: U.S. Patent and
Trademark Office (Cooperative Patent Classification, 2022).
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Y

Y02P CLIMATE CHANGE MITIGATION TECHNOLOGIES IN THE PRODUCTION OR
PROCESSING OF GOODS
NOTE

This subclass covers climate change mitigation technologies in any kind of industrial processing or production activity,
including the agroalimentary industry, agriculture, fishing, ranching and the like.

Y02T CLIMATE CHANGE MITIGATION TECHNOLOGIES RELATED TO
TRANSPORTATION

Y02W CLIMATE CHANGE MITIGATION TECHNOLOGIES RELATED TO WASTEWATER
TREATMENT OR WASTE MANAGEMENT

Y04 INFORMATION OR COMMUNICATION TECHNOLOGIES HAVING AN
IMPACT ON OTHER TECHNOLOGY AREAS

Y04S SYSTEMS INTEGRATING TECHNOLOGIES RELATED TO POWER NETWORK
OPERATION, COMMUNICATION OR INFORMATION TECHNOLOGIES FOR
IMPROVING THE ELECTRICAL POWER GENERATION, TRANSMISSION,
DISTRIBUTION, MANAGEMENT OR USAGE, i.e. SMART GRIDS

Y10 TECHNICAL SUBJECTS COVERED BY FORMER USPC

Y10S TECHNICAL SUBJECTS COVERED BY FORMER USPC CROSS-REFERENCE ART
COLLECTIONS [XRACs] AND DIGESTS
NOTE

This subclass has been introduced in July 2012 in view of the CPC to accommodate for technical subjects formerly covered
by USPC cross-reference art collections [XRACs] and digests

Y10T TECHNICAL SUBJECTS COVERED BY FORMER US CLASSIFICATION
NOTE

This subclass has been introduced in January 2015 in view of the CPC to accommodate for technical subjects formerly
covered by USPC

CPC - 2022.05 2

Figure D.2: Formal Documentation for Cooperative Patent Classification (CPC) (2 of 2).
This shared document between the USPTO and the EPO defines the formal definitions
for the CPC’s Y02–Y04 tagging schema. Importantly, this document (1) defines Y02–Y04S
tags to be applied in parallel with existing CPC technology classifications; (2) states that
multiple Y02–Y04 tags can be applied to the same technology; and (3) introduces the ter-
minology of Climate Change Mitigation Technology (CCMT). Source: U.S. Patent and
Trademark Office (Cooperative Patent Classification, 2022).
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Appendix E

Research Design for Patent Searching

in EPO’s Espacenet Database

Figure E.1: Screenshot of Patent Search Parameters on EPO’s Espacenet Database. This
figure captures the primary search parameters for this research, including: Patent Fami-
lies (US and EP or WO), Date Range (2000-01-01 to 2020-12-31), Languages (EN/DE/FR),
and Company Names. Not shown are CPC Y02–Y04 tags. Source: Espacenet,
https://worldwide.espacenet.com/patent/my-espacenet.
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Appendix F

Climate Change Mitigating

Technology Focus Areas by Company
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Table F.1: BP’s Top 10 Technology Focus Areas by Y02–Y04S Tags, 2000–2020. Source:
Based on EPO and USPTO data from the Espacenet patent database.

Table F.2: Chevron’s Top 10 Technology Focus Areas by Y02–Y04S Tags, 2000–2020.
Source: Based on EPO and USPTO data from the Espacenet patent database.
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Table F.3: China Petroleum’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source:
Based on EPO and USPTO data from the Espacenet patent database.

Table F.4: Conoco’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source: Based on
EPO and USPTO data from the Espacenet patent database.
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Table F.5: Equinor’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source: Based on
EPO and USPTO data from the Espacenet patent database.

Table F.6: Exxon’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source: Based on
EPO and USPTO data from the Espacenet patent database.
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Table F.7: Halliburton’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source: Based
on EPO and USPTO data from the Espacenet patent database.

Table F.8: PetroChina’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source: Based
on EPO and USPTO data from the Espacenet patent database.
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Table F.9: Schlumberger’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source:
Based on EPO and USPTO data from the Espacenet patent database.

Table F.10: Shell’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source: Based on
EPO and USPTO data from the Espacenet patent database.
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Table F.11: Total’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source: Based on
EPO and USPTO data from the Espacenet patent database.

Table F.12: Weatherford’s Top 10 Technology Focus Areas by Y02–Y04S Tags. Source:
Based on EPO and USPTO data from the Espacenet patent database.
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Appendix G

Comparison of R&D Metrics to R&D

Patenting Activity by Company
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Figure G.1: Comparison of BP’s R&DMetrics to CCMT Patents, 2002–2020. These figures
chart the yearly R&D Expenditure (top), R&D Productivity (middle), and R&D Intensity
(bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents are plotted on
the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.2: Comparison of Chevron’s R&D Metrics to CCMT Patents, 2002–2020. These
figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and R&D
Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents are
plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.3: Comparison of China Petroleum’s R&DMetrics to CCMT Patents, 2002–2020.
These figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and
R&D Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents
are plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.4: Comparison of Conoco’s R&D Metrics to CCMT Patents, 2002–2020. These
figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and R&D
Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents are
plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.5: Comparison of Equinor’s R&D Metrics to CCMT Patents, 2002–2020. These
figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and R&D
Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents are
plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.6: Comparison of Exxon’s R&D Metrics to CCMT Patents, 2002–2020. These
figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and R&D
Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents are
plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.7: Comparison of Halliburton’s R&D Metrics to CCMT Patents, 2002–2020.
These figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and
R&D Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents
are plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.8: Comparison of PetroChina’s R&DMetrics to CCMTPatents, 2002–2020. These
figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and R&D
Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents are
plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.9: Comparison of Schlumberger’s R&D Metrics to CCMT Patents, 2002–2020.
These figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and
R&D Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents
are plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.10: Comparison of Shell’s R&D Metrics to CCMT Patents, 2002–2020. These
figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and R&D
Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents are
plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.11: Comparison of Total’s R&D Metrics to CCMT Patents, 2002–2020. These
figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and R&D
Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents are
plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure G.12: Comparison of Weatherford’s R&D Metrics to CCMT Patents, 2002–2020.
These figures chart the yearly R&D Expenditure (top), R&D Productivity (middle), and
R&D Intensity (bottom) on the primary axis (left). Yearly CCMT Patents and Total Patents
are plotted on the secondary axis (right). Source: Based on IRI data and EPO/USPTO data.
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Figure H.1: Lag of R&D Expenditure to Total R&D Patenting Activity: European Pro-
ducers, 2000–2020. The top plot shows the time series cross-correlation function (CCF)
between R&D Expenditure and Total Patents, with R&D Expenditure as the lagged series
and autocorrelation at time 0. The bottom plot shows past correlation distribution with
R&D lagged. Note that CCF value on top plot aligns with values in top-right boxes on
lower plot. Source: Based on IRI data and EPO/USPTO data.
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Figure H.2: Lag of R&D Expenditure to Sustaining CCMT Patenting Activity: European
Producers, 2000–2020. The top plot shows the time series cross-correlation function (CCF)
between R&D Expenditure and Sustaining Patents, with R&D Expenditure as the lagged
series and autocorrelation at time 0. The bottom plot shows past correlation distribution
with R&D lagged. Note that CCF value on top plot aligns with values in top-right boxes
on lower plot. Source: Based on IRI data and EPO/USPTO data.
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Figure H.3: Lag of R&D Expenditure to Disruptive CCMT Patenting Activity: European
Producers, 2000–2020. The top plot shows the time series cross-correlation function (CCF)
between R&D Expenditure and Disruptive Patents, with R&D Expenditure as the lagged
series and autocorrelation at time 0. The bottom plot shows past correlation distribution
with R&D lagged. Note that CCF value on top plot aligns with values in top-right boxes
on lower plot. Source: Based on IRI data and EPO/USPTO data.
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Figure H.4: Lag of R&D Expenditure to Total R&D Patenting Activity: U.S. Producers,
2000–2020. The top plot shows the time series cross-correlation function (CCF) between
R&D Expenditure and Total Patents, with R&D Expenditure as the lagged series and au-
tocorrelation at time 0. The bottom plot shows past correlation distribution with R&D
lagged. Note that CCF value on top plot aligns with values in top-right boxes on lower
plot. Source: Based on IRI data and EPO/USPTO data.
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Figure H.5: Lag of R&D Expenditure to Sustaining CCMT Patenting Activity: U.S. Pro-
ducers, 2000–2020. The top plot shows the time series cross-correlation function (CCF)
between R&D Expenditure and Sustaining Patents, with R&D Expenditure as the lagged
series and autocorrelation at time 0. The bottom plot shows past correlation distribution
with R&D lagged. Note that CCF value on top plot aligns with values in top-right boxes
on lower plot. Source: Based on IRI data and EPO/USPTO data.
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Figure H.6: Lag of R&D Expenditure to Disruptive CCMT Patenting Activity: U.S. Pro-
ducers, 2000–2020. The top plot shows the time series cross-correlation function (CCF)
between R&D Expenditure and Disruptive Patents, with R&D Expenditure as the lagged
series and autocorrelation at time 0. The bottom plot shows past correlation distribution
with R&D lagged. Note that CCF value on top plot aligns with values in top-right boxes
on lower plot. Source: Based on IRI data and EPO/USPTO data.
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Figure I.1: Spearman Correlation of BP’s Patent Activity with R&D Metrics, Sales and Oil
Price, 2004–2020. Figure is graphed with R package PerformanceAnalytics and dis-
plays significant same-year, non-lagged ranked Spearman associations between variable
pairs as described in Chapter 5. For BP, there is low positive correlation between Dis-
ruptive CCMT Patents and Sustaining CCMT Patents, with 𝑟𝑠(15) = .44, 𝑝 = < .1,
and a higher than normal correlation between R&D Expenditure and Oil price, with
𝑟𝑠(15) = .74, 𝑝 = < .01. There is not same-year, non-lagged correlation between ei-
ther R&D Expenditure or R&D Productivity with any patenting activity. Source: Based
on IRI data and EPO/USPTO data.
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Figure I.2: Spearman Correlation of Chevron’s Patent Activity with R&D Metrics, Sales
and Oil Price, 2004–2020. Figure is graphed with R package PerformanceAnalytics
and displays significant same-year, non-lagged ranked Spearman associations between
variable pairs as described in Chapter 5. For Chevron, there is weak positive correlation
between Sustaining CCMT Patents and Disruptive Patents, with 𝑟𝑠(15) = .39, 𝑝 = < .1,
and a moderate correlation between Disruptive Patents and Total Patents, with 𝑟𝑠(15) =
.67, 𝑝 = < .01. There is less significant association between between same-year Total
Patents and R&D Expenditure (𝑟𝑠(15) = .59, 𝑝 =< .05) and same-year Total Patents and
Oil Price (𝑟𝑠(15) = .49, 𝑝 = < .05). Source: Based on IRI data and EPO/USPTO data.
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Figure I.3: Spearman Correlation of China Petroleum’s Patent Activity with R&D Met-
rics, Sales and Oil Price, 2004–2020. Figure is graphed with R package Performance-
Analytics and displays significant same-year, non-lagged ranked Spearman associ-
ations between variable pairs as described in Chapter 5. For China Petroleum, there
is strong positive correlation between R&D Productivity and Sales Per Employee, with
𝑟𝑠(15) = .88, 𝑝 = < .001, confirming analytical results forwarded by Morbey & Reith-
ner (1990). There is moderate correlation between R&D Expenditure and Total Patents
(𝑟𝑠(15) = .64, 𝑝 = < .01) but lower than average association between combined
patenting activity. China Petroleum shows relatively no same-year association with Oil
Price except for strong negative correlation between R&D Intensity and Oil Price, with
𝑟𝑠(15) = −.73, 𝑝 = < .001. Source: Based on IRI data and EPO/USPTO data.
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Figure I.4: Spearman Correlation of Conoco’s Patent Activity with R&D Metrics, Sales
and Oil Price, 2004–2020. Figure is graphed with R package PerformanceAnalyt-
ics and displays significant same-year, non-lagged ranked Spearman associations be-
tween variable pairs as described in Chapter 5. For Conoco, there is moderate positive
correlation between R&D Expenditure and same-year Sustaining CCMT Patents, with
𝑟𝑠(15) = .58, 𝑝 = < .05, and positive correlation between same-year Sustaining CCMT
Patents and Disruptive CCMT Patents, with 𝑟𝑠(15) = .60, 𝑝 = < .05. Conoco displays
higher same-year positive association between Net Sales and both Disruptive Patents,
with 𝑟𝑠(15) = .67, 𝑝 = < .01. R&D Expenditure has a higher than average weak correla-
tion with Oil Price, at 𝑟𝑠(15) = .58, 𝑝 =< .05. Source: Based on IRI data and EPO/USPTO
data.
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Figure I.5: Spearman Correlation of Equinor’s Patent Activity with R&D Metrics, Sales
and Oil Price, 2004–2020. Figure is graphed with R package PerformanceAnalytics
and displays significant same-year, non-lagged ranked Spearman associations between
variable pairs as described in Chapter 5. For Equinor, there is the highest positive corre-
lation between Net Sales and same-year Oil Price, with with 𝑟𝑠(15) = .95, 𝑝 = < .001.
Equinor exhibits lower association between all three types of patents than the combined
companies and there is no associations between R&D Productivity and patenting activity.
R&D Expenditure is moderately correlated with Net Sales, with 𝑟𝑠(15) = .66, 𝑝 = < .01.
Source: Based on IRI data and EPO/USPTO data.
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Figure I.6: Spearman Correlation of Exxon’s Patent Activity with R&D Metrics, Sales
and Oil Price, 2004–2020. Figure is graphed with R package PerformanceAnalyt-
ics and displays significant same-year, non-lagged ranked Spearman associations be-
tween variable pairs as described in Chapter 5. For Exxon, the overall association is
less pronounced than other companies or the aggregated groups of All Producers and
U.S. Producers. Exxon exhibits no significant correlation between the patent groups, al-
though there is insignificant positive correlation between Total Patents and Oil Price, with
𝑟𝑠(15) = .39, 𝑝 =< .1. There is strong positive significant correlation between Net Sales
and Oil Price, with 𝑟𝑠(15) = .90, 𝑝 = < .001. Source: Based on IRI data and EPO/USPTO
data.
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Figure I.7: Spearman Correlation of Halliburton’s Patent Activity with R&DMetrics, Sales
and Oil Price, 2004–2020. Figure is graphed with R package PerformanceAnalytics
and displays significant same-year, non-lagged ranked Spearman associations between
variable pairs as described in Chapter 5. For Halliburton, there is a strong positive cor-
relation between R&D Expenditure and Net Sales, with 𝑟𝑠(15) = .76, 𝑝 = < .001, and
likewise between same-year R&D Expenditure and Total Patents, with 𝑟𝑠(15) = .69, 𝑝 =
< .01. For Halliburton, Oil Price does not demonstrate any significant association be-
tween other variables. Finally, Halliburton’s strongest association regarding patents is
between same-year Total Patents and R&D Productivity, at 𝑟𝑠(15) = .78, 𝑝 = < .001.
Source: Based on IRI data and EPO/USPTO data.
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Figure I.8: Spearman Correlation of PetroChina’s Patent Activity with R&DMetrics, Sales
and Oil Price, 2004–2020. Figure is graphed with R package PerformanceAnalytics
and displays significant same-year, non-lagged ranked Spearman associations between
variable pairs as described in Chapter 5. For PetroChina, there is association across multi-
ple technology variables. There is strong positive correlation between R&D Expenditure
and Net Sales, with 𝑟𝑠(15) = .91, 𝑝 =< .001. PetroChina has higher correlation in same-
year pairing of patenting. There is a weak positive correlation between Total Patents and
Sustaining CCMT Patents, with 𝑟𝑠(15) = .52, 𝑝 = < .05, and also moderate correlation
with Disruptive Patents, with 𝑟𝑠(15) = .50, 𝑝 = < .05. Source: Based on IRI data and
EPO/USPTO data.
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Figure I.9: Spearman Correlation of Schlumberger’s Patent Activity with R&D Metrics,
Sales and Oil Price, 2004–2020. Figure is graphed with R package PerformanceAna-
lytics and displays significant same-year, non-lagged ranked Spearman associations
between variable pairs as described in Chapter 5. For Schlumberger, there is a very strong
positive correlation between R&D Expenditure and Net Sales, with 𝑟𝑠(15) = .91, 𝑝 =
< .001. Same-year Total Patents demonstrate strong association with Sustaining CCMT
Patents (𝑟𝑠(15) = .75, 𝑝 =< .001) andmoderate correlation with same-year R&D Expen-
diture (𝑟𝑠(15) = .74, 𝑝 = < .01). Interestingly, there is a moderate but lower significant
association with Net Sales and Total Patents, with 𝑟𝑠(15) = .56, 𝑝 =< .05. Source: Based
on IRI data and EPO/USPTO data.
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Figure I.10: Spearman Correlation of Shell’s Patent Activity with R&D Metrics, Sales and
Oil Price, 2004–2020. Figure is graphed with R package PerformanceAnalytics and
displays significant same-year, non-lagged ranked Spearman associations between vari-
able pairs as described in Chapter 5. For Shell, there is a very strong positive correlation
between Total R&DPatents and Sustaining CCMTPatents, with 𝑟𝑠(15) = .90, 𝑝 =< .001.
But Disruptive CCMT Patents are only loosely associated with CCMT Patents (𝑟𝑠(15) =
.42, 𝑝 = < .1) and Total Patents (𝑟𝑠(15) = .53, 𝑝 = < .05). While Oil Price shows mini-
mal correlation to R&D Expenditure, Oil Price is strongly correlated with Net Sales, with
𝑟𝑠(15) = .80, 𝑝 = < .001. Source: Based on IRI data and EPO/USPTO data.
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Figure I.11: Spearman Correlation of Total’s Patent Activity with R&D Metrics, Sales and
Oil Price, 2004–2020. Figure is graphed with R package PerformanceAnalytics
and displays significant same-year, non-lagged ranked Spearman associations between
variable pairs as described in Chapter 5. For Total, there is less correlation among the
technology variables than for other producers. However, same-year Total Patents are
strongly correlated to R&D Productivity (𝑟𝑠(15) = .84, 𝑝 = < .001) and R&D Expendi-
ture (𝑟𝑠(15) = .78, 𝑝 = < .001). Additionally, Total shows stronger correlation between
Oil Price and Net Sales, with 𝑟𝑠(15) = .87, 𝑝 =< .001. For CCMT, Total shows no signif-
icant association between CCMT Patents and Disruptive, indicating that research efforts
may be siloed within the company. Source: Based on IRI data and EPO/USPTO data.
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Figure I.12: Spearman Correlation of Weatherford’s Patent Activity with R&D Metrics,
Sales and Oil Price, 2004–2020. Figure is graphed with R package PerformanceAna-
lytics and displays significant same-year, non-lagged ranked Spearman associations
between variable pairs as described in Chapter 5. Like the other two Oil & Gas service
companies, Weatherford demonstrates strong positive correlation between R&D Expen-
diture and Net Sales, 𝑟𝑠(15) = .94, 𝑝 = < .001, and an associated correlation between
Oil Price and Net Sales, 𝑟𝑠(15) = .76, 𝑝 = < .001. For Weatherford, there is low correla-
tion between Total Patents and other markers, other than a weak association with R&D
Expenditure (𝑟𝑠(15) = .56, 𝑝 = < .05). Source: Based on IRI data and EPO/USPTO data.
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