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Abstract

How to break the global trend of rising G@missions from fossil-fuel consumption?
We build a general equilibrium model of long-run economiealepment, and test the

power of different versions of the model to explain histatigbservations. The results
suggest that subsidizing energy efficiency will be ineffectiue to endogenous shifts
in consumption patterns, while subsidies to developmealeain technologies may be
either futile or unnecessary. The only policy which can achithe goal is one in which

the relative price of fossil fuels—and fossil-based pradueincreases.
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1. Introduction

How to break the global trend of rising G@missions from fossil-fuel consump-
tion? The standard answer is to raise the price of such emisshrough taxes or
quotas. However, this is politically difficult for a numberreasons; for instance, en-
ergy taxes on consumers are frequently unpopular and maggbessive, and energy
taxes on producers risk driving energy-intensive indastabroad and hence having
only a limited effect on global emissions; furthermore ifidbns fear that such taxes
will have a negative impact on economic growth and employtménder these circum-
stances there is an intensive search for other solutionh, asithe promotion through
subsidies or tax-breaks of energy-efficient technology, tie promotion of alterna-
tives to fossil fuel, such as nuclear power or renewables.dDah policies be effective
substitutes for making firms pay for each unit of pollutiopytremit? In order to an-
swer this question we abstract from problems of negotiaimhagreements, and build
a general equilibrium model of economic growth and resoursz in the long run,
treating the global economy as a single decentralized rhaH®@wv has this economy
developed historically with regard to natural resourcasd,\&hat can this development
teach as about the likely effect of future policies?

Traditionally, the literature on growth and resources mlting run has focused on
adaptation to future scarcity. In this literature one meisra has received by far the
most attention:

DHSS Given a lower supply of resources, the quantity of ehpitay increase to
compensate.

Intuitively, more expensive (capital-intensive) prodantequipment may be more ef-
ficient w.r.t. resource use. This mechanism is the focuseofthsgupta—Heal-Solow—
Stiglitz (DHSS) model, an extension of the neoclassicaiginanodel to account for
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the role of scarce resources in production. Developed id £93eeDasgupta and Heal
(1979, Solow (19744gb), and Stiglitz (19749 —it remains important today; for in-
stance, it is the standard model used in integrated assessrodels such as Nordhaus’
RICE model (sedNordhaus2010. Nevertheless, we argue that although the DHSS
mechanism may explain cross-country differences (seétkgson and Kehgel 999,

it is not capable of explaining long-run trends. A model whidlows only substitution
across a fixed menu of capital goods is not sufficient in a lemgeontext with eco-
nomic growth and radical changes in the technologies (andéheapital goods) which
are available.

Prior to the development of the DHSS mod&blow (1973 —in an essay where he
is unconstrained by the need for mathematical formalismts-meat three mechanisms
as key to the adaptation of the economy to resource scatdigydoes not rank the
mechanisms in importance, but ironically the DHSS mecmasisSolow’s focus in
subsequent quantitative modelling—is not mentioned affélé mechanisms are:

1. Increase—through technological change —resourceesifigiin production of
one or more product categories;

2. Substitute on the consumption side away from goods whrelnéensive in the
resource, towards other goods;

3. Substitute on the production side away from processeshvere intensive in the
resource, towards other processes.

We claim, following Solow, that these three mechanisms ayet& understanding how
the economy adapts in the long-run to changes in resourde@lality —whether in-
creases or decreases in scarcity—and to policy measurasiieg mineral or energy
resources. Furthermore, they interact with one anothenarsd therefore be analysed
together; for instance, if Mechanisthis important, it will tend to negate the effect
on resource demand of Mechanidirsince increases in resource efficiency reduce the
price of resource-intensive goods, leading to substiutiovards such goods in con-
sumption.

What analysis can we find of these mechanisms in the litexratither together
or in isolation? The answer is that they are rarely analysgdicitly in quantitative
models, and even more rarely tested in isolation, let alorm®mbination.

Regarding Mechanisrh, there is of course an enormous literature on resource ef-
ficiency. However, how seriously has the long-run processfafiency increase been
analysed at the aggregate level, and how thoroughly haveditels been tested? The
answer seems to be, scarcely at all. In the context of longeconomic growth driven
by efficiency increases, resource efficiency must increase mapidly than the effi-
ciency of other inputs if there is to be downward pressuressource use. (If for in-
stance resource efficiency increases more slowly than tadfticiency then—ceteris
paribus—resource use per capita will increase.) A changieeimelative productivity
of different inputs is known as directed technological defhenceforth DTC). The
methodology for modelling DTC was to a great extent deveddpeAcemoglu (see for
instanceAcemogly 2002, and the large majority of papers incorporating DTC have
used variations of Acemoglu’s approach. In the resourceearedgy literature, by far
the most common approach has been to assume that theseerplatiluctivities de-
velop independently, and that if a constant number of rebeas (or in some cases a
constant proportion of final-good production) is devotedattor-specific R&D, the
growth rate of productivity of that factor will be constairtespective of technologi-
cal progress in other areas. The result is that a permanengaise in research effort
directed towards a particular factor leads to a permanenéase in the growth rate
of knowledge augmenting that factor, and (for instance)ranpeent drop in the flow
rate of energy will have no long-run effect on the economyeinms of growth rate
and allocation of resources; after a period of extra investnmn energy-augmenting
knowledge, everything returns to normal. Examples of asthusing this form of
knowledge production function arf@mulders and de Noo{j2003, Gerlagh(2008,



Fischer and Newel[2008, andGans(2012), following a tradition started bitennedy
(19649 in his analysis of the growth of technology augmenting t@ind labour.

Consider now Mechanis, substitution on the consumption side. The idea that
substitutability between goods of differing resourcesirdity may play an important
role in determining long-run resource demand has been drmua long time Jevons
(1869 argued that future scarcity of coal would be exacerbatet afieviated, by
innovations increasing the efficiency of technologies Hase coal use (Mechanism
1), due to both increasing demand for consumption goods waiehcoal-intensive
(Mechanism?) and a switch to the use of coal as an input, substituting floeroin-
puts (Mechanisn®). The idea that resource-intensive goods are highly subetie
in consumption for non-resource-intensive goods has biseassed more recently by
energy and ecological economists (see for instdBinewanger 2001, and citations),
and it has been noted—following Jevons—that such subetitiity will tend to negate
the downward pressure on resource consumption exerteditigefy increases, since
such increases lead to a decline in the relative price oressintensive goods. This
process has been named the rebound effect. This discussarohbeen picked up in
the general economics literature, perhaps due to a focusesector models in which
Mechanisn® is ruled out by definition. Nevertheledsnittel (2017 finds highly rel-
evant evidence of efficiency increases combined with stuibistin towards resource-
intensive consumption categories in the U.S. automobdasiry.

Regarding Mechanisrg, there is no question that there is a very high degree of
substitutability between different resource inputs. Ratance, electricity from renew-
able sources or nuclear fission is highly substitutable fectdcity from fossil-fuel
burning, and different materials—iron and aluminium, ksi@nd concrete—are fre-
quently substitutable for one another. The key questiondtead the degree to which
the relative demand for such substitutable inputs may changr time as a result of
changes in relative productivity; DTC is thus at the heathefmatter again. Theoreti-
cally, two extreme cases present themselves. In the firstie®€ is exogenous or even
non-existent: growth in the productivities of substituéaimput factors is determined
exclusively by overall technological progress, and is thdependent of factor-specific
R&D. This is for instance the assumption madeAnemoglu and Guerrie(2008§ —
investigating the reasons for the constant shares of ¢apitlabour over time—who
assume that capital- and labour-augmenting technolodydpatv at constant, exoge-
nous rates. The opposite extreme is to assume—ascdmoglu et al(2012 —that
at any instant the relative growth rates of alternativedaetigmenting technologies
are purely a function of relative factor-specific investiseisince relative investments
follow relative factor shares—a result demonstratedtyt (2013 —the result of this
assumption is that the productivity of the initially domimtanput increases, hence the
dominance of that input increases, and the economy is ‘tbaketo use of that input.
Such lock-in sounds bad, but actually this is a highly optiiniscenario, as shown by
Acemoglu et al(2012: In an economy locked in to use of a dirty input, a regulator
can achieve a transition to an alternative clean input sirbplpromoting investment
in the clean alternative over a limited period, up to the pairwhich the clean alter-
native becomes cheaper than the dirty one; from that powvaaods no further policy
interventions are necessary since increasing returnsbersstonomy towards a ‘clean
corner’.

Continuing with MechanisrB, there are of course more general alternatives to the
two extremes above, alternatives in which directed teagiochl change is endoge-
nous but the relative growth rates of factor-augmentingiltadge stocks are not just a
function of relative investment rates; for instance, pesgrmay be a decreasing func-
tion of the current knowledge stock relative to general kieolge. It is hard to argue

1The idea is an old one—see for instammthur (1989 among others—and the idea that we are ‘locked
in’ to fossil-fuel use by history dates at leastdaruh (2000).



against the claim that the productivity of an input must imsoway be linked to en-
dogenous investments in R&D into that input; on the othedhérs obvious that such
research may build on general knowledge, not just existipgt-specific knowledge.
The idea that stocks of knowledge augmenting different imguow independently
of one another was criticized byordhaug1973, who argued that the relative ease
of innovation augmenting different inputs—in his words ghape of the innovation
possibility function (IPF)—is likely to change over timeh& argument is echoed by
Acemoglu(2002, who discusses the IPF in his concluding remarks, highlitighthe
need for more research. This need remains acute, as arguéatt{2013.

Finally we take a closer look at three recent papers on infmvand climate
change policyFischer and Newel2008, Gans(2012, andAcemoglu et al(2019.
Fischer and Newel(2008 develop a two-period partial equilibrium model which is
therefore not capable of analysing the kinds of long-ruacff—such as lock-in and
path dependence—which are a crucial part of our focus h@ans(2012 focuses
on general-equilibrium effects, showing (in the contexthaf model) that energy taxes
may reduceenergy-augmenting technological progress, since thegecthe absolute
size of the energy sector to shrink. Unfortunately all theutes can be traced back to
the assumption of a Cobb—Douglas aggregate productionifumia which the factor
share of energy is fixed. Given this assumption—not disaissanything reducing
overall production will also reduce the absolute size ofghergy sector, driving down
research incentives. However, we know that in the short henGobb—Douglas for-
mulation is a very poor description of the energy sectogesithe short-run elasticity
of substitution between energy and other inputs is very ltance a binding cap on
fossil-fuel use would in fact raise both the factor sharersrgy and the absolute level
of factor payments to energy, raising research incentiv@sbb—Douglas may then
emerge at the long-run aggregate level as a result of thegsaxf directed technologi-
cal change, as we demonstrate below (and also shown by fanteKennedy(1964).
Finally, Acemoglu et al(2012 build a general equilibrium model closest in spirit to
ours. However, there is a unique final good, hence no scopéddohanisn?. Further-
more, there is nothing corresponding to Mechanisisince overall resource or energy
efficiency is not a variable in the model; there are only fasgecific efficiency levels.
Thus the focus is exclusively on Mechanignwhere they assume that the knowl-
edge stocks grow independently of one another, thus gémgreth dependence. The
plausibility of this assumption is not evaluated.

We build a model which encompasses Solow’s three mechanenasevaluate
the mechanisms based on historical data. The essence ofatiel i as follows.
Agents consume two aggregate products, based on labouesodrces respectively;
the aggregates are made up of production by individual firach ¢roducing unique
products based on product-specific technologies; resantensive firms may choose
between alternative (substitute) resource inputs.

The key to the parameterization of the model is twofold: thir¢he degree to which
productivity of differentinputs is a function of factorshalr than cumulative investment
in knowledge related specifically to those inputs, and sedlyaaonsumers’ elasticity of
substitution between the labour- and resource-intengjgeegates. If productivity is
purely a function of cumulative investment then Mechani¢raad3 are strong, while
if there is a high elasticity of substitution on the consuimpside then Mechanisi
is strong. All of the parameterizations are consistent Witorical data concerning
global resource prices and aggregate consumption ratege\do, they predict differ-
ent observations with regard to historical changes in fijgadd consumption patterns
and growth in resource productivity, and with regard todrisel cases where one re-
source has substituted for or supplanted another. We use thiferences to evaluate
the plausibility of the parameterizations and hence drasate/e policy conclusions.

We conclude there has been—over the last 100 to 200 yearsy+afd growth
in energy-augmenting knowledge for particular productsnbined with very high
growth rates in consumption of these products; the oveeslllt has been that pri-



mary energy consumption has tracked global product. Theettias suggest that there
has been a powerful rebound effect at the aggregate levelthenpolicy conclusion
is therefore that policy measures to boost energy-effigiéeD are likely to have
at best a moderate downward effect on global energy consompven if they are
highly successful in boosting efficiency. Regarding stibstin between resource in-
puts, we find persuasive evidence that such substitutiorobasrred rapidly in the
past, driven not by policy but by underlying technologicadgress—in the language
of Nordhauq1973, changes in the innovation possibility function. Thattiere is a
natural progression from one resource to another wheratberesources are intrinsi-
cally more productive but also demand a higher level of ulydey technology before
they can be used. We thus argue against path dependencearmt as key factors
in the succession from one technology to another, and raéspdssibility that regula-
tory intervention to boost investment in knowledge augnmgna clean resource will
frequently be either unnecessary (if the fundamentalsau@utrable to it) or futile (if
they are unfavourable). As above, the only successful pditikely to be one which
raises the price of dirty resource inputs.

The remainder of the paper is structured as follows. In 8e&tive set out stylized
facts about growth and resource use with which we requiremmdel to be consistent.
In Section3 we set out the basic model, and analyse the economy withbstitite
resource inputs, and in Sectidnve extend the model and focus instead on substitution
between resource inputs. In Sectibrwe discuss further extensions to the model.
Section6 concludes.

2. Evidence about growth and resources

Here we discuss observations about long-run growth andiresalemand which
may be used to support or oppose economic models of the growtiess. First we
briefly consider the growth process, then we consider napwable resources and
growth. We claim that growth is driven by continual transfhation of the produc-
tion system rather than by growth in availability of any parar factor. We can ver-
ify this in many ways, where perhaps the simplest is by cansiibn of the com-
position of consumption over timeJones(2005 shows that steady growth has left
U.S. GDP/capita more than 10 times higher today than in 18@8;there also been
steady growth in consumption rates of individual produdBshsider car ownership.
In 1870 there were no cars. Car ownership subsequently gapigly, but between
1970 and 2008 it was constant at 0.44 per capitdeanwhile, ownership of home
computers and mobile phones was effectively zero in 197@reds today it is more-
or-less universal. Now, do we consume cars and smartphodayg because we work
longer hours, or have saved up more capital, but with the skitle and the same
machines as we had in 1870? Obviously not: It is the arrivaleat knowledge and
new products which drives long-run growth.

Concerning long-run resource demand, we present evidepp®ging the follow-
ing two stylized facts.

SF1 The prices of resources—when broadly defined to includdstgutes in the
same category—have tended to be constant, while consumipés tracked
global product. The long-run factor share of resources has temained con-
stant.

SF2 There may be very large shifts in the shares of subdilautasources; in partic-
ular, when a new resource appears on the global market theydoean initial
period during which its factor share increases rapidly teefevelling off in the
long run.

2Sources: Population data from US census, and car-ownetisiépfrom the Bureau of Transportation
Statistics.
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Figure 1: Long-run growth in consumption and prices, coragdo growth in global product, for (a) Metals,
and (b) Primary energy from combustion.

Note: Global product data froriMaddison(2010. Metals: Al, Cr, Cu, Au, Fe, Pb, Mg, Mn, Hg, Ni, Pt, Rare
earths, Ag, Sn, W, Zn. All metals data frokelly and Matos(2012). Energy: Coal, oil, natural gas, and
biofuel. Fossil quantity data froBoden et al(2012). Oil price data fromBP (2012. Coal and gas price
data fromFouquet(2011); note that these data are only for average prices in Englaednake the (heroic)
assumption that weighted average global prices are sinflExfuel quantity data fronMaddison(2003.
Biofuel price data fronFouquet(2011); again, we assume that the data are representative faalgabes,
and we extrapolate from the end of Fouquet's series to treept@ssuming constant prices. The older price
data is gathered from historical records and is not congubased on assumptions about elasticities of
demand or similar. Sensitivity analysis shows that therapions are not critical in driving the results.

Regarding SF1, consider Figute In Figurel(a)—similar to that inHart (2013
—we show data for an aggregate of the 17 most important mekadsured by factor
expenditure (not including uranium). The results are stgk Over a period of more
than 100 years, growth in global consumption of metals alrewsctly tracks growth
in global product, whereas the real price is almost exadhstant. The result is that
the share of metals in global product is also constant, ssspenditures (the product
of price and quantity) track global product. In Figutéh) we see the same result
for global primary energy supply through combustion. Agajnantity tracks global
product while the weighted energy price is almost constafter a slight decline in
the early 19th century, the factor share of energy remamsest constant, although in
the short run it is tightly linked to price changes.

Figurel hides large degrees of substitution between resources sathe category:
SF2. For example, the factor share of aluminium has risemaliaally, while the
share of lead has fallen; in the energy sector, as hintedmatealthe share of oil has
rocketed. In Figur@ we illustrate global trends for two pairs of substitutatdsaurces,
where one of each pair is established at the start of the tinieg (coal, iron) and
the other is emerging (crude oil, aluminium). From the alifpoint, in both cases
the relative price of the emerging resource falls steeplgr dlie first 20 years, and
subsequently relative prices are rather constant. On therglture side, in both cases
the established resource maintains its share of globaljgtax/er the period, whereas
the share of the emerging resource rises rapidly for aroOnears, and then more-or-
less retains its share of global product subsequently. thatehe relative levels of the
two expenditure curves are meaningful in the figure, so edipere on oil overtakes
coal in 1950, whereas aluminium catches up with iron ore@irad the same time.

3Note that in Figurel we show log-normalized data to emphasize relative growttssrdout what is the
level of the factor share of resources compared to labour andataased on the above data sources, the
factor share of resources is significant but not large. Fstairce, the factor share of crude oil in the global
economy in 2008 was 3.6 percent, whereas the factor shane @fftmajor metals was just 0.7 percent. Note
also that what we present as factor costs do not all go to tterfa a general equilibrium sense: Payments
to capital and labour make up a large part of the costs of mlierd energy resources.
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Figure 2: Long-run growth in prices and factor expenditemmpared to growth in global product, for crude
oil and aluminium.

Note: Prices normalized to start at6. Oil and aluminium expenditures normalized to end at5. Coal and

iron expenditures correct relative to oil and aluminium.tdsources as for Figurk except that we have
taken coal price data fror8lade(1982 andBP (2012, with a gap from 1977 to 1986. To talk of a global
coal price prior to the 1980s is problematic due to limitegbgll trade; however, there is no apparent reason
to doubt the picture of rather constant prices up to the 19F¥06squet(2011) shows broadly similar price
trends, although the level is higher in Fouquet's data, Wwhimuld be because he consumer prices rather than
pithead prices, and due to higher extraction costs in the U.K

Finally, elasticity of demand. Figurdsand2 show clearly that the short-run price
elasticity of demand for resources is small (at least forttitee resources studied):
Drastic price changes lead to small changes in quantityeistiort run. Long-run price
elasticity of demand is, on the other, not directly obseleditom the data, although
the rather constant levels of expenditure on metals andygnerthe very long run
are suggestive of a long-run demand elasticity close to étevever, we should be
very careful when drawing such conclusions; in the long rianyndifferent factors
can affect demand, not just relative prices.

3. The model with a single resource: Directed and Rebound enomies

In this section we develop the model with a single resourpatin We parame-
terize the model in two ways—denoted théectedandReboundeconomy—which
are both are consistent with SF1. We begin with the modeldorehtals, then we
present aspects specific to the respective economies, adlgt fire discuss evidence.
We reject the Directed economy as a description of the ersgipr based on its pre-
dictions regarding energy-augmenting knowledge, and wsegnt evidence on shifting
consumption patterns broadly consistent with the Reboanda@my.

3.1. Model fundamentals: Endowments, consumers, and pessiu

At the start of period there areQ, agents endowed with one unit of labour each, in-
finite stocks of a homogeneous open-access resource, anaf éigsa-level knowledge
stocksK_; which are free for all to build on.

The representative consumer in the model has a lineawttilitction in the aggre-
gate goody, the price of which is normalized to unity. We therefore haveonstant
discount factor per periofl, determined by the consumers’ rate of time preference.

The aggregate good is made up of two further aggregate produdfsandY;,
produced by labour and resources (either energy or mirnegectively. We have

1
Y = [P+ anYP] VP, (1)



wherep is a parameter between 0 (Cobb—Douglas) and(Leontief) (1/(1— p) is
the elasticity of substitution between the goods), apnénda, are parameters. By
comparing marginal productivities we can obtain

pY o (ﬁ)p @
Y ar \Y /)’

wherep, andpy are the prices of the aggregate products. For the purpolestfation
we can think of the two categories (labour- and resourcensive) as services and

manufactures respectively.
Each aggregate is in turn made up of a unit mass of individualyrts:

1 .l/n 1 _l/n
%z(/oyﬁdl) , er(/oyﬁ’,-dj) .

So in symmetric equilibriuny; =y;, wherey, is production by the representative firm
in sectorL. Below we show how the mass of products is an endogenousraatod
the model, based on a zero-profit condition in production.

Now to production. Aggregate servicgsare produced exclusively using labour
L, while aggregate manufacturésare produced exclusively using resourBeg\t the
start of a given period, economic agents have the optiorasfisy firmsi or j, using
inputsL and R respectively, and making products andy;j; each firm produces a
single, distinct product with its own technology. The protion functions for products
i andj are

Yii = VKi Qi 3
Yrj = WkrjQrj- (4)

Herey andy are productivity indices for the respective inputg,is the quality of
the firm’s ideas applied to augmenting infwin production of good (with the corre-
sponding interpretation fdg;); andg; is the quantity of factok hired by firmi (with
the corresponding interpretation fqyj). Note that ify; has unitswidgets per year
andgq; has unitsworkers theny has unitswidgets per year per worker per idead
ki has unitsdeas Furthermore, we denotgk;;q; andy k:jor; as the quantities of the
augmentednputs?

The physical inputt andR (labour and the resource) are hired/bought by firms on
competitive markets, and we have the restrictions (assythiat all available inputs
are used) that

1 1
/OQIidiZQI:Qh /()erdJZQr:Qr, 5)

whereq, andg, are quantities used by the representative firm in a symmedudib-
rium, andQ, andQ; are the total quantities of the inputs.

The resource is extracted by perfectly competitive firmagidinal goods as in-
puts, with the following function linking aggregate exttiao inputsX, and aggregate
extractionQ;:

Q= Xr/Wr- (6)
The resource price is thug. Use @) and the fact that revenue equals costs for the
aggregate products to write
wag (ﬂ)p @
Wi or \Yr/)

“Note that the parameteysandy are important when considering knowledge spillovers betvwsectors.
Under these circumstances we want to know the number ontyedithe ideas possessed by firnk;, not
the productivity of the inpuyk;.



Now consider investment. Consider an agent planning to at@mm making prod-
ucti in periodt. (The problem for firmj is symmetric.) There is free entry and we
assume Nash equilibrium, so in equilibrium each firm whickeenwill make zero
profit and be unable to make higher profits by changing itsegd®iTo enter, the agent
must first hire research labour quantdy (or zj in the other sector) to design the
product and manufacturing process, which determigeor k;jt). This knowledge is
built on the set of all existing knowledge in the econoiy, 1:°

kit = R (Ke1)z /45 ket = R(Ke1)Z /G (8)

Here @ is a parameter between 0 and {,and {; are positive parameters, aifgl
andF; are non-decreasing functions of each of their argumentshamogeneous of
degree one. The investment good—research labour—is hirpeidect markets, and
available in an exogenous quanttyhence we have the restrictfon

1 ) 1 )
/Z“d|+/ zjdj =Z. 9)
0 0

Return to firmi in periodt. Since firms only last one period, we can set up a
simple, static, profit-maximization problem. The firm makigs revenue minus the
cost of research and production inputs, hence we have

MaxTe = Piic Vi — Wit i —Watdit (10)
wherew; is the market price of production labour, anglis the market price of research
labour. Note also tha; is a decreasing function &f;, it is a linear function ok
andqit, andki; is an increasing function dfj;, as specified above. The first-order
conditions inq;i; andz; yield (dropping the time subscript) that

Wigi = N piYii; (11)
W2z = NPP;; Vi - (12)

In other words, firm spends a fraction of its revenue on hiring labour, and a fraction
n e of its revenue on research; total costs are a fragjid- @) of total revenue.

Since there is free entry profits must be zero, hepdet @) = 1. To see how this
can be an endogenous outcome, let the mass of firms (preymssimed to be one) be
avariablen,. Furthermore, lef) = n;, and assume thatt)(n; is an increasing function
of n;; (ii) whenn =0, n = 0; and (i) whenn, — o, n, — 1. Then there is some
value ofny for which n(1+ @) = 1, and this is the mass of firms which will form in
equilibrium. We normalize this equilibrium mass of firms twegin both sectors.

Now assume symmetry such that we can drop subsdrgotsl j and instead con-
sider prices and quantities of the representative firm itn sactor. Take equatiods
and12 and the corresponding expressions for firmo show that

a._na, (13)
Zz W Qr

Relative investment rates in factor-augmenting knowleatgen proportion to the rel-
ative shares of the factofs.

SNote that the seK; ; may includeL-augmenting knowledgeR-augmenting knowledge, and basic
knowledge or knowledge abogeneral purpose technologies

6Note that technically, in the model, we make investment &ameous with production and consumption,
hence the discount rate plays no role in the model. We coudltiyessume that researchers were paid using
final goods produced in the preceding period, which woulserdiie cost of research by a factgiBl If we
also made the number of researchers endogenous this wokkltiragrowth rate a decreasing function of
the rate of time preference.

"Note that this is in accordance with the theoretical modélaft (2013.



Equation13—given the knowledge production functiofis—is the key result de-
termining the evolution of knowledge stocks and hence tbaeay, and this evolution
is our main interest in this paper. Nevertheless, we shdwddlkcthat there is a unique
equilibrium in the economy each period, as defined below. W/hes in Appendix
Appendix A.1

Definition 1. An equilibrium in the economy is defined as an allocation ebueces

in which the markets for the resource, production laboukl aesearch labour clear,
and each production firm makes zero profits while optimizimgse of inputs given its
choice of product. Furthermore, each firm is satisfied wishctioice of product given
the choices made by the other firms.

3.2. The Directed and Rebound economies

To fully characterize the development of the economy we repstify the knowl-
edge production functions8 and set parameters. The key to the two economies—
Directed and Rebound—Ilies in the knowledge productiontioncand the parame-
ter p determining the elasticity of substitution between lab@und resource-intensive
goodsy; andY;. The problem is how to explain SF1: Why, when the price of ueses
falls relative to labour, does the factor share of resounce$all?

Economy la. Directed Mechanisni is strong while Mechanisiis weak, hence SF1
is explained by the failure the resource efficiency of praidmck: to rise, despite the
rise in labour productivity k In this economy, subsidies to research into increasing k
will lead to aggregate reductions in resource use.

Economy 1b. Rebound Mechanisn? is strong, hence it will negate potential resource

savings from Mechanisrh, and SF1 is explained by substitution towards resource-
intensive goodsy In this economy, declining resource consumption can oely b
achieved by raising the relative price of resource inputs.

In the Directed economy, the knowledge production funci@hare specified such
that the knowledge stocks of the representative fiknandk, grow independently,
while the elasticity of substitution betwe#nandy; is low, i.e.p is large and negative.
Consider equationk 3 and4. Assume symmetry and focus on the representative firms
to obtain the overall production function

Y = [ (nka)P + ar (ykear)P]P . (14)

Sincep is large and negative we thus have low short-run elastidigubstitution be-
tweenL andR, thus accounting for the very low short-run elasticity ofrdand for
resources observed in the data. How then can this modeltyieldnit long-run elas-
ticity which is also observed? The key is directed (or biasechnological change.

To specify our model of DTC, we first specify how individualnfis’ knowledge
aggregates to an overall stock of general knowledge. To dwesdefine stocks of-
andR-augmenting knowledge as follows:

Ky = (/;' kﬁtdi)l/é; Ket = (/on kfjtdj)l/é. (15)

Hereé is a parameter greater than or equal to oné.=3 1 there is no overlap between
firms’ knowledge, so general knowledge is the sum of firm keadgke; af — oo,
overlap becomes perfect and general knowledge is just tist knowledgeable firm’s
knowledge. Recall also that andn, are both equal to one in equilibrium, and that we
assume symmetry. Thus, in equilibriuky, = k; andKy; = kit

Having defined these knowledge stocks, we now need to spleavfynext-period
firm-level knowledge builds on these stocks. In the Direcednomy we assume
independent knowledge stocks as definedihayt (2013:
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Definition 2. Independent knowledge stockénowledge stocks are independentwhen
the production functions for firm knowledg8),(can be written

Kitt1=h (Klt)z1qi)t+1/ZI; Kijt+1= Fr(Krt)qu}tH/Zr-

Sincek; = K}; in equilibrium—and total research inputsare constant—the func-
tionsk andF must be linear, and} becomes, in equilibrium,

Kerr=kezl,1/q; ket =kKeZ o /G (16)

Combine these equations with the production functi®asd4, and with the condition
on relative investments3, to obtain

kieri/ke  a”/¢ < ikt Qit >p(p'

Kera/kt af /Z; \ ¥k O

Now use this to prove the following proposition.

17)

Proposition 1. Assume that the labour force grows exogenously by a confstetar
8y per period, while the resource price grows exogenously ynstant facto,, per
period. Then there exists a stable balanced growth pathg{l).glong which gand w
grow at constant rates such thé, 6y = 6wrqr, and the factor share of resources is
constant.

PROOF Assume the economy is on a b.g.p., implying that the groatésrofk, and

k. are constant (although not necessarily equal to one anoffieen (L7) implies that
ka/(k-qr) is constant, implying in turn that the growth rates of theraegted inputs
kg andyk.qr are equal. Since the augmented input factors grow at eqesl tizeir
shares are constant, hence the growth rates of factor aestgjaal: 6,6y = Gwr -
Finally, to show that the b.g.p. exists and is stable com&daationl 7: Firstly, for any

g andg, we can always find a level &f /k; to obtain any desired growth in the relative
knowledge stocks; secondly, the relative growth of the Kedge stocks is a strictly
decreasing function of the augmented inputs.

This model thus perfectly explains SF1—i.e. unit long-rlas#city of substitu-
tion between resources and other inputs—while also acoayfar inelastic short-run
demand. The mechanism is straightforward. On a b.g.p., eotgd inputs both grow
at the overall growth rate of production, and returns to dactor also grow at this
rate. So ifw; is constant then, must grow at the overall growth rate, andnf starts
to rise then growth im, will fall back.

Now to the Rebound economy. In this specification there is iaelasticity of
substitution between the final googsandy; (i.e. p = 0). Thus, by I'Hopital’s rule,

Y = YI“' Y. (18)
Then it follows straightforwardly that

P/ (Prye) =Wia /(WeQr) = o /ar =2 /7.

Hence the factor shares of labour and the resource are fhedssumption of Cobb—
Douglas utility leads directly to the fixed-share propestident in Figurel.®

Turning to DTC, note that since factor shares are fixed in thledind economy,
the relative investment ratg/z will also be fixed (equatiol3), hence knowledge
stocksk; andk; will grow at the same rate in the long run if the knowledge prcitbn
functions are symmetric, whatever the model of DTC. Forinse, we could assume a
DTC model in which knowledge stocks are locked together mstroction, or a model
in which they grow completely independently (as in the Dieececonomy); in either
case, the model would be consistent with the stylized facboktant factor share.

8Note that the model cannot now explain the low short-run deheasticity for resources, but the addi-
tion of capital (putty—clay) would generate this resultheitit affecting the results in which we are primarily
interested.
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3.3. Evidence from the energy sector

We now consider evidence from the energy sector regardm@ptrected and Re-
bound economiesl@and1b), in particular lighting, power generation, and transport
hask, remained constant (hence falling relativekth or hasy; risen rapidly relative to
N?

Light is a convenient product category for analysis singétlis a consumption
good which is rather homogeneous and unchanging over vexy timescales, and
the energy-efficiency of its production is easily measurag. therefore begin there.
Fouquet and Pears@@006 study light production and consumption in the U.K. over
seven centuries. They conclude that the efficiency of lightipction in the U.K. (mea-
sured by lumen produced per watt of energy used) increased-fbdd from 1800
to 2000; the productivity of labour in the UK over the sameigerose by a fac-
tor of 12-15 (estimates vary). So, far from lagging behinblar productivity the
productivity of light production has farfgr) outstripped it; this is powerful evidence
against the Directed economy. Regarding consumption bf,limgver the same period
Fouquet and Pearsastimate that the price of fuel for lighting fell by a factdr®
while consumption rose by a factor of 7000. This very large in consumption—if
attributable to the price elasticity of demand—indicategkasticity of approximately
0.7, compared to an elasticity of 1 which would be exactly cstesit with the Rebound
economy. On the other hand, if substitution between prochiteigories were irrelevant
then the elasticity should be zero. The data thus supporetheance of the Rebound
economy, if not the exact parameterization.

Light production is a convenient sector within which to measefficiency, but it
is not very large. Now we turn to the production of motive podrem fossil fuels,
a very large sector; we do not consider consumption sincévenpbwer is typically
not a consumption googer se’ Historically this concerns the efficiency of steam
engines, while over the last century we must consider étepbwer generation and
the internal combustion engine. Regarding steam enginas;as such adills (1993
suggest that their efficiency in generating power from coplts increased steadily
from their invention in the early 1700s up to 1900, and by adiaof around 20 over
the entire period; this growth in efficiency is again morddapan the growth in labour
productivity over the same period. Subsequently, the efiiy of coal-fired power
stations has continued to increase but at a declining reéefps instanc&eh and Rubin
(2007 for detailed evidence.

Finally, transport. Here the situation is complicated bg fact that the cost of
personal transport is not just financial, it is also measureidne. Furthermore, trans-
port varies in quality as well as quantity; faster is, cetgraribus, better. The result
is that rising income is correlated with more rapid formsrainsport, and a greater
distance travelled per person—year, but not with more tipgnstravelling. Schafer
(2006 shows that world travel (in terms of person—kilometresdhad per year) has
grown approximately in proportion to the increase in glgiralduct, which would on
the surface fit the picture of no substitution between cornion categories, consistent
with the Directed economy. On the other hand, he argues #rersimultaneous shifts
from public transport to light-duty vehicles to high-speethsport modes (such as fly-
ing), shifts which are encouraged by efficiency improveraémthe transport sector,
yet simultaneously drive up overall energy consumptiorhat sector. So, efficiency
improvements in (for example) passenger flight since theD4%tave clearly driven
massive increases in energy consumption within that seétiorally, Knittel (2011
analyses technological change and consumption pattethe ld.S. automobile indus-
try, and shows that—for a vehicle of fixed characteristideims of weight and engine
power—fuel economy would have increased by 60 percent begueriod 1980-2006

9Note that this includes electricity generation, since tiagsdtep in generating electricity from fossil fuels
is the generation of motive power.

12



due to technological change; this is approximately on a p#r icreases in labour

productivity, and thus not consistent with the DTC storyrtRermore, he also shows
that actual average fuel economy increased by just 15 pertendifference being

due to countervailing increases in the weight and power bfcles. Thus we have

efficiency improvement leading to a fall in unit costs of eneservices and hence an
increase in consumption of these services: Rebound.

4. The model with a substitute resources: Lock-in and Fundarantalist economies

In this section we focus on substitution between altereatdsource inputs. We
require the model to be consistent with SF2 of Secfiphe. that there may be large
shifts in the shares of substitutable resources, and themaimew resource appears on
the global market there may be an initial period during whistiactor share increases
rapidly before levelling off in the long run. We parameterthe model in two ways
—denoted thd.ock-in and Fundamentaliseconomies—and we show that only the
Fundamentalist economy is consistent with SF2.

4.1. The model of the resource sector

The key to the model of this section is substitution betwdesrraative resource
inputs. In focusing on this substitution we simplify theatgnship between the labour-
intensive and resource-intensive sectors; in effect wig laupartial-equilibrium model
of the resource sector, nested in the overall general bquith model. This simplifies
the model greatly, at the expense of the loss of second-eff#mts. We are interested
in the first-order effects of competition between alten@atiesources, not the (small)
knock-on effects on overall growth and wages.

We assume that the resource-intensive sector is small isethge that neither the
wage to researchers nor the growth rate of general knowlisdgféected by changes
in the resource-intensive sector. Furthermore, we maksithglest possible assump-
tion about the utility function that is reasonably congisi®ith the evidence presented
above; that is, we assume Cobb—Douglas. Thus we have (fraatieql)

Y:ylalygrv

wherea; > a,. Furthermore, since the labour-intensive sector is venyelaom-
pared to the resource-intensive sector, we assume thatvtdapment is unaffected
by changes in the resource-intensive sector: It is assuoaelon a b.g.p. along which
yi, Wi, andw; all grow by a constant factd® per period. Finally, we approximate the
growth rate ofY as being equal to the growth rateypf Returns to the resource sector
also grow byB per period, sincgy; = a;Y. And because of the equal returiYgw,
is constant; we definé/w, = Y.10

Now assume two coexisting resourcBsandC. (Think of them aglirty andclean
orin the case of enerdgssilandrenewable) The resources are imperfect substitutes in
a CES production function—the elasticity of substitutiei(1— €), wheree € (0,1)
—hence both are used by each firm in se&oFor the representative firm we have

yr = [(vakada)® + (veketo) ] /°. (19)

The two resource inputs are produced (or extracted) acuptdiequations analogous
to (6), hence their pricesi; andwy are exogenous to the production sector. Putting
this information together we can set up the representativesfioptimization problem
as follows:

o, MaX, 1= Pr [(yakGa)® + (VekeGe) Y E — (WgOlg -+ Welle) — Wo(Zg +2),  (20)

19Given the growth factoB we haveY = (£6)Y¢/(n@).
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subject to knowledge production functions which are analsgo 8). Note that since
the price of research labow, is determined in the labour-intensive sectayrin equa-
tion 20 is exogenous to the behaviour of resource-intensive firndstlagre is no re-
striction onz; + z4.

Regarding the static problem (the allocation of productigruts for givenk; and
kq) first-order conditions iw, andwg yield wede = 1 prys—¢(vekeac)€, and similarly
for the dirty input. Use these two equations to show that

Wele +WaGd = narYw,  and (21)
WeQe <Vckc/WC >£/ e (22)
Wg g YaKd/Wq '

We thus have two equations in the two unknowmqsgndqgy). Consider now the dy-
namic problem, and first-order conditionsanandzy, which yield

Ze+24 = NoarY; (23)
E — WeQc ) (24)
Zy  Wg0Qq

Again, relative investments are equal to relative fact@reh. And, again, we need to
check for uniqueness, which we do separately for the two @oigs below.

4.2. The Lock-in and Fundamentalist economies

The next step is to specify the knowledge production fumgtiand set parameters.
However, this time we have spt= 0 in both cases, and the key is the specification of
the knowledge growth equations. The economies are as fallow

Economy 2a. Lock-in. Knowledge stocks augmenting alternative inputs grow-inde
pendently—DefinitioB—hence a new substitute resource is typically unable taente
without regulatory assistance.

Economy 2b. FundamentalistRelative productivities of alternative resources change
as a result of underlying technological progress ratherrttendogenous changes in
relative investment.

In the Lock-in economy we assume—as with Directed—indepahknowledge
stocks:

Kdjty1 = Kdtzngl/Zd; Kejtr1 = KetZgj i1/ de- (25)

General knowledge stock& andK. are built up in an equivalent way t§ andK;
above (equatiod5), hence in equilibriunky = Kg andk. = K.

For given pricesvg andw, and imposing the restrictios(1+ @) < 1,** we have
(from equation24) the following change in the relative stocks of knowledgetaf
representative firm:

€¢/[1-e(1+9)]

(26)

Kat+1/Ket+1 _ (é) (e (o) VaKdt/Wat+1
Kat/Ket d YeKet /Wet 11

Note first that this equation shows that for givgnandkg;, and with prices known and
exogenouske.1 andkg; 1 are uniquely determined. Second, note that for constant
relative prices of the resource inputs the system is urestaiice growth irky/ke is

an increasing function dfy/ke. That is, for constant relative prices the ratio of the
guantities demanded will approach either zero or infinigpehding on the starting

14§ the restriction does not hold neither does equafiénand the economy goes straight to a corner.
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point; in the case of energy, if the starting point is ‘foskiminated’ then the economy
will carry on heading for a ‘fossil corner’ in which there isrb demand for renewable
energy because technologies are not adapted to use it. Gtheamway we have path-
dependence, in the sense that the resource with an earlgteksdup being dominant;
chance drives the dynamics.

In the Fundamentalist economy we introduce a new distindtetween knowledge
stocksk. andky and productivitiesa; and ayg, and the dynamics are driven by the
difference between resource-specific paramedeamdky, which represent the degree
of technological sophistication required to make use oheasource. Production g
is a function of input productivitg,

Ye = Yeace,

and input productivity is a function of input-related knedbek; andk,
ac = max{ (ke — kc) 1 ~*k&, 0} ,

?? change in accordance with presentation! ?? whegre (0,1). Symmetric ex-
pressions apply for inpub. For simplicity we completely short-circuit the process
of DTC by assuming that there is only one type of investnzgnénd it boosts both
types of knowledge equally. Sinke andky are equal we define; = kgt = kit, and in
equilibrium

ko1 = kel 1/ 27)

In this economy there will therefore be no path-dependendeak-in: In equation
23 we now havez on the LHS instead of; + z5 (and equatior24 no longer ap-
plies). Hencer = nea,Y, andk; andky will both grow at the growth rate of labour-
augmenting knowledge in the long run. _

The dynamics of resource productivity are as follows: & k; the productivity of
inputC is zero; technology is too primitive to make any use of theitnplowever, since
kc rises at a constant ratethen at some point we hakg = k;, and the productivity
of the input rises above zero beyond this point. The iniaét f increase will be very
large, approaching asymptotically from above. The rate of approach will depend
ox; in the limit asw, approaches one; jumps straight td; as soon a&; > k.. The
productivity of resourc® will follow a similar pattern, but the timing will be differe

if ke # Kg.

4.3. Evidence from resource data

Here we compare the ability of the two economies—Lock-in Baddamentalist
—to explain the data presented in Fig@reoncluding that the data is easily explicable
within the Fundamentalist economy, and not within the Lotkeonomy.

Consider first the Lock-in economy. Assume that there is d-esthblished re-
source (coal, iron) and then a rival, substitute resourcerges onto the market (oil,
aluminium). According to the Lock-in economy these ‘newsaarces should be un-
able to gain a foothold in the market, since knowledge spettifthese resources must
start at zero (since they have not existed in the past), ictwbase not only is their
productivity zero, but also the productivity of investmet factor-specific knowledge
is zero; there are no giants on whose shoulders to standharddtor-specific knowl-
edge never gets off the ground. If a new resource were somt&hsuccessfully enter
the market it should then take ov@mpletelyfrom the original resource; the economy
should head towards a new corner. All of these predictioasaandds with the data
presented in Figur2.

Consider now the Fundamentalist economy. In Fidglmee have pairs of resources
which are substitutes, and in which one of each pair reqsirapler technology than
the other for its utilization. The former (more basic) resms are coal and iron, the
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latter (more advanced) resources are oil and aluminiumn&tance, oil emerged later
than coal because it requires more advanced technologyregxransport, and utilize
oil compared to coal. According to this economy, technaedor utilizing both coal
and oil do not develop in a vacuum, based only on factor-fipeéovestment; instead
they build on general knowledge in—for instance—mathetsaphysics, and chem-
istry, upon which (in turn) general knowledge in enginegti® built. Technologies
crucial for industrial-scale use of coal—such as the steagine —build on less ad-
vanced technology than those which allow the advantaget w@f loe captured, which
include technologies for refinement, and the internal catibn engine. Similarly, use
of aluminium requires more advanced technology than thetisen.

Denoting the former (simpler) resource Gyand the latter byp, we thus have—
in the model—k: < ky. Hence resourc€ is adopted first, and there is a period of
rapid productivity growth before the growth ratekgp approaches the overall growth
rate. The economy is on this path at the start of the time gémigigure2. Eventually
ky approachegy, and there is a similar period of rapid growth in the prodrittiof
resourceD, and hence a rapid rise in the factor share of that resourtéhel long
run there is a transition towards a new balanced growth gatigavhich the shares
of the resources are constant, a function of the ratio of fh&iinsic price-adjusted
productivities,yy /wqy/(Ye/We), and the elasticity of substitution/(1 — €) (equation
24).

4.4. Evidence from patent data

According to the Directed economy, the production funcfimnknowledge must
have the characteristic of independent knowledge stocksdmething close to it);
i.e. there should not exist powerful links between knowkedtpcks which greatly in-
crease the productivity of investment in sectors which arebehind the technology
frontier in the economy. Arguments for such links appeatmgtuition date at least
to Nordhaugq1973, but what about hard evidence?

Evidence regarding the production function for knowledga be found in stud-
ies of patent data. Very direct evidence can be fountrajtenberg et al(1992), who
study patent citations and show that patenting firms citergatboth within their own
three-digit industry, but also outside'#t. Popp(2002 provides less direct evidence,
in that he finds evidence for diminishing returns to investtie specific technologies
over time; a rise in energy-prices induces a surge in pagrtctivity within energy
sectors such as wind or solar, but the effect peters outrradipédly, and Popp con-
cludes that there is ‘fishing out’ of knowledge within speciénergy-related sectors.
Within our DTC model the interpretation differs in a cruciakpect; it is not some
constant stock of potential knowledge that is fished ouhenathe surge of research
raises the level of sector-specific knowledge relative toegal knowledge, reducing
spillovers from the general knowledge stock and hence fadube productivity of
further energy-augmenting research. Intuitively, we ¢ankt of discoveries of poten-
tial relevance to energy-augmentation being made fretjuegnpther (much larger)
research sectors; for instance, think of the invention efabmputer. It takes time and
research effort for the benefits of these discoveries to berjporated in the energy
sector. If there is a surge of research in the energy sectoritiitially there will be
many potentially useful technologies available which haotyet been applied in that
sector, but over time these ‘low-hanging fruits’ will be kéd and the productivity of
energy-augmenting research will fall.

12They score patents as follows: Within 3-digit scores zerithiw 2-digit scores 0.33, within 1-digit
scores 0.67 and outside 1-digit scores 1. The average scOr&l.
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5. Discussion

In this section we first discuss policy implications if thed®end and Fundamen-
talist economies are taken as accurate descriptions ofctnalaglobal economy. We
go on to discuss the characteristics that more realisticatsodight have, and what the
effect of these changes would be on the policy implications.

5.1. Rebound (hence not Directed) and Fundamentalist @antLock-in)

The policy implications of the Rebound and Fundamentatishemies are straight-
forward. In the Rebound economy, raising the level of resewrugmenting knowledge
will have no effect on resource demand, since there will bereesponding increase in
demand for the resource-intensive good, and resource egrign will be unchanged.
Consider for instance the air travel industry. Accordinthi® Rebound economy, rais-
ing the fuel-efficiency of airplanes will lead to more flyingdano fall in total fuel use.
This is by contrast to the Directed economy, in which poficidnich lead to an increase
in e?ergy efficiency; will lead to an almost equally large fall in energy consurapti
art

In the Fundamentalist economy relative knowledge levedsfiaed so there is no
role for boosting clean technology relative to dirty. Assufar instance that solar PV
(electricity from photovoltaic cells) is the best cleareafative. According to the Fun-
damentalist economy fossil energy’s early dominance oofar £V is a function of
the fundamental properties of the resources; solar PV wagsitally more expensive
than fossil power in this period, due either to underlyingt@nd productivity parame-
ters, or because solar PV requires a higher level of teclygdl@an was available at this
time. If the latter explanation is key it could be that thetsad solar PV will fall below
fossil costs over time, but according to the model it is olféeahnological progress—
rather than technology subsidies—which will be key to thsgess. This is by contrast
to the Lock-in economy, according to which the fact that wesghfossil fuels rather
than solar PV during early industrialization is a historigecident which has left us
locked in to fossil-fuel use. It is then urgent to promoteas®V because the economy
is currently moving in the wrong direction, further and fgt into a fossil corner. As-
sume that a regulator can bo&gtsolar PV productivity), for instance through research
subsidies. Given a sufficient boost—such that the term éndié square brackets in
equatior26is less than one—then she can tip the economy over to a poerevdolar
PV dominates fossil fuel in that its factor share is largeplying greater investment
—and faster growth—iik. than inky, hence the cost advantage of solar grows over
time and the economy moves towards a clean (solar) corner.middel thus mirrors
the results ofAcemoglu et al(2012 under equivalent supply assumptidfis.

In both the Rebound and Fundamentalist economies the ofdgtiee policy in-
struments to reduce fossil-fuel consumption are ones Hiaé rthe relative price of
fossil-fuel consumption; in the first case the price shodddised relative to the wage,
in the second case it should be raised relative to the pri¢beo€lean energy input.
These conclusions are oversimplified, based as they aretmamexparameterizations
of the model, but on the other hand it should be borne in miatigkisting recommen-
dations, highlighting the role of efficiency improvementslgath dependence, are also
based on extreme cases, i.e. single-sector models with@foraebound effects, and
DTC models with independent knowledge stocks and henée dittno role for tech-
nology fundamentals. Furthermore, our analysis suggbatgte latter extremes are
in conflict with the evidence.

13Note however that even in the Directed economy, subsidies¢agy efficiency may be problematic, as
they are likely to crowd out private investment. If such sdies have an effect, the energy share will fall
and hence private investment in energy-augmenting knaeledll fall.

14From a theoretical standpoint, social benefits to reseanblidies may be very large because such
subsidies crowd in private investment in the socially magfée technology.
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5.2. Generalizations and their implications

Here we briefly discuss two possible generalizations of thdet the first of which
is to relax the assumption of constant elasticity of sulbistin between labour- and
resource-intensive goods. There is some evidence thatrdefoaresource-intensive
goods rises rapidly early in the development process, angfdw down in a process
of ‘dematerialization’ in advanced economies. The reasimdoes not show up in
the global data would then be that while growth in resouramated has slowed in
the OECD, it has accelerated in (for instance) China ancaln&io an alternative to
the Rebound economyLlf) would be one in which the income elasticity of demand
for resource-intensive goods is a decreasing function ofrime. If this holds then
efficiency increases will have some downward effect on resoaonsumption, and
when all countries have reached the ‘dematerializatiaget—a distant prospect—
the growth rate of resource demand will decline without thedhfor policy measures.
More generally, in a more sophisticated model the reboufetefay vary from one
sector to another, and its overall strength or importancglmedower.

The second generalization would be to introduce a modelrettid technological
change with links between knowledge stocks, rather thaspkeial cases of indepen-
dent knowledge stocks and no DTC which we model. The stanaiadkl of links,
which | denote ‘constant elasticity knowledge dependenisepresented by (for in-
stance)Acemoglu(2002. Unfortunately, however, it suffers from some of the same
problems as the model of independent stocks. In particitlegmains incapable of
explaining how a new resource takes over from an old if the res@urce enters the
market with zero resource-specific knowledge. As a simpkrrztive we propose a
model based on spillovers of knowledge between sectors.nfioh more analysis of
this model and related models gdart (2012.) Now we have (compare @6 and27)

Kdjt+1 = (Kat + aGt)ZE,",-Hl/Zr; Kejt+1 = (Ket + GGt)Zc(pjtJrl/Zr- (28)

Here o is a positive parameter less than oeg, represents general knowledge in the
economy, and we have sét= {4 = {, since there is no reasanpriori why research
should be more productive (in terms of ideas per researaghene sector compared to
another, other than due to the existing knowledge stocksanaleyse the lock-in model
where @5) is replaced byZ8) in AppendixAppendix A.2 and conclude that the lock-
in property disappears in this model: for given underlyiaggmeters there is a unique
b.g.p. and no path dependence. If a DTC model based on equgioere added
to the Fundamentalist economy the result would be that thénladoption of new
(more technologically demanding) energy sources would featgr, and temporary
technology subsidies would likely be welfare-improvingc they reduce the lag, but
there would still be no lock-in or path dependence.

6. Conclusions

Recall that the underlying question addressed in the paphow to break the
global trend of rising C@ emissions from fossil-fuel consumption. To answer this
question we investigate two pairs of economies within ongtoun growth model: Di-
rected/Rebound and Lock-in/Fundamentalist. Our analytgiports the Rebound and
Fundamentalist economies, and the policy conclusionstark: sSubsidizing, or oth-
erwise promoting, energy efficiency may yield minimal £@ductions; subsidizing
alternative energy technologies may be futile if the unded technology is uncom-
petitive, and unnecessary if the underlying technologyompetitive; and the only
surefire way to reduce emissions may be to raise the pricessfl fluels. Meanwhile,
policy papers building their conclusions on models comesistvith the Directed and
Lock-in economies should be treated with caution in the adsef good evidence
backing up their assumptions concerning directed teclyidbchange and substitu-
tion on the consumption side.
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These conclusions concord with those of authors suélisater and Newe(R008,
whose analysis is based on a two-period partial equilibr@unalysis which does not
give full rein to the mechanisms proposed by, for instadoemoglu et al(2012. On
the other hand, they contrast with a lot of the more thecall§ioriented literature. Re-
garding Directed/Rebound, it is common to simply assumeeasattor economy and
thus assume away the possibility of substitution on thewapdion side. Having made
this first, crucial step, DTC emerges unchallenged as thiaeation for the long-run
constancy of factor shares, whether it is with regard totedpind labour Kennedy
19649 or energy Smulders and de NoQiR003. Regarding Lock-in/Fundamentalist,
Acemoglu et al.(2012 place the DTC mechanism at the centre of their paper, and
hence they find that the factor shares of substitute inpetéudlly path dependent (in
the main variant of the model), in the sense that the econ@ag$to a corner solution
in which one input dominates completely, and the dominaptiiris determined by
chance (or the order of appearance of the inputs) rathefftimaiamentals.

Finally, regarding the rebound effect, note that the idesd gubstitution on the
consumption side—rather than DTC—may be the key explamdtio constancy of
factor shares is not nevicemoglu and Guerrie(R008 show exactly that for the case
of capital and labour; the constant shares of capital anoulahre attributable not to
DTC with independent knowledge stocks, as famously argye¢einnedy(1964), but
rather to consumers substituting between consumptiogeoaés of differing capital
intensity.

References

Acemoglu, D., 2002. Directed technical change. Review @fiteenic Studies 69, 781—
809.

Acemoglu, D., Aghion, P., Bursztyn, L., Hemous, D., 2012eTdnvironment and
directed technical change. American Economic Review 182--166.

Acemoglu, D., Guerrieri, V., Jun. 2008. Capital deepenind aonbalanced economic
growth. Journal of Political Economy 116 (3), 467—-498.

Arthur, W., 1989. Competing technologies, increasingmetpand lock-in by historical
events. Economic Journal 99, 116-131.

Atkeson, A., Kehoe, P. J., Sep. 1999. Models of energy ustty-putty versus putty-
clay. American Economic Review 89 (4), 1028-1043.

Binswanger, M., 2001. Technological progress and sudtndgevelopment: What
about the rebound effect? Ecological Economics 36 (1), 139-—

Boden, T. A., Marland, G., Andres, R. J., 2012. Global, reglpand national fossil-
fuel CO, emissions. Tech. rep., CDIAC, Oak Ridge National LabosatdtS. De-
partment of Energy, Oak Ridge, Tenn., U.S.A.

BP, 2012. Statistical review of world energy. Tech. rep.

Dasgupta, P., Heal, G., 1974. The optimal depletion of estilale resources. The Re-
view of Economic Studies 41, 3—28.

Fischer, C., Newell, R. G., Mar. 2008. Environmental andhtedogy policies for cli-
mate mitigation. Journal of Environmental Economics anshdtgement 55 (2), 142—
162.

Fouquet, R., 2011. Divergences in long-run trends in theegrdf energy and energy
services. Review of Environmental Economics and Policy)5126—-218.

19



Fouquet, R., Pearson, P. J. G., 2006. Seven centuries gfyesenvices: The price and
use of light in the United Kingdom (1300-2000). Energy Jall2v, 139-177.

Gans, J. S., Nov. 2012. Innovation and climate change pofioyerican Economic
Journal-economic Policy 4 (4), 125-145.

Gerlagh, R., 2008. A climate-change policy induced shdtrfrinnovations in carbon-
energy production to carbon-energy savings. Energy Ecasod0, 425-448.

Hart, R., 2012. Directed technoligcal change: It's all abloowledge. Tech. Rep.
2012:2, Department of Economics, SLU.

Hart, R., 2013. Directed technological change and factaresh Economics Letters
119, 77-80.

Hills, R. L., 1993. Power from Steam: A history of the stafioysteam engine. Cam-
bridge University Press.

Jevons, W. S., 1865. The coal question; an inquiry concgrtiie progress of the
Nation, and the probable exhaustion of our coal-mines. Migm

Jones, C., 2005. Growth and ideas. In: Aghion, P., DurlaufE8s.), Handbook of
Economic Growth. Elsevier.

Kelly, T. D., Matos, G. R., 2012. Historical statistics folimaral and material com-
modities in the United States. Tech. rep., U.S. GeologioaV&y, Data Series 140.

Kennedy, C., Sep. 1964. Induced bias in innovation and therihof distribution. The
Economic Journal 74 (295), 541-547.

Knittel, C. R., Dec. 2011. Automobiles on steroids: Prodatitibute trade-offs
and technological progress in the automobile sector. AsaarEconomic Review
101 (7), 3368-3399.

Maddison, A., 2003. Growth accounts, technological chaagd the role of energy in
Western growth. In: Economia e Energia, secc.XllI-XVI8tituto Internazionale di
Storia Economica SF. DatifiPrato, Florence.

Maddison, A., 2010. Historical statistics of the world eoory: 1-2008 ad. Tech. rep.,
Groningen growth and development centre.

Nordhaus, W. D., 1973. Some skeptical thoughts on theorymaficged innovation.
Quarterly Journal of Economics 87 (2), 208-219.

Nordhaus, W. D., Jun. 2010. Economic aspects of global waynin a post-
Copenhagen environment. Proceedings of the National Acgaé Sciences of the
United States of America 107 (26), 11721-11726.

Popp, D., 2002. Induced innovation and energy prices. AsaarEconomic Review
92 (1), 160-180.

Schéfer, A., 2006. Long-term trends in global passengeiiliyoli he Bridge, 24—32.

Slade, M. E., 1982. Trends in natural-resource commodityepr An analysis of the
time domain. Journal of Environmental Economics and Manmeayg 9, 122—-137.

Smulders, S., de Nooij, M., 2003. The impact of energy corsggem on technology
and economic growth. Resource and Energy Economics 25959-7

Solow, R. M., 1973. Is the end of the world at hand? ChalleB§e46.
Solow, R. M., 1974a. The economics of resources or the ress@f economics. Amer-
ican Economic Review 64, 1-14.

20



Solow, R. M., 1974b. Intergenerational equity and exhaiestiesources. Review of
Economic Studies, Symposium on the economics of exhaasgisburces 41, 29—
45.

Stiglitz, J. E., 1974. Growth with exhaustible natural reses: Efficient and optimal
growth paths. Review of Economic Studies, Symposium on ten&mics of Ex-
haustible Resources 41, 123-37.

Trajtenberg, M., Henserson, R., Jaffe, A., 1992. Ivory towersus corporate lab: An
empirical study of basic research and appropriability. IRBEorking paper 4146.

Unruh, G., 2000. Understanding carbon lock-in. Energydydi8 (12), 817—-830.

Yeh, S., Rubin, E. S., 2007. A centurial history of techn@agichange and learning
curves for pulverized coal-fired utility boilers. Energy, 3®96—2005.

21



Appendix A. Appendix — For online publication

Appendix A.1. Solution of general model with one resourpatin

Here we demonstrate the existence of a unique solution thergkemodel of Sec-
tion 3. Assume that in periotd— 1 we have the set of knowled¢fe_. We aim to find
all of the endogenous variables in perto®ur solution strategy is first to assume that
quantities used by the representative firmsandg,, are exogenously given, and to
find relative investments and relative prices. Using thilatsan we then confirm that
there exists a unique solution for the quantity of resogycand the price of labous
given thatw; andq, are exogenously given.

First take equatiori3 and substitute in, firstly the production functior® énd
(4), and secondly the knowledge production functio8js fiote that we drop the time

subscript. Hence
izﬂ(m)p<E(K)4¢/4>p. A1)
Z ar \ %O Fr(K_)Z’ /¢

Now rearrange to derive

<3>1M’_ﬂ<wm)p<5M—VG>p (A2)
Z ar \wo ) \F(K)/&) '
EquationA.2—together with the restriction on total research labourwegiis a unique
solution forz; andz, for given quantities); andq; and knowledge stocks . Note
also that equatio’.2 shows thatz /z is a decreasing function afi /g, as long as
p <O0.

Given the above—the unique solutions fpandz, the initial knowledge se _,
and the knowledge production functions—we knigvandk;, and hence we can solve
for all the other variables in the model. Here we focus on &saurce pricev,. From
the first-order conditions we haveq: = npryr, and hence by substituting fgr and
Yy we can obtain

WrQr = narYl_p(Vrerr)p- (A.3)

Substitute foly —using equation, 3 and4—and rearrange to obtain

(1-p)/p
a; ( vk )p ] 1/p
— +1 a . A.4
ar(yrqur na’®yk, (A4)

r =

Now return to equatioA.2, and substitute the expression fpfz; back into the knowl-
edge production functions to derive

b _ (B [(2)"° 1 (BK/G) P g
K F(K2)/4 o var \F(KO)/4 )
and hence
k  (RK/ZN\YYPO T (yg P17 P9
c-(moe) BGR)T (A6
Substitute this inte\.4 to obtain
- - (1-p)/p
e\ (RKD/GNP PO [ay [ yg PP P »
Wr_[a— (ﬁ) (W) E(yr—qr):| +1 nai’Pyk;.
(A7)
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and hence

|

By inspection of A.8), asqr — », wy — 0, and asgy — 0, Wy — W, wherew; is
finite and positive. Furthermore, as long¥sandY; are complementgp(< 0), wy is
unambiguously decreasingdpacross the allowed rangeqf(i.e. wheng; is positive).
Hence as long a®; is in the domain0,w;) theng; is a function ofw, as well asn;
being a function ofy,.*®> The implication of this is as follows. In the baseline model
described above we tregtandq, as exogenous, ang is then endogenous. Given the
result above, we can also treat the resource pyjcas being exogenous, in which case
there is a unique quantity of resourcgsextracted, which is endogenous to the model.

ar (via )\’ 1/(1-p9) R(K.)/g p/(1-pg) (1-p)/p e
“_‘(ﬁ)] (W) +1} nai’? k.

(A.8)

Appendix A.2. The extended model with links between knge/ltdcks

Here we analyse the economy based on the lock-in economwithu{25) is re-
placed by 28):

Kajtrr = (Kat+ 0G)Z 1/ kejrrn = (Ka+ 0G0,/

Assume an initial situation in which fossil enerBydominates completely since it is
so cheap compared to renewable. Then we have

z4 = noaY,

and we have (after substituting in the definition?c)f

de—l _ GO 10) ﬂ
ke (”"kdt/et) a7

The economy thus converges to a balanced growth path aloiofy @liky is constant,

G 1 ( 1¢ 1)
ki o\a?d ’
and the distance of fossil-augmenting knowledge from tbetfer is a decreasing func-

tion of o anda;, (the fossil share).
Assume now that enters the fray. We then have (from equatidip

Zq ( YaKd /Wy ) £/(1-6)
Yeke/We ,

Z

and from @8) we have
ki ki-+0G- (E)“’
ke ke 4+0G_\z/ "’

where the subscript minus indicates values from the prevpeuiod (which are known),
as above. From these two equations we can solve immediatety fkc,

ki [ (Kot 06\ (yapma) o]V
E:l(kC—JFUG—) (VC/WC) ] ’

15Note that ifY; andY; are substitutes then the term in curly brackets is decrgasip butk, is increasing
in gr S0 we cannot say a priori whether or mptis a function ofw;.
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noting the restriction that(1+ ¢) < 1. So we see that if for instance we start with
ke— = 0 thenk; will be positive as long asr. is finite.

To understand the properties of the economy better we meestligate more deeply.
Combine the production functions for knowledge with theapn for total resource-
augmenting researc3), z. + zg = na,Y, to obtain

Ky e ke 1/<P_ _
(kd_+aG_) * (kc_+aG_) = ngarY.

Rearrange to obtain an expressionkgrand substitute this expression into the equa-
tion for kg /kc above to yield

ka B l<kd_ +0G. ) e (Vd/Wd > eqo] YA-e(1+9)
_ 1] ® |\ ke +0G_ Ye,/We ’
nearyY — (ﬁ) ¢] (ke- +0G.) /

and hence

Ky {kd_ +0G_ Vd/Wd} eo/l-e(l+o) _ Qfo/l-e(1+0)]
[rl @arY (kg +0G_)Y?— ké/(p} ¢

“ ke + OG-y we

Note the definition of in the final equation, and rearrange to yield

qe/li-s+o)] \
1+ Q¢&/[1-e(1+9)]

ki = (n@arY)? (kg +0G_) <

By symmetry we also have

— 1 ¢
_ (7
ke = (n@arY)” (ke- +0G-) <1+ Qe/[ls(l+(0)]) '
SinceQ is defined in terms of knowns, these two equations define thliton of
the system. But where do they lead? It turns out that they tea unique stable
b.g.p. when relative prices are constant. To see this, &idgfine the variables &s/G
andky/G. Then

(ki/G)-+ 0 ya/Wa

?=k/C) 10 Y/

and

qe/li-s1te)] ¢
1+ Q¢/[1-€(1+9)]

B(ky/G) = (NgarY)? ((ky/G)- +0) (

— 1 %
O(kc/G) = (190:¥)" (/) + ) (1 gerisrrey )

Rearrange and use the fact tat (£,6)Y9/(n ¢) to obtain

G Q¢/l-ero] \ ¢
o/~ 4P (+alko/e)-) (m ) )
toe =4 ot/ ) (1gaare) - A0

To show that there exists a b.g.p. we simply need to show &) tbr any al-
lowed value ofk./G there is a value oky/G such thaty /G is constant, and (ii) the
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corresponding result with the roles kf andky reversed. Given the restriction that
£(1+ @) < 1, the result follows straightforwardly from noting thaethight hand side
of (A.9) is monotonically decreasing ky/G, and that at the limits (wheky/G ap-
proaches zero and infinity) it is greater than one and less dha respectively. The
corresponding result applies ta.00).16

The above result, though important, is not particularyghitning. To get a sim-
pler result assume that the energy sector is small enoudhtkat researchers build
overwhelmingly on general knowledge rather than existimeygy-specific knowledge.
Then it is straightforward to show that the long-run factoares of the two resources
are

WqQd Yo/ wg | /e
WeOe <Vc/Wc) .

So the equilibrium shares are in proportion to the intrirmicductivities of the re-
sources, magnified according to the degree of substitittabitween them and the
elasticity of knowledge to research effort. That is, a resewith a high ratio of intrin-
sic productivity to price will take a large share. How larpattshare is will increase in
the elasticity of substitution between the resources;édfrésources are easily substi-
tutable then a resource with a small intrinsic productiaitivantage will have a large
long-run market share. Furthermore, it will increase inrdgponsiveness of knowl-
edge to investment; if this elasticity is high then a smalbant of extra investment will
lead to a large knowledge increase, again strengtheningtivemntage of the dominant
input.

18Note that we need to apply the restriction tisaf) < 1, which implies that knowledge growth in the
resource sector is not fixed at a level higher than overalran the economy, which it could be due to a
combination of the high factor share of resources and theplmductivity of labour-augmenting research.
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