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AGENDA
—°

Today we want to answer four questions

1. What is Technological Change?

2. How Does Technological Chardygfold?
3. What Drives Technological Change?
4. Why Is Technologic@lhange in Clean Energy Hard and Important?
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AGENDA
—°

1. What is Technological Change?
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1. WHAT IS TECHNOLOGICAL CHANGE

—
What do we mean by o0t ec

From C. Christensen, 1992

Technology: process, technique, or methoddlogy
embodied in a product design or in a manufacturing or
service processwhich transforms inputs of labor,
capital, information, material, and energy into outputs
of greater value
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1. WHAT IS TECHNOLOGICAL CHANGE

—
Technological change stavith Josef Schumpeter

A

A

A
A

A

From Jafée al.2003:
Creative Destruction or 0O0Schumpeterodos Gal

Schumpeterds Taxonomy

Entrepreneursenticed by the vision of the temporary market gbatasuccessful new
product or process could offer, continually introducepsadhicts.

Theymay enjoy excess profits for some period of time, until they are dispbadesedyent
successfuhnovators, in a continuing process that Schumpeterccallede at i ve d €

Invention: thefirst development o& scientifically or technically new produprocess

Innovation: when the new product or processosimercialized, that is, madtailable on the
market

Diffusion: a successfuilnovation gradualgomes to be widely available for use in relevant
applications througddoption BYfirms orindividuals

A firm can innovate without ever inventing, if it identifies a previously existing
technical idea that was never commercialized, and brings a product or

based on that idea to market. The invention and innovation stages are
out primarily in private firms through a process that is broadly characterized as
"research and development" (R&D).
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1. WHAT IS TECHNOLOGICAL CHANGE
—°

Stylized stages of technological development and typical characteristics.

Stage

Mechanisms

Cost

Commercial
Market share

Learning Rate

Invention

Innovation

Wiche market
commercialization

Pervasive diffusion

Saturation

Senescence

Seeking and stumbling upon new
ideas; breakthroughs; basic research

Applied research, development and
demonstration (RD&D) projects

lIdentification of special niche
applications; investments in field
projects; “learning by doing™; close
relationships between suppliers

and users

Standardization and mass production:
economies of scale; building of
network ellects.

Exhaustion of improvement potentials
and scale economies; arrival of more
efficient competitors into market;
redelinition of performance
requirements

Domination by superior competitors;
inability to compete because of
exhausted improvement potentials

High, but difficult to
attribute to a particular
idea or product

High, increasingly focused
on particular promising
ideas and products

High, but declining
with standardization of
production

Rapidly declining

Low, sometimes declining

Low, sometimes declining

0%

0%

0-5%

Rapidly rising
(5-50%)

Maximum
(up to 100%)

Declining

Unable to express in
conventional learning
curve

Unable to express in
conventional learning
curve; high (perhaps

= 50%) in learning
curves modified to
include RD&D (see text)
20-40%

10-30%

0% (sometimes positive
due to severe
competition)

0% (sometimes
positive due to severe
competition)

Noie: Also shown, in the right column, are three terms often used when classifying technologies that are marked by substantially diflerent relative
performance at a given moment in time. Much of technological analysis for purposes of assessing environmental effects is aimed at examining
which new (radical and incremental) technologies will achieve what speed and level of penetration in commercial markets.
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1. WHAT IS TECHNOLOGICAL CHANGE
—°

Stylized stages of technological development and typical characteristics.

Stage Mechanisms Cost Commercial Learning Rate
Market share
Invention Seeking and stumbling upon new High, but difficult to 0% Unable to express in !
ideas; breakthroughs; basic research attribute to a particular conventional learning
idea or product curve :
Innovation Applied research, development and High, increasingly focused % Unable to express in &
demonstration (RD&D) projects on particular promising conventional learning e
. E: high (perhaps =
TermanlOgy nOte: [1%:) in learning .
A fo . | h h | es modified to
IITusion applies when technology de RD&D (see text)
Miche market Identification of special nic adoption occurs in a new market 1005 #
commercialization applications; investmenfsd
projects. leerntig Dy doing - A - Sybstitution applies when a technology 3
Elationships between supp . : =
and users displaces another technology in an 5
Pervasive diffusion Stunu:lﬂrfiizatiun and mass ﬂ eXiSting market 0% E
economies of scale; buildin o=
network ellects. l
Saturation Exhaustion of improvement potentials Low, sometimes declining Maximum 0% (sometimes positive ¢
and scale economies; arrival of more (up to 100%) due to severe
efficient competitors into market; competition)
redefinition of performance :
requirements E:
Senescence Domination by superior competitors; Low, sometimes declining Declining 0% (sometimes =
inability to compete because of positive due to severe E:
exhausted improvement potentials competition) |

Noie: Also shown, in the right column, are three terms often used when classifying technologies that are marked by substantially diflerent relative
performance at a given moment in time. Much of technological analysis for purposes of assessing environmental effects is aimed at examining
which new (radical and incremental) technologies will achieve what speed and level of penetration in commercial markets.



1. WHAT IS TECHNOLOGICAL CHANGE
—°

Technological change Is the missing factor to expl:
economic growth (1/2)

A

A

A

Classical economics held that economic output was a function of labor and capital inputs
A Anincrease in the units of labor and capital inputs would translate into an increase in ecor

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

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

From the industrial revolution through th& 26ntury, industrialization (i.e., a shift from tabor
intensive to capitaitensive economic activities) drove growth. Before the 1950s, economist
assumed that this was a sustainable path to economic growth

In the second half of the®?@ ent ur vy, Ri ¢ har doldvdResaval @ uvahmit ¢
remaining growth in economic output that cannot be explained by growth in labor and capi

on

H
[al i

Neoclassical growth theory explains this residual by noting that increases in labor and capijtal

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

perunit productivity of labor and capital

Economists agree that technology is not statiteemablogy change is often endogenous, not
exogenous(that is, change is often caused and occurs within the etanoexternal factor, like

rec

ch

new natural resources or a new trading partner is not necessary to generate technological
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1. WHAT IS TECHNOLOGICAL CHANGE
—°

Technological change Is the missing factor to expl:
economic growth (2/2)

Increasing Solow residual

Solow residual % contribution of technology change to world
output growth

50%
44%

33%

1920-1950  1940-1970  1970-2000  1898-2012

SOURCE B Solow Hall, Annale of Stahsics: MG estimates
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AGENDA
—°

2. How Does Technological ChangéJnfold?
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2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?
—°

A common trend across many different technologie
and sectors Is the emergence of dominant design:

FromMurmanand~renker2006

Competition among technologies or first movers leads to the same outcome: one technology
that dominates the market (a dominant design)

A The emergence of a dominant -tdesdgmo manmr &§d
parts to standardized and massufactured productaldernethy &ltterbackio73.

A 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 newipstadaensand
maintains at least a 50% market share for at least Agdarsqn &ushmari990.

A dominant design consists of components and an underlying architecture

A Components of a Dominant DesignThe various components that perform the functions|of
the product are unified by core design concepts

A Architecture of a Dominant Design:The ways in which the components are integrated irto :
product Henderson and Clark, 1990)

A For exampleChristensen, 18BZinguishes between #rehitectureo f a di sk dipi
3. 50 dr icomngpnendswithin dnlarehitecture (e.qg., ferrite vs. thin filmwetke heads)
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2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

Example 1: HorsesCars

A Grubler et al. | Erergy Policy 27 (1990) 247- 250 257
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Fig. 5. A simple case of technological substitution. With a time constant { As) of 12 yr, motor cars replaced horse-drawn carriages for transportation in
the United States. The top panel shows this replacement in terms of number of units on the road. The data can be transformed into a format that
highlights technological diffusion and substitution processes. That is shown in the bottom left panel, where the fraction (F) of the total number of road
vehicles (horse carriages + automobiles) accounted for by each technology is shown. In this simple substitution process, two symmetrical 5-shaped

curves are the result. The smooth lines are a fit from a logistic model (see Grubler, 1990). The bottom right panel transforms the fraction data into GEORgETOI'I/Wt(NII’}ERSITY
A format that converts 5-shaped diffusion processes into straight lines by showing the logarithm of (F/i(1 — Fj). ie, the ratio of the market share achieved *

by a technology over that remaining to be achieved.




2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

Example 2: Steel Production Processes

258 A. Griibler et al. | Energy Policy 27 (1999) 247-280

1.0

0.6 -

0.4 —

Market share fraction (F)

0.2 —

0.0
1850 1900 1950 2000

Fig. 6. Competition among multiple technologies. Figure shows the share of steel production in the United States by five different methods, 1850 to
the present, and curves (estimated from a logistic model) for the near future. In the 1940s and 1930s four different technologies competed
simultaneously to supply the steel product.
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2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?
—°

Technology change cascades down nested hierarc

Technologies can be arranged in a trekke nested hierarchy of control and/or
function

A For example, a jet engine burns fuel and expeledhigity gas backwarihur
2009. The components of the main assembly, that form a working architecture| are:

Intake
Compressor
Combustor

©O O O o

Turbine
o Exhaust Nozzle
This hierarchy guides technological change
A Each of the components or subassemblies can be infpsimadtaneously.

A Importantly, these improvements are constrained such that the parts are still in
balance to compose a working whole.
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2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?

Technology change cascades down nested hierarc

LB Murmann, K. Frenken # Research Policy 35 (2006) 925-052 )
Technological
Discontinuity
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Technological change is
arecursive process
- that is, technological

change consists of

nested technological

Tacrmaicgoad Tascharsc cgioad
Dvigec s tiradny Cincaasradny
- . A change
fra o B— £ ot fra ot i s ot First-order
Crargs Crargs i Subsystem Technology
- Jrom— — Jros— Cycles
= Carirast = -— Daminaat —
. Duaign — Dusign P
i el gt =g

E : E@ Second-order

Subsystem Technology
Cycles

filt
ht] (1
(]
(it
o
(]
il
m
[
(0
[t

Basic Component

@ @ & @ & e GEORGETOWN UNIVERSITY

Fag. 3. Mested hierarchy of iechnology eycles.

@
@
Y




2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?
SS—S—————"5—"_

Gener al Purpose Technol
trunko

A General Purpose TechnologyLipse\Baker, arCiarlaywl998)
A Initially has much scope for improvement,

A Eventually comes to be widely used,

A Has many uses, and

A Causes a reorganization or redesign of other technologies that work With it
Examples

A Electronic computer
A Bronze

A Electricity

A Motor vehicle
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2. HOW DOES TECHNOLOGICAL CHANGE UNFOLD?
—°

Where do GPTs come from?

Incremental Change or Combinatorial EvolutionArthur, 2009)

A New technologies are combinations and enhancements of prior
technologies

A Example: Thremastedsailing vessel = squaigged sail + lateen sail. This
enabled the first global expansion of European sea borne trade and
colonizationl(ipseyBaker, arCiarlaywl 998)

Radical Change

A Sometimes, technologies come out of noWhHereexample, penicillin,
radio astronomy;pays (all of these were freak, accidental discoveries)

A Other oradical 6 technologies thlat ¢
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
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AGENDA
—°

3. What Drives Technological Change?
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?
s
Under t he ol nduced | nnc

In the market drives investment in new technology

Profit-maximizing firms will invent and innovate to change production
functions

A 0 Ahange in the relative prices of the factors of production is itself a spur o
invention ando invention of a particulamdi directedo economizing the use
of a factoiwhich has become relatielx pensi veod ~Sir Jdhn H

A Firmsundertake an investment actiajled "R&D with the intention of
producing profitable new products and procg$sas. Jaffe et al., 003

o Decisions regardinige magnitude and nature of R&D activities are
governed by i r ms @&o nmefinfize their ¥alue, or, equivalently, to
maximize the expectdiscounted presewalue of cash flows.

o0 In some applications, the output of R&D is explitidygeled as
"knowledge capital”, an intangible asset that firms use together with gther
assets another inputs togenerateevenues
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?

-
But norappropriabilitand spillovers of knowledge

create market failures that stunt induced innovatiot

(from Jaffe et al., 003
Knowledge capitaf the fruit of R&Diic an b eapopnroonpr i abl e

A Research investment differs from physical investment because the asset prIduced
by the research processew knowledge about how to make and do thirggs
difficult to exclude others from using.

A Asfirst notedin theclassic paper by Arrow (1962a), this means that the creatpr of
this asset witypically faito appropriate all or perhaps most of the social returnps it
generates.

0 Muchof this sociateturn will accrue as "spillovers" to competing firms, tp
downstream firmghat purchasthe innovator's products, ordconsumers.

A This"appropriabilitproblem" is likely to lead to significamderinvestment by
private firms in R&D, relative to the soojaimum.

This means that market forces alone will not induce the socially optimal level
of innovation
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?
-
There are many different types of spillovers, and tl

can be valuable, unpredictable, andapgnopriable

(From Clarke et al, 2006)

Spillover: Technologicalchange in one firm, industry, country, or domain of technology that arisésom
innovative activities in another firm, industry, country, or domain of technology

A Thedevelopment of advanced turbine designs (e.g., the use of heatoeysistaniateriaidades and internal
blade cooling schemes) in the aerospace industry miaidé gféiciencypatural gas combined cycle turbine

possible.
A Development® sensors antcbmputational capabilitiemde a marketable hybrid gasdéiletric vehicle possiblé.
A Thedevelopmemf advancedomputational capabilities combined with the development of meggwetance

imageryed to the development of 3D seismic imagery, which combined with dirécliogalgreatlyeduced the
cost of finding and producing new oil and gas reserves.

Spilloverscan be categorized as international (between countries), interindustriygtween industrie$, and
intra-industry (between firms within an industry) inorigin.

A Spilloversre not confinetb privatesectoractivities; any and all knowledggating or technology advancing
activities, includingublicly funded R&D can result in spillovers.

A Spilloverffects make technologyange possibleut often require alterations or further development to deplgy i
the receivingectorFor example, the use of computer technology in autonf@slesquiredubstantial adaptatign
on the part of automobile manufacturers.
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?
In addition to R&D and spillovers, learAnygloing

can drive technology cost decreases and adoption

(From Clarke et al, 2006)

Learning-by-doing: the morethat an individual or an organizationrepeats atask, the more adept or
efficient the organization becomes at that task.

A Workerson an assembly line become more and more efficient over time with repetigorirafividual
tasks.

A Overtime, the conception of learnibgdoing has been expanded to the tEvidrgerscale
organizations, such as an entire firm or whole industry and further still to entenipliésst of
knowledge gains and transfers occurring across complementary technohlmji@seantéchnology
developers andasers.

Learning-by-doing and R&D are often considered as distinct, but a range of activiti¢ake placeat
the boundary between the experiential phenomenon underpinning learniflgy-doing, on the one
hand, and R&D on the other, blurring the boundary between these two sourcefstechnological
change.

A Forexample, the dag-day design improvements that companae arisdom information gained frgm
learning and from R&D, but are not easily clasa#iedclusivefyom one or the other.

A In addition, learningy-doing and R&D arimteractive process&®r example, lessons learned on the
production line or in the use of a technolmgyfeedack the R&D process and can help to set R&[
priorities.

" —4
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?
In addition to R&D and spillovers, learAnygloing

can drive technology cost decreases and adoption

(From Clarke et al, 2006)
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?
—°

So R&D, spillovers, and LBD all drive tech change
L. Clarke et al. / Energy Economics 28 (2006) 579-595 583
Technological

Change inside
Industry

Direct
Spillovers

Own-Industry
Effects

Extra-Industry Own-Industry

Activities Activities
(R&D or (R&D or
Production) Indirect Production)

Spillovers

Fig. 1. A simple framework for linking the approaches used in formal models to real-world sources of technological
change. From Clarke et al. (2006).
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?

And all three contribute to the observed inverse
relationship between cumulative production and cc

256 A. Griibler et al. | Energy Policy 27 (1999) 247-280
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Fig. 4. Modified learning curve for photovoltaic technologies. The curve shows decline in costs as a function of cumulative investments including not
only cumulative installations from demonstration projects and commercial niche markets but also R&D investments. Conventional learning curves
include only commercial installations and ignore other investments. At the early stages, when physical installations are few, R&D is relatively
important. The declining costs of photovoltaics correlate well with aggregate RD& D investments (R&D as well as pre-and commercial demonstration
projects) and are comparable with a classic learning curve pattern with 54% reduction in costs for each doubling of cumulative investment. This
formulation allows a single, simple learning curve to be used to model cost reductions from the innovation stage as well as later commercial stages.
(Note that these curves are not directly comparable with Fig. 3 because the independent variables and the currency units differ.) For more detail on the
methodology used to produce this modified learning curve see Griibler and Gritsevskii (1998); data from Watanabe (1995, personal communication).
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?

This relationship holds across many technologies

20,000 a7
PV cell
1983 o] Photovoltaics cells
(learning rate ~ 20%) g Hf .
10,000 ) [®] 0a
\Q\Q%
5,000
Windmiils (US)
= \\(faammg rate ~ 20%)
==
bcd
@
g 1,000 G987
"""hc". —
1992
500 [ 196
|
4_ - )
R&D and technical Gas turbines (US) 1980
demonstration phase O (learning rate ~ 20%, ~10%)
Commercialization
phase [ ]
100 | ] |
10 100 1,000 10,000 100,000

A. Griibler ef al. | Energy Policy 27 (1099) 247-259 ~ Cumulative MW installed

Fig. 3. Learning curves for several electricity generation technologies. Shown are gas turbines, which are an “incremental” technology on the cusp of
widespread application (Fig. 2) and two higher cost technologies: photovoltaics and advanced windmills. These two more costly technologies are
“radical” in that they are competitive only in special niche markets and thus market share is low, but both hold promise for lower costs with additional
investments. Learning rates for all three technologies in their pre-commercial stage are comparable (~20% per doubling of capacity).
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3. WHAT DRIVES TECHNOLOGICAL CHANGE?
I———SSS—S—"—"—"—"—"—"———_m>5-

The term OExperience Cl
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