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Today we want to answer four questions:

AGENDA

1. What is Technological Change?

2. How Does Technological Change Unfold?

3. What Drives Technological Change?

4. Why Is Technological Change in Clean Energy Hard and Important?



AGENDA

1. What is Technological Change?



What do we mean by òtechnologyó?

1. WHAT IS TECHNOLOGICAL CHANGE

From C. Christensen, 1992

Technology: process, technique, or methodologyñ

embodied in a product design or in a manufacturing or 

service processñwhich transforms inputs of  labor, 

capital, information, material, and energy into outputs 

of  greater value.



Technological change starts with Josef  Schumpeter

1. WHAT IS TECHNOLOGICAL CHANGE

From Jaffe et al., 2003:

Creative Destruction or òSchumpeterõs Galeó

Å Entrepreneurs, enticed by the vision of  the temporary market power that a successful new 

product or process could offer, continually introduce such products.

Å They may enjoy excess profits for some period of  time, until they are displaced by subsequent 

successful innovators, in a continuing process that Schumpeter called òcreative destruction.ó 

Schumpeterõs Taxonomy

Å Invention: the first development of  a scientifically or technically new product or process

Å Innovation: when the new product or process is commercialized, that is, made available on the 

market

Å Diffusion: a successful innovation gradually comes to be widely available for use in relevant 

applications through adoption BY firms or individuals

A firm can innovate without ever inventing, if  it identifies a previously existing 

technical idea that was never commercialized, and brings a product or process 

based on that idea to market. The invention and innovation stages are carried 

out primarily in private firms through a process that is broadly characterized as 

"research and development" (R&D).



1. WHAT IS TECHNOLOGICAL CHANGE



1. WHAT IS TECHNOLOGICAL CHANGE

Terminology note: 

Å Diffusion applies when technology 

adoption occurs in a new market

Å Substitution applies when a technology 

displaces another technology in an 

existing market



Technological change is the missing factor to explaining 

economic growth (1/2)

1. WHAT IS TECHNOLOGICAL CHANGE

Classical economics held that economic output was a function of  labor and capital inputs

Å An increase in the units of  labor and capital inputs would translate into an increase in economic 

output. Economists thoughtgrowth was completely explained by counting labor and capital

Å From the industrial revolution through the 20th century, industrialization (i.e., a shift from labor-

intensive to capital-intensive economic activities) drove growth. Before the 1950s, economists 

assumed that this was a sustainable path to economic growth

But it turns out that the quantities of  labor and capital cannot fully explain economic output

Å In the second half  of  the 20thcentury, Richard Solow quantified the òSolow Residual,ó which is the 

remaining growth in economic output that cannot be explained by growth in labor and capital inputs

Å Neoclassical growth theory explains this residual by noting that increases in labor and capital inputs 

have diminishing marginal returns on economic output; a third factor, technology, drives increased 

per-unit productivity of  labor and capital

Å Economists agree that technology is not static, and technology change is often endogenous, not 

exogenous(that is, change is often caused and occurs within the economyñan external factor, like 

new natural resources or a new trading partner is not necessary to generate technological change)



Technological change is the missing factor to explaining 

economic growth (2/2)

1. WHAT IS TECHNOLOGICAL CHANGE



AGENDA

2. How Does Technological Change Unfold?



A common trend across many different technologies 

and sectors is the emergence of  dominant designs

2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

From Murmannand Frenken, 2006

Competition among technologies or first movers leads to the same outcome: one technology 

that dominates the market (a dominant design)

Å The emergence of a dominant design marks the transition from òmade-to-orderó products or 

parts to standardized and mass-manufactured products (Abernethy & Utterback, 1978).

Å Some have defined a dominant design as a single configuration or a narrow range of  

configurations that accounts for over 50% of  new product sales or new process instalationsand 

maintains at least a 50% market share for at least 4 years (Anderson & Tushman, 1990).

A dominant design consists of  components and an underlying architecture

Å Components of  a Dominant Design: The various components that perform the functions of  

the product are unified by core design concepts

Å Architecture of  a Dominant Design: The ways in which the components are integrated into a 

product (Henderson and Clark, 1990)

Å For example, Christensen, 1992distinguishes between the architecture of a disk drive (e.g., 14ó vs 

3.5ó drive) and the componentswithin an architecture (e.g., ferrite vs. thin film read-write heads)



Example 1: Horses->Cars

2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

Characteristic òS-Curveó of 

new technology penetration 

Complete turnover in 

technology in ~3 decades



Example 2: Steel Production Processes

2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?



Technology change cascades down nested hierarchies 

2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

Technologies can be arranged in a tree-like nested hierarchy of  control and/or 

function

Å For example, a jet engine burns fuel and expels high-velocity gas backward (Arthur 

2009). The components of  the main assembly, that form a working architecture, are:

o Intake

o Compressor

o Combustor

o Turbine

o Exhaust Nozzle

This hierarchy guides technological change

Å Each of  the components or subassemblies can be improvedñsimultaneously.

Å Importantly, these improvements are constrained such that the parts are still in 

balance to compose a working whole.



2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

Technology change cascades down nested hierarchies 

Technological change is 

a recursive processñ

that is, technological 

change consists of  

nested technological 

change



General Purpose Technologies (GPTs) are the òtree 

trunkó

2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

A General Purpose Technology (Lipsey, Baker, and Carlaw, 1998):

Å Initially has much scope for improvement, 

Å Eventually comes to be widely used,

Å Has many uses, and

Å Causes a reorganization or redesign of  other technologies that work with it

Examples:

Å Electronic computer

Å Bronze

Å Electricity

Å Motor vehicle



Where do GPTs come from?

2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

Incremental Change or Combinatorial Evolution (Arthur, 2009)

Å New technologies are combinations and enhancements of  prior 

technologies 

Å Example: Three-mastedsailing vessel = square-rigged sail + lateen sail. This 

enabled the first global expansion of  European sea borne trade and 

colonization (Lipsey, Baker, and Carlaw, 1998)

Radical Change 

Å Sometimes, technologies come out of  nowhereñfor example, penicillin, 

radio astronomy, x-rays (all of  these were freak, accidental discoveries)

ÅOther òradicaló technologies that count as GPTs, like the printing press, may 

be radical in their effect but do have antecedents

Summary: Technology change can be incremental or radical, but these 

attributes are neither necessary nor sufficient to create a GPT



AGENDA

3. What Drives Technological Change?



Under the òInduced Innovationó model, potential profit 

in the market drives investment in new technology

3. WHAT DRIVES TECHNOLOGICAL CHANGE?

Profit-maximizing firms will invent and innovate to change production 

functions

Å òA change in the relative prices of  the factors of  production is itself  a spur to 

invention and to invention of  a particular kindñdirected to economizing the use 

of  a factor which has become relatively expensiveó ~Sir John Hicks, 1932

Å Firms undertake an investment activity called "R&D" with the intention of  

producing profitable new products and processes. (from Jaffe et al., 2003)

o Decisions regarding the magnitude and nature of  R&D activities are 

governed by firmsô efforts to maximize their value, or, equivalently, to 

maximize the expected discounted present value of  cash flows. 

o In some applications, the output of  R&D is explicitly modeled as 

"knowledge capital", an intangible asset that firms use together with other 

assets and other inputs to generate revenues. 



But non-appropriabilityand spillovers of  knowledge 

create market failures that stunt induced innovation

3. WHAT DRIVES TECHNOLOGICAL CHANGE?

(from Jaffe et al., 2003)

Knowledge capitalñthe fruit of  R&Dñcan be ònon-appropriableó

Å Research investment differs from physical investment because the asset produced 

by the research processñnew knowledge about how to make and do thingsñis 

difficult to exclude others from using. 

Å As first noted in the classic paper by Arrow (1962a), this means that the creator of  

this asset will typically fail to appropriate all or perhaps most of  the social returns it 

generates. 

o Much of  this social return will accrue as "spillovers" to competing firms, to 

downstream firms that purchase the innovator's products, or to consumers.

Å This "appropriabilityproblem" is likely to lead to significant underinvestment by 

private firms in R&D, relative to the social optimum.

This means that market forces alone will not induce the socially optimal level 

of  innovation



There are many different types of  spillovers, and they 

can be valuable, unpredictable, and non-appropriable

3. WHAT DRIVES TECHNOLOGICAL CHANGE?

(From Clarke et al, 2006)

Spillover: Technological change in one firm, industry, country, or domain of  technology that arises from 

innovative activities in another firm, industry, country, or domain of  technology 

Å The development of  advanced turbine designs (e.g., the use of  heat resistant ceramic materials blades and internal 

blade cooling schemes) in the aerospace industry made the high efficiency natural gas combined cycle turbine 

possible. 

Å Developments in sensors and computational capabilities made a marketable hybrid gasolineðelectric vehicle possible. 

Å The development of  advanced computational capabilities combined with the development of  magnetic resonance 

imagery led to the development of  3D seismic imagery, which combined with directional drilling, greatly reduced the 

cost of  finding and producing new oil and gas reserves. 

Spillovers can be categorized as international (between countries), interindustry (between industries), and 

intra-industry (between firms within an industry) in origin.

Å Spillovers are not confined to private-sector activities; any and all knowledge-creating or technology advancing 

activities, including publicly funded R&D can result in spillovers. 

Å Spillover effects make technology change possible, but often require alterations or further development to deploy in 

the receiving sector. For example, the use of  computer technology in automobiles has required substantial adaptation 

on the part of  automobile manufacturers.



In addition to R&D and spillovers, learning-by-doing 

can drive technology cost decreases and adoption

3. WHAT DRIVES TECHNOLOGICAL CHANGE?

(From Clarke et al, 2006)

Learning-by-doing: the more that an individual or an organization repeats a task, the more adept or 

efficient the organization becomes at that task. 

Å Workers on an assembly line become more and more efficient over time with repetition of  their individual 

tasks.

Å Over time, the conception of  learning-by-doing has been expanded to the level of  larger-scale 

organizations, such as an entire firm or whole industry and further still to encompass the full set of  

knowledge gains and transfers occurring across complementary technologies and between technology 

developers and users. 

Learning-by-doing and R&D are often considered as distinct, but a range of  activities take place at 

the boundary between the experiential phenomenon underpinning learning-by-doing, on the one 

hand, and R&D on the other, blurring the boundary between these two sources of  technological 

change. 

Å For example, the day-to-day design improvements that companies make arise from information gained from 

learning and from R&D, but are not easily classified as exclusively from one or the other. 

Å In addition, learning-by-doing and R&D are interactive processes. For example, lessons learned on the 

production line or in the use of  a technology can feed back the R&D process and can help to set R&D 

priorities.



In addition to R&D and spillovers, learning-by-doing 

can drive technology cost decreases and adoption

3. WHAT DRIVES TECHNOLOGICAL CHANGE?

(From Clarke et al, 2006)

Learning-by-doing: the more that an individual or an organization repeats a task, the more adept or 

efficient the organization becomes at that task. 

Å Workers on an assembly line become more and more efficient over time with repetition of  their individual 

tasks.

Å Over time, the conception of  learning-by-doing has been expanded to the level of  larger-scale 

organizations, such as an entire firm or whole industry and further still to encompass the full set of  

knowledge gains and transfers occurring across complementary technologies and between technology 

developers and users. 

Learning-by-doing and R&D are often considered as distinct, but a range of  activities take place at 

the boundary between the experiential phenomenon underpinning learning-by-doing, on the one 

hand, and R&D on the other, blurring the boundary between these two sources of  technological 

change. 

Å For example, the day-to-day design improvements that companies make arise from information gained from 

learning and from R&D, but are not easily classified as exclusively from one or the other. 

Å In addition, learning-by-doing and R&D are interactive processes. For example, lessons learned on the 

production line or in the use of  a technology can feed back the R&D process and can help to set R&D 

priorities.



3. WHAT DRIVES TECHNOLOGICAL CHANGE?

So R&D, spillovers, and LBD all drive tech change



3. WHAT DRIVES TECHNOLOGICAL CHANGE?

And all three contribute to the observed inverse 

relationship between cumulative production and cost



3. WHAT DRIVES TECHNOLOGICAL CHANGE?

This relationship holds across many technologies



3. WHAT DRIVES TECHNOLOGICAL CHANGE?

The term òExperience Curveó is in vogue


