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1 Prologue 
 

 

 

1.1 Introduction 
 

Most introductory textbooks on economic growth theory reserve few pages, 

or at least few paragraphs, to explain the difference between the impact of 

one-time changes and continuous changes on long-run path of macro 

variables. These textbooks argue that only continuous changes have the 

potential to make a difference in the long-run equilibrium while a one-time 

change can hardly have any effect on long-run equilibrium in a growth 

framework. 

Historical evidence is consistent with this argument. An example is the 

quick recovery of German and Japanese economies from the ashes of 

Second World War. John Stuart Mill (1904, Book I, Ch.5) has noted the 

ultimate recovery from shocks a long time ago, indeed:1 

 
“ (…) what has so often excited wonder, the great rapidity with 

which countries recover from a state of devastation; the 

disappearance, in a short time, of all traces of the mischiefs done 

                                                           
1 We took this excerption from Hirshleifer (1991). 

1 
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by earthquakes, floods, hurricanes, and the ravages of war. An 

enemy lays waste a country by fire and sword, and destroys or 

carries away nearly all the moveable wealth existing in it: all the 

inhabitants are ruined, and yet in a few years after, everything is 

much as it was before”. 

 

This dissertation neither objects to the theory nor to the historical evidence 

but argues that shocks, and especially those that are purely unexpected, 

deserve to be studied more thoroughly and systematically. This is so 

because of several reasons. First, shocks are unexpected! The unexpected 

character of shocks implies that economic actors (including policymakers) 

would not be able to take measures to cushion against shocks. Hence, 

skyrocketing oil prices, new general-purpose technologies, and diseases will 

have stronger impact on the economy than changes that are expected, at 

least with some probability. Second, shocks affect an economy via 

alternative channels. Some implications of shocks are direct while others are 

indirect. Interestingly, direct and indirect effects of shocks can be 

contradictory in terms of their impacts on an economy. For example, an 

unexpected increase in oil prices may induce R&D in alternative energy 

technologies while slowing growth performance of an economy. An 

earthquake striking the housing stock of an economy may have severe 

welfare implications, but may also lead to higher income (and growth rates) 

transitionally or even in the long-run if indirect effects of an earthquake is 

rightly managed. A systematic treatment allows us to elaborate not only 

direct but also indirect effects of shocks. Third, a systematic treatment is 

indeed needed to raise more profound questions that have been rarely asked. 
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Among the many others, some of them can be enumerated.2 (1) Are all 

shocks recoverable? (2) Which one is better to rely on during recovery? 

Market forces or government? (3) Is there any indispensable role of 

government during recovery from a shock? (4) Which are more vulnerable 

to shocks, advanced or developing economies? (5) Are there different 

implications if the primary impact is upon physical resources (e.g., labor 

supply and capital) or financial items (e.g., prices)? A systematic treatment 

will invoke these and similar questions in a framework, that may give way 

to a more coherent study of shocks. 

Our aim in this manuscript is to make a preliminary research on the 

growth impact of shocks, which are also stimulated by the raison d'être 

raised above. In that respect, we do not engage in any specific question 

brought up above but give pieces of or findings to this and that. We hope 

that our initiation will stimulate further research in that direction that will 

shed light on the fundamental questions brought up above in a more 

consistent way. 

There are two (additional) interrelated reasons to look at the impact of 

shocks in growth framework. First, understanding the impact of shocks 

requires a long-run analysis, though the shock itself may be one-time, 

because shocks have indirect as much as direct effects, and thus have long-

run as much as short-run effects, as indirect effects do not show up 

immediately. A growth framework, which in general allows for both 

transitional and long-run equilibrium analyses and hence provides a suitable 

environment to study direct and indirect effects of shocks, is possibly the 

best structure in order to study shocks. Second, growth theory itself ignored 

the growth impact of shocks to a large extent in the past. In particular, these 
                                                           
2 Some of these questions were originally asked in Hirshleifer (1991) within the context of 
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analyses are relegated to business cycle literature, by and large (see also the 

discussion in the next section). For that reason, the relationship between 

shocks and the growth process is still not very clear. As a result, a further 

analysis of shocks in the context of growth is needed. 

This dissertation consists of papers analyzing transitional and/or long-run 

implications of shocks in alternative growth frameworks at the theoretical 

level. The next section is an attempt in identifying shocks in the growth 

literature in a taxonomy. The third section introduces the various essays in 

this dissertation, and relates them to the taxonomy advanced in the second 

section. The last section concludes the chapter. 

 

 

1.2 Defining Shocks in the Growth Context 
 

Perhaps a very useful step before starting to review the use of shocks in 

growth literature is to define shocks. Oxford English Dictionary defines a 

shock as “the disturbance of equilibrium or the internal oscillation resulting 

from this [distribution]”.3 A more practical definition is perhaps “shocks are 

drastic changes”. By “drastic changes” we mean a sufficiently substantial 

“disturbance of an equilibrium or of permanence of a trail” from the 

viewpoint of the system. As an example, suppose that population growth 

rate is one percent. A one thousandth increase in that rate is a change but 

perhaps not sufficiently substantial to consider it a shock. However, a rise 

from one percent to two percent (a hundred percent increase) may be a 

sufficiently substantial change to make it drastic. Evidently, the benchmark 

                                                                                                                                                    
disasters. We adapted them to our context in this paper. 
3 Available at http://dictionary.oed.com/ 
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difference in terms of its impact, especially when the long-run as well as 

short-run is considered. Accordingly, defining shocks in the taxonomy of 

duration makes sense. 

Third, shocks can be defined according to their nature. Most shocks are 

exogenous by their nature. An earthquake is a good example. Some shocks 

can be purely endogenous, arising from the intrinsic character of a system. 

Technological shocks can be considered such, as new technologies cannot 

be generated unless a significant amount of investment in R&D is made. 

Evidently, in many instances, it is matter of model construction whether a 

shock is exogenous or not.  

We consider that the three taxonomies of shocks presented above are 

sufficiently comprehensive in defining shocks, even though our list is 

possibly not an exhaustive one. In addition to this, we are aware of the fact 

that there is some overlapping among taxonomies. For example, natural 

shocks are exogenous (almost) by definition. In that respect, we believe that 

it is not useful to review the literature in accordance with each possible 

combination of these taxonomies such as one-time exogenous natural 

shocks or continuous endogenous market shocks, as it would complicate our 

understanding of shocks. For the very same reason, reviewing the literature 

for each categorization separately is not very fruitful. We would argue that a 

better approach is to refer to a basic taxonomy in the review, and mention 

other merits of shocks at proper instances. In particular, we will refer to the 

sources of shocks as our reference taxonomy and mention others 

(endogenous/exogenous, one-time/continuous) when feasible and 

appropriate. 

We need to discuss three critical limitations of our review before we set 

off the argument. As was mentioned earlier, this review and this dissertation 
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are about unexpected shocks. Evidently, one should always keep in mind 

that it is often possible to assign some expectations to shocks. For example, 

an area that has high flooding record in the past will possibly have a high 

probability of flooding in the future. Similarly, productivity shocks can be 

legitimately associated with a statistical rule. Actually, the recent wave of 

literature linking the business cycle and economic growth explicitly studies 

the impacts that productivity and policy shocks can have on the growth 

performance of an economy.4 These models, however, use a stochastic 

framework, which is a significant methodological deviation from the 

deterministic framework that we exploit in this dissertation. 

Second, the conventional perfect foresight economic growth literature 

has rarely studied shocks explicitly. Perhaps one reason has been the very 

existence of the (real) business cycle literature dealing explicitly with 

shocks. Whatever the source of this ignorance may be, we can safely argue 

that unexpected shocks have not been analyzed sufficiently in the perfect 

foresight growth models. For that reason, a new focus on the growth impact 

of shocks poses a major challenge. A first step in that process is to re-

interpret the very use of the “changes” concept in growth models. Most 

                                                           
4 A short introduction to this literature is as follows. It is an empirical regularity that the 
output growth rate has never been steady. The evidence is that expansions and recessions 
have been alternating over time. The necessity to explain the determinants of these output 
fluctuations gave rise to what we know as Business Cycle Theory. Until the 1980s, 
economists generally believed that business cycles were temporary events: once the 
economy recovers from a recession it returns to the level that it would have reached had the 
recession not occurred. In other words, business cycles were thought to have a short- but 
not long-run effect on a country’s standard of living. Three papers published in the 1980s 
changed this perspective. First, in their well-known 1982 article, Nelson and Plosser 
showed that business cycles are not entirely temporary events but, instead, have permanent 
effects on the economy. Second, Kydland and Prescott (1982) and Long and Plosser (1983) 
offered new models for analyzing economic fluctuations that integrated growth and 
business cycle theory. Since then, a body of empirical and theoretical literature has been 
growing, analyzing the impact of volatility of growth (in business cycle sense) on the 
growth process. A recent example of an effort linking Business Cycle literature to the 
Growth literature is Jones et al. (2000). 
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growth studies undertake some “growth impact of changes” analyses, 

including comparative statics. If we re-interpret this use of changes as 

drastic changes, then it is possible to review a large part of the growth 

literature. One source that backs our interpretation is Galor and Tsiddon 

(1992), in which the effects of transitory productivity shocks on long-run 

equilibrium (comparative statics!) is studied and shown that an adverse 

transitory productivity shock may result in a lower long-run equilibrium. As 

we only have a handful explicit works studying the implications of shocks 

in deterministic frameworks, this is considered to be the best among the 

alternatives in this exploratory work. 

Third, it is not possible to cover all research areas of the growth theory in 

a single review. For that reason, we will focus on only one “good” 

representative of each shock, notably earthquakes, technology shocks, and 

fiscal shocks as examples of natural shocks, market shocks, and policy 

shocks, respectively. We study the impact of earthquakes as the 

representative of natural shocks because (i) a catastrophic earthquake has 

drastic direct and indirect impacts on an economy, (ii) an earthquake is not 

predictable (it can be said that an earthquake would hit a region in the next 

30 years, but an exact timing cannot be given). In that respect, the 

earthquake is one of the best representatives of natural shocks. We use 

technology as the example of market shocks because (i) the linkage between 

the technology and market has been deepening at micro and macro level for 

centuries and therefore examining technological shocks also stands for 

examining other market shocks, i.e., the backward linkages of technological 

shocks are very strong, (ii) similarly, the very same reason implies a very 

strong forward linkages between technological changes and other market 

shocks, and (iii) the growth literature is very exclusive on the issue of 
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technological change. Finally, we focus on fiscal shocks as the 

representative of policy shocks because (i) fiscal policy is one of the most 

frequently used tools of the government, and (ii) the impact of fiscal shocks 

has been intensively studied in the growth literature. 

We are aware of the fact that our heuristic “representative” approach has 

pros and cons. On the one hand, we miss the opportunity to review some 

other prominent research areas like human capital, trade, and technology 

transfers. We know that each of these issues, named or unnamed, would 

have enriched our understanding on the growth impact of shocks, had they 

had been included. On the other hand, we gain in terms of clarity in our 

presentation. We believe that referring to a single representative issue to 

discuss the growth impact of shocks would still produce a comprehensive 

review that would allow us to understand what have been and could have 

been done in the growth literature in terms of our research question. We 

elaborate below the place of shocks in deterministic growth frameworks 

using sources of shocks as the reference taxonomy. We start our review with 

natural shocks. 

 

 

1.2.1 Natural Shocks 
 

Natural shocks are defined as “uncontrollable, exogenous ‘acts of God’ (…), 

which produce devastating blows to a region’s people and economy” 

(Iacobucci et al., 2001, p.5). In a narrower sense, natural shocks are created 

by natural disasters, which are defined as sudden and widespread events like 

earthquakes, windstorms (hurricanes, cyclones and typhoons), floods, 

droughts, famines, fires, avalanche, chemical and nuclear accidents, 
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epidemics, volcanic eruptions, etc., causing loss of human life and damage 

to social and economic systems.5 Natural disasters run along a continuum, 

ranging from regularly occurring, predictable events to sudden, catastrophic 

ones. Predictable natural disasters most often include events such as floods, 

infestations, and droughts. These events usually display warning signs from 

months to years in advance, so there is time to prevent, or at least minimize, 

the damage.6 Catastrophic natural disasters, on the other hand, can occur 

with little or no warning. They may cause significant human and property 

loss, and there is a greater sense of danger and helplessness than in case of 

predictable disasters. Examples of catastrophic disasters are tornadoes, 

earthquakes, and hurricanes. In this review, we consider any large-scale 

unexpected shock triggered by nature as a natural shock. 

Natural disasters can and do cause large human and economic losses.7 

The economic impact of natural disasters not only remains with its one-time 

physical damages. Bull (1994) states that it is common to identify direct, 

indirect, and secondary effects when estimating the economic consequences 

                                                           
5 Albala-Bertrand (1993a) states that a natural disaster is one induced by a natural event, 
whereas a man-made disaster is one resulting from the breakdown of regular processes 
within the social system (e.g., war, recession). We conjecture that a broader interpretation 
of natural shocks may indeed include some shocks that are triggered by human beings such 
as epidemic diseases and forest fires. Furthermore, some natural disasters (in the narrower 
sense) like floods actually take place due to mismanagement of land-use planning.  
6 However, under certain conditions, normally predictable events may turn out into 
unpredictable ones. For example, a flash flood can occur without warning and cause great 
destruction. The same would hold true for fires—forest fires and wildfires. 
7 For example, Birkland (1997) estimates that hurricane Hugo and the Loma Prieta 
earthquake, which both occurred in 1989, were responsible for more than US$15 billion in 
direct property damage in South Carolina and Northern California, respectively. More 
severe costs of natural disasters have been experienced in the history indeed. For example, 
the 1995 Kobe earthquake “destroyed or severely damaged tens of thousands of businesses, 
disrupted highways and rail lines along one of Japan’s busiest transportation corridors, and 
crippled the port of Kobe”, resulting in direct losses of about US$120 billion (Tierney, 
Nigg, and Dahlhamer, 1996). 
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resulting from a disaster.8 Direct effects include damage to property and loss 

of income to persons, business enterprises, and communities. Each of these 

direct losses may have indirect effects. For example, if a factory is closed 

because of an earthquake there will be a (i) reduction in activity of suppliers 

without alternative markets; (ii) reduction in purchases of goods and 

services by people who have lost their jobs; (iii) reduction in national 

income through reduction in tax revenues. Further, both direct and indirect 

effects result in secondary effects, which may appear some time after the 

disaster. These may include (i) epidemics inflation; (ii) an increase in 

individual and family income disparities and imbalances in the economic 

health of different regions in the country; (iii) economic opportunities lost as 

a result of the redirection of economic activity; (iv) ecological changes; or 

(v) negative changes in the balance of payments. 

Engineers, disaster managers, and researchers from governmental and 

non-governmental organizations have put a lot of effort in understanding the 

economic impacts of natural shocks, while economists, instead, on average, 

have shown very little interest in studying the impact of these phenomena. 

One could argue that the growing “economics of disasters” literature is a 

sub-field of disaster management literature that economists hardly 

contribute to. The disadvantage of that trend is that researchers from disaster 

management do often fail to exploit powerful tools offered by economic 

modeling.9 The strength of economic models is based on the fact that 

indirect (and secondary) effects of physical shocks can be easily studied 

                                                           
8 Albala-Bertrand (1993a) prefers to categorize the impact of natural disasters as direct and 
indirect effects. By default, in that case, his indirect-effects definition covers the secondary 
effects. 
9 A relatively up-to-date bibliography of economics of disasters can be found at 
www.geo.umass.edu/courses/geo510/economics.htm. It would be immediately recognized 
that almost all works in this list could be considered as part of disaster management 
literature. 
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would be different depending on the size and specific circumstances. In this 

study, we assume that the change is sufficiently large and hence a shock. 

We need to go further than dictionary definitions in order to understand 

the impact of shocks. A fruitful approach to define shocks is to classify 

them. It is possible to classify shocks in alternative ways. First, shocks can 

be grouped according to their sources. Iacobucci, Trebilcock, and Haider 

(2001) suggest collecting shocks under natural, market, and government 

shocks according to their sources. In the category of natural shocks lie 

natural disasters such as droughts and floods, each of which is triggered by 

nature. Notably, it would not be wrong to argue that all natural shocks are 

physical shocks. Market shocks are shocks that are set off within markets 

like technology shocks, input price shocks, demographic shocks, etc. The 

final category of shocks arises from policy changes like trade liberalization, 

government mismanagement, and monetary policy changes, each of which 

is activated by policymakers (government). 

Second, shocks can be classified according to their duration (the level of 

permanence), which suggests by definition two headings: one-time shocks 

and continuous shocks. One-time shocks are short-period shocks that cease 

eventually. Note that the shock itself but not its effect is ending according to 

this classification. One-time shocks can be further classified as one-time 

transitory shocks and one-time permanent shocks. While the former refers to 

a shock in a model that “retreats” to the original “position”, the latter shock 

is meant to stay permanently. Capital outflow after a temporary inflow is a 

good example of one-time transitory shocks. An earthquake is perhaps the 

best example of one-time permanent shocks. Good example of continuous 

shocks is technology shocks in general and, e.g., the introduction of 

electricity in particular. The duration of a shock in general makes a big 
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(e.g., the third essay of this manuscript). In that respect, there are plenty of 

research opportunities for economists in that direction. 

A reflection of the ignorance of the economic implications of natural 

shocks is the very few number of works in this issue in the (growth) 

literature. In addition to this, the available literature mainly focuses on one 

single issue only, namely earthquakes, to our best knowledge. On the 

theoretical side Albala-Bertrand (1993a, 1993b), Oulton (1993), and 

Chapters four and five of this manuscript can be named. At the empirical 

level, a recent one among the very few is Selcuk and Yeldan (2001). Finally, 

Horwich (2000) and Bibbee et al. (2000) can be referred to as case studies 

discussing the economic losses of earthquakes. The common finding of all 

these theoretical studies is that an economy that experienced a one-time 

exogenous natural shock will return to its long-run equilibrium, even though 

the shock may put off the economy into disequilibrium in the short-run.10 

The basic reason of the convergence of the economy to the ‘normal path’ is 

essentially the diminishing marginal productivity character of capital in the 

production technology (see Chapter five this dissertation to spot how the 

“global convergence” mechanism may fail to work when that assumption is 

removed). The remaining part of this subsection focuses on this issue. 

We will show why and how economies return to their original position 

after a physical shock by using the most standard Solow (1956) framework. 

Our first and foremost motivation for using this framework is that it holds 

the diminishing marginal productivity of capital assumption. Secondly, it is 

the most basic framework in the growth literature. Finally, it is simple. In 

the standard Solow (1956) framework, an aggregate production technology 

is represented by 
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 denotes technology, and  is a constant returns to scale function 

satisfying Inada (1963) conditions. The labor stock grows at rate n  if it ever 
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where a dot over a variable represents time derivative of the variable,  is 

the exogenous saving rate and  is the depreciation rate. The capital 

accumulation equation is generally called the fundamental equation of 

growth in the literature. It has been shown long time ago that the Solow 

‘mechanism’ is unable to produce a positive rate of growth in the long-run 

unless exogenous technological change is assumed. Suppose for the moment 

that  is constant. Furthermore, assume that the  function is 

represented by a Cobb-Douglas technology, Y . Then, solving 

the fundamental equation of growth would give us 
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10 Albala-Bertrand (1993a, 1993b) uses Keynesian multiplier analysis instead of a growth 
framework. Still, his results can be interpreted as reflecting steady state. 
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Let us call the path of capital generated by equation (1.3) the normal path 

(Figure 1.1.a below). That path shows that capital accumulates relatively 

quickly in the initial stages of development but that the pace decelerates in 

time. The reason of this fall is the declining marginal productivity of capital, 

which is reflected in Figure 1.1.b below. 

Natural shocks can be examined by using this simple framework. Before 

doing this, let us recall that natural shocks can be classified as one-time 

transitory (the shocked variable returns to the pre-shock value), one-time 

permanent (the shocked variable takes the after-shock value as the new 

‘initial value’), and continuous (a sequence of shocks applies on the 

variable). As natural events are not reversible, no natural shock falls into the 

one-time transitory shock classification. Furthermore, most natural shocks 

(e.g., earthquakes) are discrete shocks. Hence, continuous natural shocks are 

not common. For that reason, we will only consider one-time permanent 

natural shocks in our review.  
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Suppose now that an earthquake hits the capital stock at time  (in the 

transitional period) and the stock falls from  to . The fall in the capital 

stock implies a movement from  to  in the marginal productivity 

capital (see figure 1.1.b above), which means an increase in the marginal 

productivity of capital after a physical shock. The latter is at work because a 

marginal addition of capital stock is inversely related with the level of that 

stock. Hence, an unexpected physical shock on the capital stock decreases 

the stock to a lower level but, on the other hand, increases the economy’s 

ability to accelerate capital accumulation. The increase in marginal 

productivity generates the so-called modified path that will catch up with 

the normal path in the steady state.

et

ek

ae

aek

ek k

11 Evidently, the same mechanism will be 

at work when the economy is at its long-run equilibrium. In conclusion, the 

diminishing marginal productivity property of these models ensures the full 

recovery of a quantity to the before-shock level sooner or later. We believe 

that our argument must also apply to other natural shocks. In the next 

section, we look at market shocks, in which returning to the original 

equilibrium is not as straightforward as in natural shocks. 

 

 

 

                                                           
11 We also ‘tested’ our argument by running equation (1.3) for 150 periods under a Cobb-
Douglas technology assumption. We assume that s=0.20, n=0.01, δ=0.03, k(0)=1, and 
α=0.30. We find that the hypothetical economy reaches 93% of steady state in 100 periods 
and 98% of steady state in 150 periods. Next, we introduce a once-and-for-all shock into 
the model in terms of a 50% percent reduction in the initial capital stock. Our calculations 
show that the modified path catches-up 99 percent of the normal path in 100 periods (i.e., 
92 percent of steady state value of capital stock). 
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1.2.2 Market Shocks 
 

Market shocks are the result of market activities or of (drastic) changes in 

activities of human agents (cf., Iacobucci et al., 2001). The sources of 

market shocks are many: technological changes, variations in input prices, 

shifts in comparative advantage, or changes in demographics are among 

them.12 It is beyond the aim of this review to analyze all market shocks. For 

that reason, we will select a representative theme of market shocks. As we 

argued above, technology is a good representative, because the backward 

and forward linkages between the technology and other market-related 

quantities are very strong, and technological change is intensively studied in 

the growth literature Below, we present a review of technology and 

technology shocks in growth literature. 

 

Technology Shocks 

Technological change is an important source of market shocks. Much of the 

income generating economic activities lies in knowledge, information, and 

technology-intensive manufacturing industries in the modern age. The 

impact of technological change has been investigated extensively in the 

growth literature in several contexts.13 This body of literature essentially 

aims at showing the contribution of technology and of technological change 

on generating positive rates of growth and of changes of that rate. Perfect 

foresight and hence a deterministic set up is a common character of this sub-
                                                           
12 Some shocks may fall into more than one classification. Demographic shock is an 
example. On the one hand, demographic quantities, such as birth rate, can be considered a 
result of nature. On the other hand, the growth literature has already established, both 
theoretically and empirically, the relationship between economic development and several 
demographic variables. In our study, we will stick to Iacobucci et al. (2001) and consider 
demographic changes as an element of market shocks. 
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literature. A natural starting point is to glance at what the first-generation 

growth literature has said on technology shocks. Below, we first look at the 

basic properties of the first-generation growth models and next we examine 

the growth impact of technology shocks within this framework. 

 

Technology Shocks in First-Generation Growth Models14 

The formal growth theory was initially under Keynesian inspiration, as in 

the case of Harrod (1939) and Domar (1946), but subsequently more 

neoclassical in spirit, as with the work of Solow (1956), Swan (1956) and 

Uzawa (1961). That tradition of growth studies, started with Solow (1956) 

and ended with Romer (1986), can be called the first-generation growth 

theory. In this framework, an aggregate production technology can be 

represented by equation (1.1). Let us continue to assume that there is no 

exogenous technological change in the model (hence, changes in 

productivity parameter  are shocks). In figure 1.1.a, we have illustrated 

the time path of capital. Below, we illustrate the Solow ‘mechanism’ by 

considering the model in a four-quadrant diagram.

A

15 

 

                                                                                                                                                    
13 A relatively recent survey on “technology in growth” is Keely and Quah (1998). 
14 Some surveys in the first-generation growth models are Hahn and Matthews (1964) and 
Solow (1999). A critical survey is Cesaratto (1999). 
15 The illustration comes from Van Zon (1997). 
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Figure 1.2. The neoclassical growth mechanism 

 

 

The concave shape of the production function in the Northeast quadrant 

arises from the neoclassical technology assumption. Note that the concave 

curve is getting more and more vertical as the curve is closer to origin and 

more and more horizontal as the capital stock accumulates (cf. Inada (1963) 

conditions). The Northwest quadrant represents the exogenous relationship 

between income per capita and savings per capita. The saving-investment 

balance is satisfied at all times; hence the linear line in Southwest is 45 

degree. Last, the Southeast quadrant defines the net investment behavior of 

the model. Since net investment equals gross investment minus the 

‘effective depreciation’, , the slope between gross and net 

investment is one up to the kink. At the point where gross investment equals 

the effective depreciation, however, net investment becomes zero. Therefore 

kn )( δ+
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the line kinks at that point. The kink implies that capital per capita does not 

increase anymore irrespective of the size of gross investment. The “right 

hand” of the kink shows that a reverse mechanism is at work if an economy 

“overshoots” steady state capital , e.g., by starting from initial capital . 

We can now examine the impact of technology shocks on growth (for clarity 

purposes, we reproduce figure 1.2 below as figure 1.3). 

*k 2k
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Figure 1.3. Technology shocks in the Solow framework 

 

 

A technological shock may have a temporary or permanent effect on 

levels and growth rates, depending on the duration of the shock in the Solow 

framework. Suppose that the economy is in its long-run equilibrium. We 

can easily observe from figure 1.3 that a one-time transitory productivity 

shock (first an increase from  to  and then an immediate fall-back to A A′
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the original value) implies first a one-time increase in levels and growth 

rates of output but that the system returns to its original long-run 

equilibrium when the shock “retreats” (recall that Galor and Tsiddon (1992) 

show a case that generates a contrary result). The intuition is simple. 

Consider the long-run equilibrium ( . Suppose that an unanticipated 

positive transitory productivity shock occurs at time t . Since the shock is 

unanticipated, it has no effect on the investment decisions prior to t . In 

particular, capital is at its long-run equilibrium level . Consequently, the 

marginal productivity of capital is increased proportional to , where 

, and hence income (and capital) increases. At time , 

productivity returns to its long-run level, . Consequently, the system 

returns to its original equilibrium by realizing a one-time decrease in levels 

and a negative growth rate (recall that the right-hand side of the kink 

becomes active when k  overshoots k ). 

), ** yk

*

*

*k

*

*t

AA /′

AA >′ 1+

A

If the productivity shock would stay permanently, even though it would 

be a one-time shock, then the output level would increase permanently. The 

growth rate, however, would be zero after some ‘transitional’ increase. 

Figure 1.3 indicates that a permanent one-time technological shock causes 

an upward (permanent) shift of the production function. This implies that 

the same output can be produced by less capital, and that higher investment 

level will eventually lead to a higher steady state level of capital per capita. 

Finally, we can show that exogenous but continuous increases in the 

technology stock would not only imply permanent increases in levels of 

growth but also a permanent positive rate of growth. The underlying 

mechanism can be illustrated with the help of Figure 1.3. Permanent 

increases in technology stock imply permanent upward shifts in output, in 

gross savings, and in gross investment for a given capital stock. Hence, net 
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capital accumulation will always stay at positive rates, which is represented 

by a continuous shift of the vertical part of the net investment line to the 

right. This is indeed what exogenous technological change generates. 

The impact of a technology shock during the transitional period is not 

very different from its impact in the steady state. Firstly, from equation 

(1.3), one can easily derive that a one-time transitory increase in 

productivity implies a spike in the transitory path of the capital. This means 

a rise at time t  and a fall at time  in the level and growth rate of capital 

per capita. Clearly, the capital accumulation path follows the normal path at 

other times, given that the shock is a transitory one-time phenomenon. 

Secondly, a one-time permanent shock implies a shift in levels and in 

growth rates initially. However, the initial rise in growth declines in time 

and converges to zero at the steady state. Finally, a shock in terms of 

continuous increases in productivity implies a positive rate of growth and an 

ever-increasing stock of capital per capita. Again, this is what we call the 

exogenous technological change. Table 1.1 below compactly presents the 

response to technology shocks in the Solow framework. 

1+t

 

Table 1.1. The impact of shocks in a Solow framework 
State of the Economy One-time Transitory One-time Permanent Continuous 

Steady State One-time spike in levels 

and growth rates at steady 

state  

A permanent increase in 

output 

No change in growth rate 

but a one-time rise 

initially 

Permanent change in 

output and growth rate 

Transitional period One-time spike on normal 

path 

A permanent increase in 

output 

Growth rate increases 

first but converges to 

long-run equilibrium in 

time 

Permanent change in 

output and growth rate 
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The main difference in the response of the Solow model to technology 

shocks in the steady state and transitional-period seems to be that the shock 

is absorbed at once in the steady state, while it may take some time to 

absorb it in the transitional period, at least in some instances.  

We may conclude that the first-generation growth models were rich 

enough to show the impact of technological shocks but weak in explaining 

the source and/or channels of the growth impact. Indeed, the reason for the 

downfall of the first generation growth models in the early 1970s was the 

fact that these models were unable to explain the intrinsic sources of growth. 

The second-generation growth models, also called endogenous growth 

models, have made significant contributions in that direction. Below, we 

review how technology shocks can be represented in some of the 

fundamental second-generation growth frameworks. 

 

Technology Shocks in Second Generation Growth Models16 

The second-generation growth literature started with Romer (1986). The 

main property of this literature is its achievement in generating endogenous 

growth. This is usually done by eliminating the assumption of diminishing 

marginal productivity of inputs in the production technology. One of the 

central elements in generating endogenous growth has been technology. 

Several interpretations of technology have played a significant role in that 

respect. A good example of the broader interpretation of technology can 

indeed be found in Romer (1986) itself. Romer (1986) eliminates 

diminishing returns by assuming that creation of knowledge is a side-

                                                           
16 Refer to, for example, Verspagen (1992), Romer (1994), Grossman and Helpman (1994), 
and Jones and Manuelli (1997) for grasping several aspects of that literature. A critical 
survey is Fine (2000). 
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product of investment. This assumption reduces his model to an  model, 

although only under a critical assumption (see below).

AK
17 

The basics of Romer (1986) are as follows. Suppose that a firm exploits 

not only its own physical capital but also the average knowledge stock of 

the economy, which is a public good that the firm can access at zero cost. 

Starting from a neoclassical production function defined in equation (1.1) at 

firm level, and assuming that average capital (knowledge) stock augments 

labor, the production technology turns out to be 

 

),( iii LKKAFY ⋅= .       (1.4) 

 

In (1.4),  indexes firms. In equilibrium, all firms make the same choices, so 

that , where k  and k . Under the critical assumption 

that  is homogenous of degree one in  and , the production 

function turns into essentially an  model for . In that case, via 

eliminating the diminishing returns in capital productivity, Romer (1986) 

ends up with a mechanism that generates ever-positive growth rates in the 

model economy. Indeed, it is straightforward to apply Romer (1986) to the 

neoclassical scheme we illustrated in figure 1.2: 
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17 Indeed, a large number of models in endogenous growth theory, independent of the 
source of endogenous growth, turns out to be an  model in reduced form. AK
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Figure 1.4. Technology shocks in the AK mechanism (in a Solow setup) 

 

 

As Figure 1.4 shows, there is continuous growth from the start (i.e., without 

any transitional dynamics). Hence, the model is at “long-run equilibrium” 

from the start. The impact of technology shocks can be captured by 

examining the impact of changes in capital (knowledge) productivity .A 18 

A productivity shock may have different impacts depending upon the 

type of shock. First, a one-time transitory technology shock implies a spike 

at the long-run growth rate. Second, a one-time permanent productivity 

shock entails a higher value in output levels and in the growth rate. 

Examining figure 1.4 reveals that a one-time permanent increase in 

 

                                                           
18 Note that the broader interpretation of  represents knowledge stock, which can expose 
to shocks as well. However, it is hard to analyze the impact of shocks to physical quantities 

k
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technology implies a higher capital accumulation, which does not endure 

any diminishing returns. Hence, a higher growth rate is achieved 

permanently, which is also reflected in levels. Finally, if  starts to grow at 

an exogenous rate, the rate of growth of the economy increases at that rate 

(which is not very realistic). A quick comparison of first-generation growth 

models with the  frame reveals that technology shocks have a 

transitional impact on growth rates in the former (unless the shock is 

continuous), while it directly affects the growth rate in the latter. Notably, 

AK type growth models are not richer than first-generation growth models in 

indicating the source of productivity shocks, even if these models generate 

continuous (endogenous!?) growth. 

A

AK

A rather more common representation of endogenous growth due to 

technological change (knowledge accumulation) has been derived from the 

endogenous technological change body of research. The most prominent 

studies in this strand of literature, albeit with different frameworks and aims, 

are Romer (1990), Grossman and Helpman (1991), and Aghion and Howitt 

(1992). The advantage of this framework is its richness in illustrating the 

source of technological change and hence endogenous growth. A common 

argument of these models is that R&D (R&D labor) is the source of 

endogenous technological change (these models are also called R&D-driven 

endogenous growth models). In Romer (1990), for instance, the tradeoff is 

between the final good sector and R&D sector on the employment of skilled 

labor. He derives that any increase in skilled labor is reflected proportionally 

in the growth rate of the economy. Aghion and Howitt (1992) is based on a 

similar idea, but now new inventions replace old ones, and hence 

technological change takes the form of ‘creative destruction’. The critical 
                                                                                                                                                    

AKin  models due to several reasons. We depict them in the fifth chapter of this 
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characteristic of such models is that profit opportunities do work both as an 

incentive to engage in R&D and a disincentive in the form of creative 

destruction. In this review, we will study Romer (1990) in order to show 

what technology shocks imply for the (endogenous) growth behavior of an 

economy. Our motivation for emphasizing this framework is twofold. First, 

Romer (1990) is based on the idea of horizontal product differentiation 

while Aghion and Howitt (1992) is based on vertical product differentiation, 

as creative destruction encapsulates quality-ladders within a single product. 

This difference implies that the Romer (1990) framework is indeed more 

“general” than Aghion and Howitt (1992) in terms of explaining long-run 

endogenous growth. Second, Romer’s (1990) framework is simple. This 

property of the Romer (1990) model becomes clearer especially when 

Grossman and Helpman (1991) framework is considered. 

In Romer (1990), an R&D sector, operating under constant returns to 

scale technology, supplies new technologies to the intermediate sector. 

Intermediate good firms, each operating under monopoly due to patent 

rights, are specialized in producing a single intermediate, which are 

indispensable inputs in the production of final good. In this set up, Romer 

(1990) shows that the public good nature of (scientific) knowledge, subject 

to ever-positive growth due to continuous R&D, is the source of 

endogenous growth in an economy.  

In order to illustrate the impact of technology shocks in the Romer 

framework, we need to elaborate the relations in this model more deeply. 

The basic relations in Romer (1990) are as follows. An Ethier production 

function describes the generation of final output Y: 

 

                                                                                                                                                    
dissertation. 
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dixHY i
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1        (1.5) 

 

where  is human capital input used in final-good production, and  is 

the employment of the i

YH ix
th type of specialized intermediate good. It is 

assumed that the intermediate-good producing sectors use only ‘raw’ capital 

in order to produce an intermediate good. In particular, it is assumed that 

ixη  units of raw capital in the form of foregone output is needed, where η  

is the amount of raw capital embodied in one unit of the intermediate good. 

Romer assumes that the capital can be rented from the market at real interest 

rate . Finally, the blueprint sector is assumed to use human capital in 

producing blueprints next to the experience accumulated during the 

production of all previous blueprints: 

r

 

AAH
dt
dA δ=         (1.6) 

 

where  represents the productivity of the blueprint generation process, and 

 the amount of human capital used in generating blueprints. Hence, there 

is a tradeoff between the final good sector and the R&D sector in using 

scarce skilled labor resources. The solution of this set up has already 

become part of textbooks (e.g., Barro and Sala-i-Martin, 1995), and 

therefore we shall not elaborate it here. The five equations resulting from 

the solution procedure are as follows: 

δ

AH

 

KAY ˆˆˆ ==         (1.7) 
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)(ˆ
YHHA −= δ        (1.8) 

αδ
rHY =         (1.9) 

αδ /ˆ rHY −=         (1.10) 

θ
ρ−

==
rYC ˆˆ         (1.11) 

 

where equation (1.10) is indeed derived from (1.7)-(1.9). A graphical 

illustration of these relationships is presented in Figure 1.5 below.19 

In Figure 1.5, equations (1.10) and (1.11) determine equilibrium  and 

the growth rate Y . We have already noted that equation (1.10) is derived 

from equations (1.7)-(1.9). Given equilibrium  and the growth rate Y , it is 

straightforward to derive equilibrium values of  and  from equation 

(1.7) and (1.8), respectively. Note that Figure 1.5 also indicates corner 

solutions, i.e., the cases where  or  is zero.  

r

ˆ

ˆ

r

Â YH

r Ŷ

Hence, a shock to the technology stock is indeed due to a shock onto the 

stock of human capital stock.20 We can trace the impact of such shocks from 

figure 1.5 above. Suppose that we are at steady state. We observe from 

figure 1.5 that an unexpected increase in human capital stock leads to an 

                                                           
19 Inspiration of this figure comes from van Zon and Yetkiner (2003). 
20 This characteristic of Romer (1990) has led to a debate, which is called the scale-effects 
issue in the literature. Romer-type R&D-based growth models conclude that if the level of 
resources devoted to R&D, say, doubled, then the growth rate of per capita output also 
doubles, at least in the steady state. Empirically, such a prediction receives little support. 
For example, growth rates have either exhibited a constant mean or declined on average, 
even if the number of scientists engaged in R&D in advanced countries has largely grown 
since 1960s. Jones (1995), Kortum (1997), and Segerstrom (1998), among others, attempt 
to remove the odd result of the impact of levels of human capital (or population) on growth 
rate. See also Jones (1999) and Dinopoulos and Thompson (1999) for a detailed review of 
the studies on scale-effects. Finally, it is worthwhile to note that the second essay of this 
dissertation shows that the scale-effects critique may not be valid. 
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outward shift in equations (1.8) and (1.10), where the direction of 

movement of equations is indicated by arrows. If the shock is a one-time 

transitory shock, then the change in growth rate will also be transitory. A 

permanent shock implies a permanent increase in the rate. Finally, a 

continuous increase in the stock of human capital implies a continuous rise 

in growth rates, which contradicts with the empirical regularity (see footnote 

20). 
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Figure 1.5. Shocks in the Endogenous Technological Change Setup 
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When we compare figure 1.3 with figure 1.5, we observe that the 

endogenous technological change framework (which is a good 

representative of the second-generation growth literature) is richer than the 

first-generation growth framework in indicating sources and channels of 

technology shocks. One may induce from our analysis that technology 

shocks have strong backward and forward linkages, even though we were 

able to discuss only few of them (knowledge accumulation, R&D labor) in 

this review. In that respect, a market shock diverge from a natural shock 

because the latter does hardly have backward linkages. Next, we will 

identify the place of policy shocks in the growth process. 

 

 

1.2.3 Policy Change Shocks 
 

Policy-making decisions are the third source of shocks in economic 

structures according to the taxonomy of Iacobucci et al. (2001). Examples to 

decisions that create shocks in economies include ‘strategic’ changes like 

trade liberalization, deregulation, and privatization, and ‘tactical’ changes 

like monetary and fiscal changes, including changes in taxes. Economic 

actors are exposed frequently to government policy shocks, and there is a 

tremendous amount of literature on the effects of these shocks. In this 

review, we will focus only on fiscal shocks due to two reasons. First, fiscal 

policy is one of the heavily used policy tools of governments, and second, 

the growth impact of fiscal shocks has been subject to intensive research 

compared to other policy shocks in the growth literature. We therefore 

believe that the wide range of studies of fiscal shocks legitimizes our 

selection of fiscal shocks as a good representative of policy shocks in our 
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review. The two key elements of fiscal shocks are taxes and government 

expenditures. 

One strand of the relevant literature has concentrated on the search for an 

optimal tax structure in order to finance a given size of the public sector 

(i.e., an exogenous path of public spending). Among others, we can name 

King and Rebelo (1990), Jones and Manuelli (1990), Jones, Manuelli and 

Rossi (1993), Devereux and Love (1994), Roubini and Milesi-Ferreti 

(1994), Bond, Wang and Yip (1996), Mendoza, Milesi-Ferretti, Asea 

(1997), Milesi-Feretti and Roubini (1998), and Turnovsky (2000). These 

studies have shown the negative impact that capital, labor, and consumption 

taxes can have on welfare due to their distortionary effects on the 

accumulation of productive factors and on the income/leisure choice. 

However, the majority of this research does not analyze the problem of the 

optimal tax structure when the public sector affects the productivity of 

private production factors through public capital, or the utility of private 

agents by providing public goods. These aspects are especially relevant, 

since besides the distortionary effects of taxation, which cause inefficiencies 

in allocation, it is also necessary to consider the positive effects, which are 

generated: on the production of goods and services, on the accumulation of 

human capital and on the provision of consumer goods.  

Specifically addressing the positive effects of taxation due to productive 

government services has been initiated by Barro (1990) in the growth 

literature. Some other early studies in this direction are Devereux and Love 

(1995), and Turnovsky (1995, 1996). Turnovsky (1995, 1996) analyses the 

optimal choice between capital and consumption taxes in a model similar to 

the one used by Devereux and Love (1995). The main result is that, in 

general, the optimum taxation policy should include both capital and labor 
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taxation in financing government spending. The work of Corsetti and 

Roubini (1996) complements that of Turnovsky (1995). These authors find 

that in general, the optimum policy implies that both taxes are different from 

zero. 

Two natural extensions of the Barro (1990) model are introducing non-

rival public goods and congestion issues. First, the government input may be 

a purely non-rival public good. In that case, the aggregate government 

services, , enter the private production function of firm i  instead of firm-

specific government services (cf., interpret equation (1.12) below at the firm 

level while government spending is  instead of ). There are several 

contributing works on this issue. For example, Glomm and Ravikumar 

(1994) examine the implications for capital accumulation when 

infrastructure enters as an external input into private production functions 

(see also Glomm and Ravikumar (1997)). In this model, infrastructure is 

nonexclusive but may exhibit varying degrees of nonrivalry. They show that 

the optimal tax rate is independent of the degrees of nonrivalry. 

G

G g

Second, public goods may be subject to congestion (such as highways, 

airports, or courts of law). For example, in Turnovsky (1997), public capital 

subject to congestion is introduced into an endogenous growth model and 

the transitional dynamic paths under alternative fiscal policies are 

characterized. Fisher and Turnovsky (1998) are also in the same spirit. 

Barro and Sala-i-Martin (1992) show that if public goods are subject to 

congestion and are therefore rival but to some extent non-excludable, then 

income taxation works approximately as a user fee and can therefore be 

superior to lump-sum taxation. 

After this short introduction into the literature, we will elaborate the 

impact of policy change shocks on the rate of growth by studying Barro 
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(1990). Our motivation for employing this framework is its simplicity and 

generality. In his paper, Barro (1990) argued that government services could 

enhance production or utility, depending on the type of services. Barro 

(1990) added that this role of public services might create a potentially 

positive linkage between government and growth. The details are as 

follows. The Barro (1990) model assumes that per capita output is a 

function of capital per capita, k , and government expenditures per capita, 

, under constant returns to scale: g

 

)/(),( kgkgky φ=Φ=    0    (1.12) 0 <′′φ>′φ

 

Barro (1990) next assumes that government expenditure is financed 

contemporaneously by a flat-rate income tax, , where 

 is government tax revenue and  is the tax rate. Under the assumption 

that government expenditures are financed by (income) taxation and that the 

government budget is always balanced, Barro showed that his model 

generates endogenous growth, , which 

depends negatively on the tax rate, , and positively on the share of 

government expenditures in gross domestic product,  (

)/( kgkTg φτ ⋅⋅==

))1)(/() ρηφτ −−kg
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T τ
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τ

η  is the 

elasticity of  with respect to , and  is the elasticity of marginal utility). 

We illustrate the relationship between taxes and the growth rate of the 

model-economy below: 

y g θ
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Figure 1.6 Governmental Shocks (in Barro (1990) setup) 

 

In figure 1.6, the Northeast quadrant indicates the relationship between 

 and , which is derived from equation (1.12). The Northwest 

quadrant captures the balanced budget assumption. Finally, the Southeast 

quadrant represents the relationship between the growth rate and  (cf., 

Barro (1990)). It is now straightforward to follow the growth impact of 

shocks in tax rates. At low  rates, an increase in tax rates is beneficial 

to the growth rate, because the negative effect of rising taxes is less than the 

positive effect of rising government input in production. Similarly, at high 

yg / kg /

kg /
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kg /  rates, increases in tax rates cause a decrease in growth rates as the 

negative impact of taxes outweigh the positive impact of higher  in 

production. Figure 1.6 illustrates that there is a unique tax rate that generates 

the highest growth rate in the model economy. We understand from Barro 

(1990) that policy shocks in terms of fiscal policies are not necessarily 

harmful to the economic performance. Indeed, there is a positive optimal 

rate of tax rate that maximizes the rate of growth. Below, we produce a table 

summarizing the impact of changes in tax rates on growth rate (there is no 

transitional dynamics in the model): 

g

 

 

Table 1.2. The impact of shocks in Barro (1990) 
State of the Economy One-time Transitory One-time Permanent Continuous changes 

Steady State One-time increase 

(decrease) in the growth 

rate if the new tax rate 

moves towards (moves 

away) the ‘optimal’ rate  

A permanent increase 

(decrease) in the growth 

rate if the new tax rate 

moves towards (moves 

away) the ‘optimal’ rate 

The growth rate will rise 

or fall depending on 

whether or not the change 

makes the new rate closer 

to the optimal tax rate 

 

 

We conclude that the growth impact of policy shocks in Barro (1990) type 

models deviates from  models as taxing policy involves a unique 

optimal growth rate, even though the model is essentially an  model for 

a Cobb-Douglas technology.  

AK

AK

As we have identified the place of shocks in the growth literature 

according to their sources, we can now move to spot the place of the four 

essays of this dissertation in the same taxonomy of shocks. The next section 

is all about this. 
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1.3 The Place of This Dissertation in Theory on 
Shocks 

 

This dissertation is composed of four essays, each of which examines one or 

more shocks and its/ their consequences in a deterministic growth 

framework. The essays have their own peculiarities. First, they cover a wide 

variety of frameworks of growth literature, ranging from endogenous 

technological change to two-sector neoclassical growth frameworks. 

Second, each essay is an inquiry into an economic problem by itself. In that 

respect, each essay can be considered ‘independent’ of others. Third, 

contrary to the former peculiarity, essays are interlinked closely from the 

viewpoint of the main research question of this dissertation because each 

essay studies one or more types of shocks. For all these distinctive reasons, 

we prefer to maintain the self-sufficiency of each essay within the 

manuscript, while using the subsequent pages in this introduction to identify 

the contribution of each essay into the general theme of this dissertation. 

The subsequent pages are all about this. Table 1.3 below summarizes the 

use of shocks within each essay as a quick reference to the section. 
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Table 1.3. The association of chapters with the review 
 Chapter 2 Chapter 3 Chapter 4 Chapter 5 

Framework ETCa ETC Two-sector AK model 

Reference work Romer (1990) Romer (1990) Uzawa (1963) Rebelo (1991) 

Shocks  

Natural   A physical shock on 

the housing sector. It 

is shown that (i) the 

direct effects are 

recoverable and the 

indirect effects lead 

to lower output 

levels transitionally; 

(ii) Stimulating 

capital accumulation 

leads to a higher 

long-run output. 

A physical shock on 

the housing sector. 

The model generates 

the so-called 

constancy 

conditions. It is 

shown that welfare 

losses are inevitable, 

and that the 

conditions can be 

restored only if the 

government 

intervenes. 

Market Endogenous 

technology shocks 

and exogenous 

energy-price 

shocks. It is shown 

that the former 

generates 

endogenous growth 

and the latter 

decreases the steady 

state growth rate. 

Endogenous 

technology shocks 

and exogenous 

skilled and unskilled 

labor shocks. The 

former generates 

endogenous growth 

in cycles and the 

latter results in 

exogenous changes 

in the growth rate. 

  

Government Government shocks 

in the form of taxes, 

either recycled to 

the R&D sector or 

not. It is shown that 

the rate of growth is 

affected positively 

(negatively) in the 

former (latter). 

  Government shocks 

in the form of 

restricting 

‘undisturbed’ 

variables. 

a: ETC stands for Endogenous Technological Change 
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The first essay is on three things: technology shocks, energy price shocks 

(as an input of intermediate good production), and policy shocks. As the 

relationship between technology shocks and endogenous growth has been 

the focus of previous section, we shall not elaborate it here again. It may be 

useful to give a short review of the literature on energy-growth literature and 

on the growth impact of energy price shocks. The impact of energy on 

growth has been a popular topic in ‘old’ growth theory, mainly in the 

context of exhaustible resources.21 In the ‘new’ growth theory, however, 

energy has so far not been a serious issue. There are a handful studies at 

theoretical level on the growth impact of energy. One of the few examples is 

chapter 5 of Aghion and Howitt (1998), in which the authors incorporate in 

their model of creative destruction energy (nonrenewable resources) and 

environmental pollution. Aghion and Howitt (1998) first indicate that (even) 

an  framework is not able to generate endogenous growth when a 

nonrenewable resource is an argument of production. Next, they show that 

unlimited growth is sustainable in a Schumpeterian approach if output and 

tangible capital grow at the same rate in a steady state, provided that 

intellectual capital grows sufficiently faster than tangible capital, and fast 

enough to offset the inevitable decline in the use of the natural resource. A 

main critique on their argument that  frameworks fail to generate 

endogenous growth when (nonrenewable) energy augments it is perhaps 

that, by construction, that framework does not introduce any offsetting 

mechanism between knowledge (capital) accumulation and declining energy 

flows. Ironically, the same critique applies to the authors’ Schumpeterian 

framework, in the sense that it is too simplistic to generate endogenous 

AK

AK

                                                           
21 See the seminal work of Dasgupta and Heal (1974). 
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growth by overweighing the decline of a nonrenewable resource via an 

excessively growing variable. 

We believe that it is still vital to extend the endogenous growth 

framework in the way Dasgupta and Heal (1974) did for the first generation 

growth framework, by linking energy (exhaustible resources) and economic 

growth process. Notably, the energy-growth literature seems in need for 

further expansion in many directions. 

We would argue that there are two potential areas of research where the 

growth impact of energy price shocks should be considered more 

extensively. First, in accordance with the energy-economy literature, rising 

energy prices must have a negative effect on the rate of growth. Studies like 

Rasche and Tatom (1981), Darby (1982), Hamilton (1983, 1996), Burbidge 

and Harrison (1984), Gisser and Goodwin (1986), Mork (1989), Jones and 

Leiby (1996), Carruth, Hooker and Oswald (1998), and Brown and Yucel 

(2002) have either shown that there is an inverse relationship between 

energy (oil) price increases and aggregate economic activity, or have argued 

that the former has been responsible for fluctuations in aggregate quantities. 

Second, increasing energy prices may lead to (i) substitution of capital, 

technology, and alternative energy sources for the (nonrenewable) energy, 

(ii) induced technological change, a biased change that stimulates energy-

saving technologies in response to rising energy prices.22  

It is interesting to note that these two (countervailing) research areas can 

be considered as the direct and indirect effects of energy-price shocks. 

Direct effects would be the growth effects of an energy-price shock, while 

indirect effects would be the response of an economy to these shocks. 
                                                           
22 Energy-economy modellers have also shown a renewed interest in the ‘induced 
technological change’ argument after the resurgence of endogenous technological change. 
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The growth literature on the direct and indirect effects of energy price 

increases is rather incomplete. Moon and Sonn (1996) and van Zon and 

Yetkiner (2003, also the next chapter in this manuscript) are examples of the 

former trend, studying the direct (i.e., growth) effects of energy price 

increases. Tahvonen and Salo (2001) show (by simulations) the switch 

between renewable and nonrenewable energy resources in a growth/resource 

depletion framework. Smulders and Nooij (2003), on the other hand, is a 

study on induced technological change. They study the effects of energy 

conservation by exogenously reducing either the level or the growth rate of 

energy inputs in the model. Energy becomes scarcer and producers are 

willing to pay higher prices for energy services. The returns to investment in 

quality improvements of energy-related intermediates rise relatively to other 

(labor-augmenting) innovations. This spurs energy-related innovation. In the 

new equilibrium, the direction of innovation shifts to energy. Evidently, the 

literature is substantially incomplete in the two directions mentioned above, 

and further research is needed.  

Below we present our heuristic (and rough) representation of the negative 

impact of rising energy prices on the rate of growth, despite the fact that 

there is wide evidence on the potential negative growth effects of energy-

price shocks in the existing literature. Figure 1.7 below plots the rate of 

change in fossil fuel price and GDP growth rate for US between 1950 and 

2001. 

                                                                                                                                                    
See Ruttan (2001) as a recent comprehensive work on ITC-related issues in energy-
economy framework. 
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Figure 1.7. The time plot of growth of fossil fuel composite prices and GDP 

(Source: U.S. Energy Information Administration) 

 

From figure 1.7, heuristically speaking, we observe that the GDP growth 

rate (indicated by the lighter color and its values correspond to the vertical 

axis on the right-hand side) and the rate of changes in fossil fuel prices 

move in the opposite direction in several instances. Some eye-catching time 

spots/intervals where energy prices and growth rates move in the opposite 

direction (with some possible delays) are 1956, 1959, 1962-67, 1977 and 

1983.23 Interestingly, in spite of the relatively voluminous empirical 

literature looking at the impact of oil price shocks on economic activity, 

there is little research on the theoretical side why this is so. Our first essay is 

motivated by this shortness.  

                                                           
23 We are aware of the fact that even making a statement like this is too heuristic, as even a 
simple correlation coefficient test is not valid unless it is known that variables have normal 
distribution. We do not want to go further than this ‘primitive’ eye-catching piece of 
evidence in this study, and we take it as given that rising energy prices have a negative 
impact on economic growth, based on the above-mentioned empirical literature. 
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Our paper is an extension of the Romer (1990) endogenous technological 

model. Our motivation to use this approach is that it allows us to introduce 

energy input into the intermediate good production in a straightforward 

manner in an endogenous growth framework. In essence, we extend the 

Romer model in two ways. First, we include energy consumption of 

intermediates. Second, intermediates become heterogeneous due to 

endogenous energy saving technical change. The model elaborates the 

impact of input price shocks and taxes on input prices as examples of 

market shocks and policy shocks. The details on the use of shocks are as 

follows. 

We study input price shocks in the form of energy prices. An increase in 

energy prices is exogenous in the model and can be considered as one-time 

transitory, one-time permanent, or continuous. The model shows that a 

continuous energy-price rise will have negative growth effects on the 

growth rate of economy due to the following mechanism. Increasing real 

energy prices lead to corresponding rises in the user costs of intermediates 

and hence to a fall in profits on those intermediates. This diminishes the 

incentive to produce newer, more productive intermediates. The decrease in 

this incentive is cushioned to some extent by the substitution possibilities 

between raw capital and energy implied by the Cobb-Douglas function (if 

actual substitution possibilities between capital and energy are lower, then 

the rise in the user costs of intermediates would be higher, ceteris paribus, 

and the detrimental effects on research incentives would of course be 

stronger than what our model suggests). The model shows that there will be 

less growth when the growth rate of real energy prices rises, unless policy 

measures are taken that counteract the negative effects on research 

incentives arising from a positive growth rate of real energy prices. 
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Additionally, we study fiscal shocks (taxation) that may stimulate further 

R&D in the model in two forms. In particular, we investigate the impact of 

the introduction of an energy tax, with and without recycling in the form of 

an R&D subsidy (these shocks can be associated with non-productive and 

productive government-involvement assumptions, cf. the policy-shocks 

section). Such policy actions would be necessary to mitigate the drop in 

growth following a rise in the rate of growth of real energy prices. The 

introduction of a tax will change the profitability of producing 

intermediates. Changes in profitability will affect the allocation of labor 

over its two uses: R&D and final output generation. This will change the 

steady state growth rate, apart from having level effects as well. The study 

shows that growth will be negatively affected and a reallocation of labor 

from R&D towards final output will be observed in case of non-recycling 

taxes. In contrast, when taxes are recycled towards the R&D sector, we 

observe that the introduction of an energy tax will raise the growth rate of 

output, while the tax would not work for a high share of R&D employment 

in total employment. An important conclusion from input price and policy 

shocks is that increasing input prices (with or without taxation) is not 

enough by itself to induce R&D efforts, which could have been 

compensated the rising energy prices. 

The second essay in the manuscript is an investigation on the empirical 

regularity that drastic technological changes are introduced in clusters and 

on the impact of such technology shocks on long-run output growth. 

Empirical evidence denotes that drastic technological changes are 

introduced in clusters rather than having a regular sequence. One recent 

piece of evidence to this argument is shown by Olsson (2001). As figure 1.8 

shows below, a bunch of drastic technologies have been introduced within 
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each 45-60 years, such as the 1830s, 1880s, and 1930s (see also figure 1.9, 

which shows the same cyclical activity by referring to three different 

sources).  
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Figure 1.8. Cumulative distribution of drastic innovations, based on 

the Mensch sample, 1800-1941 (Source: Olsson (2001) 
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Figure 1.9. Drastic innovation activity, 1800-1968 (Source: Olsson (2001) 

(Seven-year moving averages of drastic innovations per year) 
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Clearly, many questions arise from this empirical regularity. Why does 

the introduction of drastic technologies fail to follow a regular trend? Is that 

the result of market or of non-market forces? If markets drive such a result, 

what is it then? Many questions like this can be enumerated. The second 

essay of this manuscript offers answers to these questions. 

This paper conjectures that drastic technological changes are cyclical 

because basic R&D is carried on only at times when entrepreneurial profits 

for incremental technologies of the prevailing technological paradigm falls 

close to zero. The model is essentially an endogenous technological change 

framework. Varieties, input to the final good production, are composite 

goods. Each composite good is produced by a set of intermediaries, 

outgrowths of basic R&D and applied R&D. The basic intermediate, 

product of basic R&D, is modeled as in Romer (1990). Complementary 

intermediates, the outgrowths of applied R&D, do show the property of 

falling profits. The falling character of profits implies that basic R&D 

becomes more yielding than applied R&D at certain points in time. 

Research people switch back and forth between the applied and basic 

research sectors, creating cycles in the advancement of drastic technologies 

and economic activity.  

The paper is interesting for several reasons from the viewpoint of shocks. 

First, technological shocks are continuous but cyclical, alternating between 

applied technologies and drastic technologies. The model shows that profit 

opportunities for incremental technologies of the prevailing technological 

paradigm are decreasing. When the profits decline sufficiently, the R&D 

labor, capturing positive profits of the intermediate sectors, switch to basic 

R&D. Thus, it is shown that market opportunities are the actual source of 
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shocks. Second, the shocks (cycles) are endogenous, which is rarely studied 

in the growth literature. The falling profits character of the complementary 

sector is not due to an assumption, but a property that the model generates 

intrinsically. Since technology shocks are positive shocks, at least in terms 

of growth rates, a policy-maker’s central question would be how to 

accelerate it. That question also pinpoints the third characteristic of the 

model in terms of shocks. Growth in our model is still generated by R&D 

labor, but the stock does play that role cyclically. In particular, the R&D 

labor generates growth rate only at times when they are specifically 

employed in basic R&D activities. This is a significant deviation from the 

standard R&D-based growth models as it implies that there are certain 

market-determined time ‘intervals’ in which economies that have larger-

scale R&D labor will realize higher ‘jumps’ in growth rates. At other times, 

a larger scale means a quicker generation of blueprints of complementary 

intermediates. From the policy perspective, this finding implies that it is 

better to have more R&D people at all times, independent of whether they 

work on basic R&D or on applied R&D. Note that this conclusion also 

entails that the ‘scale effects critique’ is not valid as the scale of R&D 

people has a dual role in our model. 

The third essay is an example of the impact of natural (physical) 

disturbances on the transitional and long-run growth performance. On the 

one hand, strong, large-scale earthquakes may cause substantial costs of life 

and capital. On the other hand, casual observation shows us that economies 

recover from catastrophic earthquakes relatively quickly. This argument can 

be denoted by the recent experience of Turkey, in a heuristic manner. In 

1999, a large-scale earthquake hit the Marmara region of Turkey, which 

includes Izmit and Istanbul, the two most advanced cities of Turkey in terms 
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of manufacturing. As these cities and the region contribute significantly to 

the gross domestic production of the Turkish economy, and as the scale of 

the destruction was large, we deem it legitimate to consider this particular 

event a good example of catastrophic earthquakes. Figure 1.10 below shows 

the growth impact of the earthquake on Izmit, Istanbul, and the Turkish 

economy, at least partially, in 1999 (other troughs are due to economic 

crises, which indicates that the three have similar responses to shocks, 

physical or financial). 
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Figure 1.10 The Turkish GDP Growth Rate, 1991-2000 (1987 Prices) 

(Source: State Planning Organization, Turkey) 

 

 

Evidently, there may be other reasons that led to such a decline in 1999 

than the earthquake that hit the Marmara region. Nonetheless, still it seems 

plausible to assign the large decline in the growth rate in Izmit and Istanbul 

to the earthquake, at least partially. 
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This paper opens the block-box concerning the growth implications of an 

earthquake by employing Uzawa’s two-sector growth model. Our 

motivation behind using this particular framework is its global convergence 

property. As we have mentioned above, we know that economies recover 

pretty quickly after physical shocks, even after devastating ones. In that 

respect, the Uzawa model offers a framework that ensures ‘automatic’ 

convergence to steady state values, which is an empirical regularity, by and 

large. It also provides a proper environment to study asymmetric impacts of 

earthquakes on physical goods. For these reasons, we choose the Uzawa 

framework, which is essentially a two-sector Solow model. The paper 

shows that (i) the direct effects of earthquakes are mainly transitional, (ii) 

earthquakes may have serious negative indirect effects on an economy in the 

transitional period as well as in the long-run. 

This paper is an explicit study of physical shocks. In the model, an 

earthquake hits the housing stock. Clearly, this is a one-time permanent 

shock. We studied the direct and indirect impacts of shocks at transitional 

and steady state levels. First, direct effects of earthquakes are studied during 

the transitional period, and it is shown that the direct effects of an 

earthquake on housing are quickly recovered by the model economy. This 

finding is obviously due to the neoclassical production technology 

assumption of diminishing marginal productivity (cf. our discussion on 

physical shocks in the previous section). This rule ensures global 

convergence of the model, and hence, any shock to any stock variable is 

recovered in time. Second, we study the indirect effects of earthquakes in 

the transitional period. In the model, we conjecture that (exogenous) savings 

rates, which denote the allocation of income between alternative uses, are 

proper tools of measuring indirect effects of an earthquake. One result of a 
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devastating earthquake is the destruction of housing stock (the literature 

supports the idea that the housing stock is more open to the detrimental 

effects of earthquakes). Then, more resources are needed to be transferred 

into the housing stock in order to recover the loss. Hence, exogenous 

changes in saving rates in favor of investment in the housing sector at the 

cost of investment in other sectors capture the indirect effects of an 

earthquake. The model investigates growth impacts of these changes in the 

transitional period. We find that it may be ‘better’ to ‘transfer’ more 

resources to capital production rather than to the housing sector after an 

earthquake. This is because investment into the productive sector means 

more output in the future, even though the immediate welfare implications 

of a housing loss can be high. Hence, a shock creates a tradeoff between 

short-run and long-run welfare effects, where policymakers must make a 

decision. Third, the model looks at shocks at the steady state (i.e., 

comparative statics). It is assumed that permanent changes in saving rates 

and depreciation rates mean permanent changes in the quality of housing 

(the former is the cause, and the latter is the effect). Consequently, these 

permanent changes must have (strong) implications on the long-run values 

of output (and its components). We show, among others, that an increase in 

the saving rate out of national income for investment goods increases the 

steady state level of the economy-wide capital stock per capita, while 

increases in savings out of national income for housing decreases the long-

run capital stock, ceteris paribus. 

The fourth essay of this dissertation studies a special case, in which the 

(neoclassical) conjecture that “all (physical) shocks will be recovered 

unconditionally” fails, at least in the long-run. To this end, we use an AK 

model, which produces the so-called constancy conditions among variables 
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of the model. Constancy conditions imply that all variables must keep a 

fixed proportion among them (note that the condition implies that quantities 

must grow at the same rate from the start by definition). This property 

delimits these types of growth models from other growth studies because an 

‘automatic recovery mechanism’ (the global convergence property) is not 

‘at work’ after disturbances like wars, diseases, and earthquakes in such 

models. We elaborate theoretically what would be adjustment policies in 

order to restore constancy conditions after a one-time permanent shock. We 

show that market forces are not able to restore equilibrium automatically. 

This finding brings us into the critical question whether there is some 

indispensable role for the government to ‘steer’ the process of recovery 

from a shock. The paper indicates, at least implicitly, that it is a theoretical 

possibility that the intervention of the social planner (government) can be 

key to restoring pre-shock values. The contribution of this paper is that (i) it 

offers a scheme for how to deal with restoring constancy conditions after a 

physical disturbance, and (ii) it demonstrates that the government’s role in 

restoring the pre-shock situation can be essential. 

 

 

1.4 Conclusion 
 

In this review, we raised the argument that a more systematic study on 

shocks is needed. Our review of the growth literature within a taxonomy 

indeed revealed that this need is imperative, because “shocks” and 

“changes” analyses in the current growth literature are used often but 

usually in an ad hoc manner. Given that shocks may have strong 

implications on transitional and even long-run growth performances of an 
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economy, as shown by our review, a systematic treatment of these concepts 

may produce a better understanding of the theory and its implications first 

and foremost. In the second part of the review, we identify the place of four 

essays of this dissertation within the growth literature and within a 

taxonomy of shocks. We showed that each essay contributes to the main aim 

of this dissertation in a unique way. 

The main conclusion from this chapter is that shocks deserve more 

research effort in growth frameworks, and the essays in this manuscript are 

an attempt in that direction. 

 

 





 

 

 

 

2 An Endogenous Growth Model 

with Embodied Energy-Saving 

Technical Change∗ 
 

 

 

2.1 Introduction 
 

Steady state economic growth requires a corresponding growth of energy 

consumption, unless the energy efficiency of production grows faster than 

output itself.1 The last 30 years or so have indeed shown a significant 

growth of the energy efficiency of production. A striking example in this 

respect is Japan.2 During the period 1955-1973, Japan’s manufacturing 

industry enjoyed an average annual growth rate of 13.3 percent, which was 

                                                           
∗ This paper is joint work of Adriaan van Zon and I. Hakan Yetkiner. It has been published 
in Resource and Energy Economics. We are grateful to two anonymous referees for their 
extensive comments in an earlier version of this paper. 
1 The energy efficiency of production is defined as the inverse of the consumption of 
energy per unit of output.  
2 See Watanabe (1999). See also table 1 in Smulders and de Nooij (2003), showing that 
U.S., France, (West) Germany, and U.K. have achieved substituting technology for energy, 
too. 
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supported by a stable supply of cheap energy, growing at 12.9 percent per 

year (the annual increase in rate of energy efficiency was only 0.4 percent in 

that period). In the Seventies, however, the world economy experienced two 

big energy-price shocks, and policymakers in Japan had to take strict 

measures to increase energy efficiency. They were very successful indeed, 

since Japan’s manufacturing industry grew at 3 percent per year on average 

during the years 1974-1994, while its energy consumption declined by 0.4 

percent (hence, energy efficiency increased by 3.4 percent). The key to this 

miracle was energy saving technological change through the development 

and production of more energy-efficient products. 

Although the influence of energy on growth has been a popular topic in 

‘old’ growth theory, mainly in the context of exhaustible resources3, in 

‘new’ growth theory energy consumption has so far not been a serious issue, 

although there are some exceptions (Aghion and Howitt (1998), Smulders 

and de Nooij (2003)). Energy-economy modelers, on the other hand, have 

shown a renewed interest in the relationship between energy use and 

technology, mainly in the form of induced technological change 

(henceforth, ITC).4 Their main research question has been whether price 

shocks and policy changes induce the development of energy-saving 

technologies. For example, Newell, Jaffe, and Stavins (1999) have 

empirically tested the induced innovation hypothesis at the product level, 

using a dataset on consumer durables. They did indeed find evidence that 

the energy efficiency of these durables had increased in response to rising 

energy prices and government regulations, besides autonomous overall 

technological change. Popp (2001) has addressed the ITC question at the 

                                                           
3 See, for example, Dasgupta and Heal (1974). 
4 The formal theory of induced innovation goes back to 1960s (e.g., Nelson 1959; Kennedy 
1962). A recent comprehensive work on ITC-related issues is Ruttan (2001). 
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aggregate level by relating U.S. patent data from 1970 to 1994 to changes in 

energy-prices. He finds that there is a strong positive impact of energy 

prices on technological change. The ITC idea has been quickly assimilated 

in environment-economy models.5 Not only because induced innovations 

are a reality to be taken into account, and certainly so in the long term, but 

also because induced energy saving technical change makes for less gloomy 

growth prospects from an energy consumption perspective. The reason for 

the latter is that if price changes induce energy-saving technological change, 

then policies that raise the user price of energy (e.g., environmental taxes 

and regulations) may help pollution abatement, while the negative impacts 

of higher energy prices on the growth of an economy may in part be 

overcome through induced energy-saving technological change. Recent 

studies nonetheless showed that that ‘wish’ is hard to realize. Two recent 

examples are Goulder and Schneider (1999) and Nordhaus (2002). The 

numerical model of Goulder and Schneider (1999) show that a carbon-tax 

may stimulate research in alternative energy industries. Such a tax however 

may discourage R&D by non-energy industries and by carbon-based energy 

industries. The reduction in the latter industries may even slow down their 

output growth and hence the overall growth of economy. Nordhaus (2002) 

compares the implications of policy changes in two different set-ups: in the 

basic model increases in the price of carbon energy relative to other inputs 

induce users to purchase more fuel-efficient equipment or employ less-

energy-intensive products and services. In the modified model a rise in the 

price of carbon energy induces firms to develop new processes and products 

that are less carbon intensive than existing products. Nordhaus (2002) 

concludes that substitution (of other factors for energy) is a powerful factor 
                                                           
5 See Jaffe et al. (2002) for a review of the literature on technological change and the 
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that may even surpass ITC in implementing climate-change policies. 

Nordhaus (2002) also stresses the main shortcoming of a purely ITC 

oriented analysis: “the investments in inventive activity are too small to 

make a major difference (…). R&D is about 2 percent of output in the 

energy sector, while conventional investment is close to 30 percent of 

output. Even with supernormal returns, the small fraction devoted to 

research is unlikely to outweigh other investment” (Nordhaus, 2002, p.284).  

Yet, it is not only R&D in the energy sector itself that will be influenced 

by profit incentives arising from rising real energy prices. Indeed, a macro 

perspective regarding the consumption of energy as part of the macro-

economic production process and its relation with R&D efforts that are 

driven by economic incentives may be a far better starting point for the 

analysis of the effects of incentive driven technological change in 

environment-economy models. And if one is interested in the effectiveness 

of energy policy measures and their impact on long term growth, then new 

growth theory seems to be the logical point of departure. 

However, the preoccupation of new growth theorists with steady state 

growth situations actually takes the sustainability of the steady state for 

granted, even though this has been a hotly debated issue from the Seventies 

until now (Meadows et al. (1972) started this debate, while Lomborg (2001) 

is the latest contribution, but many others have contributed too). And 

although new growth theorists have successfully addressed the problem of 

endogenising growth by linking growth performance to (Schumpeterian) 

profit incentives, they have also continued to neglect the fact that equally 

endogenous energy saving technical change will be necessary to make these 

growth paths sustainable in practice.  

                                                                                                                                                    
environment. 
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Our contribution to the discussion on endogenous growth then lies in the 

incorporation of energy as an explicit factor of production in an endogenous 

growth model based on Romer (1990). Evidently, there are other influential 

studies in endogenous growth literature than Romer (1990). Lucas (1988), 

Grossman and Helpman (1991), and Aghion and Howitt (1992) are the most 

important contributors. But we ‘borrow’ the Romer (1990) model, because 

it allows us to use the idea of embodiment of technical change as in 

traditional (putty-putty) vintage modeling. For, technical change pertaining 

to the energy efficiency of production must largely be embodied in new 

machinery and equipment. This implies that the rate of investment in 

physical capital is instrumental in realizing the potential energy efficiency 

improvements based on the accumulation of new knowledge: the macro 

economic budget constraint is not only constraining the accumulation of 

capital in volume terms, but also the rate at which the energy efficiency of 

production at the aggregate level changes. In the context of the Romer 

(1990) model, this implies that we will allow firms to use intermediate 

factors of production that incorporate the latest technological developments 

with respect to the energy consumption characteristics of these 

intermediates. By doing so, we break the symmetry between intermediates 

present in Romer's original model.6 Because of this symmetry, technical 

change in the original Romer model merely increases the number of all 

intermediate goods used in producing output. But by doing so, technical 

change also provides opportunities for the division of production tasks 

                                                           
6 Through the intrinsic productivity differences between intermediates, we acknowledge the 
empirical observation that productivity growth and investment in equipment and machinery 
are positively correlated (see, e.g., Gregory and James (1973) and Hulten (1992)). In all 
fairness, it should also be admitted that a vintage formulation primarily leads to different 
paths of transition between steady states, instead of different steady states. Since we will be 
focusing on the steady state rather than transitions, the vintage interpretation proposed here 
serves mainly the purpose of theoretical ‘correctness’.  
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between intermediates, thus raising the productivity of all factors as a 

whole. This idea is comparable to the notion of Smithsonian labor division. 

In Romer (1990) therefore, technical change is of an organizational nature, 

‘embodied’ in the whole rather than in individual machines/intermediates, 

and it takes the form of horizontal product differentiation.7 

The Aghion and Howitt (1992) model, by contrast, starts from the 

assumption that technical change is completely embodied in new equipment 

that uses only the latest technology. Already existing technologies are 

driven out of the market by the arrival of superior technologies. This is the 

so-called creative destruction effect first labeled as such by Schumpeter. 

One of the most interesting features of the Aghion and Howitt model is that 

the current rate of technological progress is negatively influenced by an 

increase in the expected future rate of technological change because of the 

profit erosion on existing technologies caused by the entry of superior 

technologies in the future. Their model may be regarded as an improvement 

over the Romer model at least with respect to the asymmetries between 

intermediates. However, their model is frequently used to explain vertical 

(quality) product differentiation as it allows for just one technology to be 

used at a certain point in time in some sector of industry. The latter feature 

makes this model less suitable for our purposes.  

Our model then takes up an intermediate position between the Romer 

(1990) model and the Aghion and Howitt (1992) model. For as in Romer 

(1990) we have infinitely many technologies being used at the same time, 

while we also allow for qualitative differences between individual 

intermediate goods, as in the Aghion and Howitt (1992) model. In our 

model therefore, productivity growth at the aggregate level is the result of 
                                                           
7 See on this subject, for instance, Barro and Sala-i-Martin (1955), chapters 6 and 7, but 
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both love of variety and quality improvements. Further details of our model 

are as follows. A representative firm in the final-goods sector produces 

output by using human capital and a continuum of varieties, in the way 

defined by Ethier (1982). Each intermediate good in turn is produced by a 

monopolist. The operation of an intermediate good requires the services of 

raw capital and energy in proportions described by a Cobb-Douglas 

technology. Hence, we allow for substitution between energy and capital, 

although we should state here that the Cobb-Douglas form may 

overestimate substitution possibilities as they exist in practice.8 However, 

we stick to the Cobb-Douglas specification because it perfectly fits the 

purpose of building a model that is able to generate balanced growth. 

We capture the rise in the productivity of new intermediates by 

incorporating a Hicks-neutral technology component in the Cobb-Douglas 

function. That component is different for each intermediate: the latest 

intermediates are the most productive, as in ordinary vintage modeling. The 

fact that the aggregator function is Cobb-Douglas allows us to interpret the 

growth in this technology component as energy-saving technical change, 

capital-saving technical change, or a combination of these two. We focus on 

technology and growth, and assume that total energy supply at any moment 

in time is exogenous and available at any quantity at real energy prices that 

are growing at a given rate.9 The intrinsic productivity differences between 

intermediates provide a combination of a horizontal and vertical product 

differentiation setting, leading to a gradual and relative obsolescence of 

                                                                                                                                                    
also Aghion and Howitt (1998). 
8 While Berndt and Wood (1979) and Solow (1987) argue in favor of energy-capital 
complementarity, Jorgenson and Wilcoxen (1990) and Dean and Hoeller (1992) defend 
capital energy substitutability. 
9 The reason for this is that we want to focus on the growth and technology implications of 
energy price rises, and we want to keep our analysis as simple as possible. 
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older intermediates as technology advances. Hence our model gives rise to 

‘creative wear and tear’ instead of the complete and total ‘creative 

destruction’ in Aghion and Howitt (1992), since all varieties will live 

forever although they fade away in time. An R&D sector that creates the 

knowledge necessary to build a new (more productive) intermediate-good 

completes the supply side of the model. This knowledge is summarized in 

the form of a blueprint. Because intermediates are imperfect substitutes by 

assumption, they each have their own market niche. The profits arising from 

selling intermediates under imperfectly competitive conditions are captured 

by the R&D sector that sets the price for its blueprints. The model is closed 

by assuming that the demand for the final good is the result of the 

intertemporal maximization of consumer utility. 

The model enables us to look into the growth implications of rising 

energy prices and to analyze the growth effects of energy policy in this 

respect. Notably, these two shocks are input-price shock (a market shock) 

and fiscal shock (a policy shock), respectively. Clearly, as we revealed in 

the introduction, the Romer framework itself is an example of continuous 

technology shocks that generates endogenous growth. 

The paper has two important findings. First, it shows that aggregate 

energy efficiency may be improved through stepping up basic research. 

Secondly, increasing real energy prices lead to corresponding rises in the 

user costs of intermediates and hence to a fall in profits on those 

intermediates. This diminishes the incentive to produce newer, more 

productive intermediates. However, it should be noted that the decrease in 

this incentive is cushioned to some extent by the ‘ample’ substitution 

possibilities between raw capital and energy implied by the Cobb-Douglas 

 



Energy-Saving Technological Change 61

function.10 If actual substitution possibilities between capital and energy are 

lower, then the rise in the user costs of intermediates would be higher, 

ceteris paribus, and the detrimental effects on research incentives would of 

course be stronger than our model suggests. Nonetheless, the model is clear 

about what to expect if the growth rate of real energy prices rises. There will 

be less growth, unless policy measures are taken that counteract the negative 

effects on research incentives arising from a positive growth rate of real 

energy prices. 

The set-up of this paper is as follows. In section 2 we explain how we 

have modified the Romer (1990) model. In section 3, we show what 

continuously rising real energy prices may mean for growth, and how an 

energy tax (possibly recycled in the form of a subsidy on research costs) 

may affect growth. Finally, we provide some concluding remarks in section 

4. 

 

 

2.2 The Modified Romer Model 
 

The Romer model is a three-sector macro economic model containing a 

final output sector, an intermediate goods producing sector, and an R&D 

sector.11 The final output sector produces output that can be used for private 

consumption purposes and investment. The intermediate goods sector uses 

(raw) capital to build intermediate goods that produce final output in 

combination with labor. The R&D sector creates the blueprints for new 

varieties of intermediate goods. These blueprints are sold to the intermediate 
                                                           
10 Nordhaus (2002) underlines the importance of substituting capital (and labor) for energy 
in comparison to induced energy saving technical change. 
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goods sector. The latter sector uses these blueprints to build new varieties of 

intermediates. The productive services provided by these intermediates are 

then sold under imperfectly competitive conditions to the final output sector. 

The profits arising from selling intermediate goods services are the incentive 

for designing these intermediates. It is assumed that the R&D sector 

succeeds in appropriating all the profits that the suppliers of intermediate 

goods obtain, by setting the prices of their blueprints equal to the expected 

present value of the profit streams associated with the current and future use 

of these intermediates. 

In the Romer model, but also in our model, the trade off between present 

and future consumption is governed by the accumulation of physical capital 

and productive knowledge, but also by the allocation of human capital over 

its competing uses. Faster accumulation of physical and productive 

knowledge implies lower current levels of consumption, since investment 

needs to be increased at the expense of consumption and more time needs to 

be spent on accumulating knowledge. Future consumption can be higher 

when the new investment goods come on line and that new knowledge 

becomes productive. Moreover, a larger share of human capital used in 

R&D implies a lower input of human capital in current final output 

production, and so lower current consumption and investment possibilities. 

However, the corresponding increase in aggregate factor productivity 

caused by increased R&D output will permanently increase future levels of 

output. Hence, the possibility of the accumulation of physical capital and the 

allocation of human capital between knowledge generation and final output 

production defines an intertemporal trade-off between consumption now and 

in the future. 
                                                                                                                                                    
11 We simplify the original Romer model somewhat by distinguishing only high skilled 
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In the remainder of this section we will discuss the individual sectors 

mentioned above in some more detail. We will also show how this 

intertemporal trade-off between consumption now and in the future results 

in endogenous growth that is influenced by changes in real energy prices. 

 

The Final Output Sector 

As in Romer (1990), we use an Ethier production function (see Ethier 

(1982)) for final output Y that is linear homogeneous in the production 

factors labor and effective capital services: 
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It should be noted that equation (2.1) can be re-interpreted as a two-level 

production function with output Y as a Cobb-Douglas function of labor  

and effective capital  at the upper level, while effective capital  is a 

CES aggregate of the individual capital services of all intermediate goods at 
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labor. For more mathematical details see van Zon et al. (1999). 
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it follows immediately that equation (2.1) can be rewritten as: 
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Equation (2.3) is the Cobb-Douglas production function mentioned above. It 

follows from (2.2) that intermediate effective capital services are imperfect 

substitutes with elasticity of substitution equal to 1 , since 

. The individual intermediates are therefore better substitutes for 

each other than labor and aggregate effective capital are, since the Cobb-

Douglas production function implies an elasticity of substitution between 

labor and aggregate effective capital equal to 1.  
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The level of demand for each intermediate follows from the first order 

conditions for a profit maximum of the final output sector, which provide 

the inverse demand functions for the various inputs. We can obtain these 

inverse demand functions as follows. Let profits  for the representative 

final-goods producer be given by: 
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where  is the wage-rate in the final-goods sector,  is the rental price of 

the effective services of the i

Yw e
ip

th intermediate good13, and the price of final 

                                                                                                                                                    
12 Because we use continuous time analysis, A is a real number rather than an integer. 
13 We follow this set-up of the rental of intermediates to stick as closely as possible to the 
Romer (1990) model. The rental price of intermediates includes the marginal cost of the 
production of effective services (consisting of energy and capital costs, see equation (2.9) 
below), and a profit markup over these marginal costs (see equation (2.10) below). 
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output is normalized to one. Then, in a situation of perfect competition on 

the final output market and the factor input markets, the first order 

conditions for profit maximization are given by: 
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Equation (2.5) provides the inverse demand function for the firm that 

produces the ith intermediate, whereas equation (2.6) describes the 

requirement that the real wage rate must equal the marginal product of 

labor. Equation (2.5) implies a price elasticity of the demand for effective 

capital services equal to .  )1/(1 αε −−=

 

The Intermediate Goods Sector 

We assume that effective capital services  supplied by the i-th 

intermediate are a Cobb-Douglas aggregate of raw capital  and energy e : 
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where  measures the partial elasticity of effective capital services with 

respect to raw capital services, and 1  is the partial elasticity of effective 

capital services with respect to energy.  is the ‘total-factor’ productivity 

of raw capital and energy, and it takes the form of Hicks-neutral technical 

change (i.e., the type of technical change that augments all factors in the 
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same way) in the production of effective capital services.14 We assume that 

 depends on the latest technology stock at the time the variety under 

consideration was designed. Hence  changes over time. If we denote the 

proportional growth rate of  by  (where from now on a hat over a 

variable denotes its proportional instantaneous rate of growth), then  can 

also be interpreted as ‘energy augmenting/saving’ technical change at rate 

.  
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An important feature of our model is that it does not allow for 

productivity improvements of intermediates after their invention.15 This 

implies that  can only change over time for , i.e. for the latest 

intermediate. The question is now what  as a function of the blueprint-

index i should look like. Since we want our model to be able to generate 

steady state growth like the Romer model does (even with continuously 

rising real energy prices), the answer to this question can be obtained as 

follows. Because (2.7) is a Cobb-Douglas function, we know that a cost 

minimizing raw capital/energy ratio is inversely proportional to the ratio of 

the (rental) price ratio of raw capital and energy, i.e. 

, where r is the real rate of interest and q is the real 

price of energy. Since (2.7) can be written as , it 

follows immediately that the growth rate of effective capital services 
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14 Note that by setting  and , we obtain the original Romer model.  1=β 0
15 Although this assumption simplifies the analysis enormously, it neglects the fact that 
productivity growth may also result from process R&D and learning-by-doing. However, 
van Zon (2001) shows, albeit in a somewhat different context where product and process 
R&D are interlinked, that net R&D reactions to changes in profit incentives are 
qualitatively the same as in this model without ex post productivity improvements due to 
process R&D. 
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associated with intermediate i is given by . It 

should furthermore be noted that for constant values of the growth rates , 

,  and , the growth rate  is also constant. It can be shown that in 

that case the effective capital stock will grow at a constant rate, just like 

output.
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with , and  is the ‘total factor productivity’ of the first intermediate. 

Equation (2.8) states that equal proportional expansions of the number of 

intermediates will be associated with equal proportional increases in the 

total factor productivity of the latest intermediate. The corresponding factor 

of proportion is , which measures therefore implicitly the quality 

improvements of the latest intermediates. 

≥

 

Aggregate Capital- and Energy Demand and Growth 

Given the functional form chosen for , we can now calculate how the 

effective capital stock is composed in terms of individual intermediates, for 

given technology and given real energy prices. We do this by 

straightforward aggregation over all intermediates. Given these aggregates, 

iλ

                                                           
16 This follows from the constancy of the growth rate of A in combination with equations 
(A.1) and (A.2) from Annex A. 
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we can then calculate the steady state growth rate of our economy using 

(2.1). In order to do this, we must first determine the demand for raw capital 

services and energy by the intermediate goods sector, since that is the only 

sector that uses these inputs directly. We assume that factor demand at the 

intermediate level is governed by the principle of profit maximization at 

given factor prices. It should be noted that profit maximization implies cost-

minimization, and we can therefore use Shephard’s Lemma to derive the 

cost minimizing factor inputs. In order to do that, we need the unit minimum 

cost function of the i-th intermediate good producer that is associated with 

(2.7). The latter is given by: 
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where ci is the unit minimum cost of producing the effective capital services 

associated with intermediate i.17 Equation (2.9) states that unit costs of 

producing a unit of effective capital services fall with the blueprint index i, 

since unit costs depend negatively on ‘total factor productivity’ . The 

total cost of producing effective capital services associated with 

intermediate i is simply the product . Because of perfect competition 

on the factor markets and the linear homogeneity of equation (2.9), it 

follows that for an individual producer of intermediate goods, c  is also the 

marginal cost of producing . Consequently, the profit maximizing rental 

price of an effective unit of capital for the final goods producing sector, i.e. 
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17 The unit minimum cost function ci is readily derived from a standard cost minimization 
problem with a Cobb-Douglas production function and given factor prices, as it is the case 
here. 
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e
ip , is given by the Amoroso-Robinson condition (cf. equations (2.5) and 

(2.9))18: 
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Using Shephard’s Lemma and equation (2.9), we have19: 
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After substitution of equations (2.11) and (2.12) into the definitions of 

aggregate physical capital (i.e. ), aggregate effective capital  

(see equation (2.2)), and total energy demand (i.e., ), we can 

obtain the following relations between these aggregates:
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18 The Amoroso-Robinson condition states that in case of profit maximization, marginal 
benefits should match marginal costs. In that case we have 

, where  is the price elasticity of demand, x is demand 
and p the corresponding price, and dc/dx is marginal cost. Note from (2.5) that for each 
intermediate good the price elasticity of demand is equal to . Equation 
(2.10) then follows immediately from (2.9). 
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19 Shephard’s Lemma implies that the cost minimizing input-factor coefficient (i.e. the 
inverse of factor productivity), can be obtained by partial differentiation of the unit-
minimum cost function with respect to the price of the input-factor under consideration. 
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Equation (2.13) can be used to link the growth rate of output to that of real 

energy prices. For, assuming, as Romer does, that the real rate of interest21 

and LY are constant in the steady state, and assuming that the growth rate of 

real energy prices is constant too, it follows from equations (2.1) and (2.13) 

that the steady state growth rate of output is given by: 22 
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Equation (2.15) shows that with constant real energy prices (i.e. ), the 

steady state growth rate will exceed the growth rate of the number of 

blueprints if . This is due to the fact that growth does not only come 

from an increase in the number of intermediates (i.e. ‘love of variety’ as in 

Romer), but also from the intrinsic productivity improvements embodied in 
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20 For the technical details, see Annex A. 
21 See Annex B for a more extensive discussion of this assumption. 
22 In equation (2.15) the equality Y  comes from the assumption that the real rate of 
interest, i.e. the marginal product of physical capital, is constant. It is beyond the scope of 
this paper to prove rigorously that the real interest rate is indeed constant in the steady state, 
but an intuition that this is the case is developed in annex B to this paper. 
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the latest intermediates.23 However, if real energy prices are rising 

continuously (i.e., ), then a more intensive use of raw capital as a 

substitute for energy is called for. Moreover, the higher the effective capital 

elasticity of energy (i.e. 1 ) is, the stronger will be the decrease in the 

growth rate of output for a given growth rate of real energy prices.
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The R&D Sector 

The R&D sector uses labor LA to produce blueprints next to the experience 

accumulated during the production of all previous blueprints. That 

experience is proxied by the total number of blueprints A itself. As in 

Romer, we have: 
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where  represents the productivity of the R&D process, while Lδ
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the amount of R&D labor and L is the total labor force. The proceeds from 

selling blueprints are paid as wages to R&D workers. The instantaneous 

flow of proceeds is given by , where  is the number of 

new blueprints produced during the infinitesimally small time period dt (i.e. 

‘the present’), and where V
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A is the real value of such a blueprint. Since 
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23 The latter depend directly on the value of  (see equation (2.8)). If , as in the 
original Romer model, there are no quality improvements, hence the growth of output in the 
absence of real energy price rises is exactly what Romer finds. 
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24 A high value of 1-β implies that the marginal costs of effective capital consist largely of 
energy costs. 
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Yi
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Equation (2.17) can be used in combination with the zero-profit condition in 

the R&D sector to obtain the R&D wage rate in function of the profit flows 

associated with the latest intermediate. Labor market arbitrage then ensures 

that the marginal benefits from doing R&D should match the marginal 

benefits from employment in the final output sector, thus linking the 

performance of both sectors to each other. Using (2.16), we therefore have: 
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== ˆˆ δδ   (2.18) 

 

In equation (2.18), wA is the real wage rate earned by R&D labor, while VA 

is the expected present value of the profit stream associated with using 

intermediate with index A.  is obtained from (2.17) for i=A. Note that 

for constant r and  in the steady state, we would have 

, where profit flows for all intermediates are given by 

equation (17), and where Π  is the expected rate of growth of profit flows 

for the current latest intermediate after the moment it is first used, i.e. the 

rate of growth of ex post profit flows.

AΠ

A

A

Π̂

ˆ

q̂

)ˆ/( AAA rV Π−Π=

ai 1/()1((ˆ β−−=Π

25 In Annex C we show that the rate of 

growth of ex post profits on intermediate i is given by 

, also for i=A. It is this rate that should be inserted 

in (2.18) for i=A in order to be able to determine the equilibrium allocation 

of labor. 

))α−
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Labor Market Equilibrium 

Labor market arbitrage ensures that wY=wA, where the wage rate of R&D 

labor is given by (2.18). Substitution of equations (2.18) and (2.6) after 

substituting (2.1) as well as equation (A.2) from Annex A into this arbitrage 

condition results in:  

 

z
q

z
rLy δα

β
αδ )1(

ˆ)1(
−
−

+=        (2.19) 

 

where . Equation (2.19) shows that continuously 

rising real energy prices will change the allocation of labor in favor of final 

output generation. This also happens if the real interest rate rises, which 

calls for less roundabout ways of producing output, i.e. less knowledge 

intensive production. Moreover, if  rises, z will increase too, L

)1/()1( αςαα −+−=z

ς Y will 

decrease and LA will therefore increase as well. A rise in the rate of 

embodied technical change therefore also increases the arrival rate (dA/dt) 

of new intermediates. 

 

Steady State Results 

Equation (2.19) can be substituted into equation (2.16), the result of which 

in turn can be substituted into equation (2.15), giving us the steady state 

growth rate that the system is able to generate, for given values of r and q : ˆ

 

                                                                                                                                                    

A
Π̂25  does therefore not refer to the increase over time of initial profit flows of the latest 

vintage, see Annex C for further details.  
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Equation (2.20) summarizes the reactions of the various sectors making up 

the supply side of the economy. It defines a negatively sloped relation 

between growth and the real interest rate. The demand-side is represented by 

a standard Constant Intertemporal Elasticity of Substitution utility function 

as in Romer (1990). This results in the following upward sloping relation 

between output growth and the interest rate: 

 

θρ /)(ˆˆ −== rYC        (2.21) 

 

where  is the intertemporal elasticity of substitution and  is the 

rate of pure time preference, and C is private consumption, and where we 

have assumed that the labor force L is constant over time.

θσ /1= ρ

26  

The equilibrium steady state growth rate can now be obtained by 

eliminating the real interest rate r from equations (2.20) and (2.21). We then 

get: 

 

( ) ))1/(1)1(ˆ/(ˆ ααβαρδ
θα

α
−+−−−








+
= qzLY    (2.22) 

 

The corresponding equilibrium value of the real interest rate is then given 

by: 
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+
= qzLr    (2.23) 

 

By substituting (2.23) into (2.19), we obtain the corresponding equilibrium 

allocation of labor: 
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= qLz
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LY  (2.24) 

 

Equation (2.24) shows that in a balanced growth situation the amount of 

labor allocated to the final output sector increases with the rate of discount 

(future consumption possibilities are valued less, hence the greater emphasis 

on current consumption through an increase in final output). Moreover, an 

increase in  would lower the amount of labor allocated to final output 

production, while an increase in  has ambiguous effects. Note too that an 

increase in  (through a corresponding increase in z) favors growth: L

δ

ς

θ

Y 

goes down and growth goes up (see equations (2.24) and (2.22)). Finally, it 

should be noted that equations (2.22-2.24) reproduce Romer’s growth 

results for z=1 and . 0ˆ =q

 

A Graphical Representation of the Model 

The main equations of the model are graphically represented in Figure 2.1, 

which will also be of help later in evaluating changes in steady state growth 

results arising from policy changes. 

                                                                                                                                                    
26 In that case the growth of consumption per head is equal to the growth of consumption. 
Equation (2.21) is then consistent with the usual interpretation of optimum growth 
requirements in terms of consumption per head.  
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(eq. (2.21)) 

(eq. (2.20)) 

(eq. (2.15)) 

(eq. (2.16)) (eq. (2.19)) 

 
Figure 2.1. Steady State Equilibrium 

 

 

By connecting each point of the relation LY(r) in quadrant IV to a 

corresponding point in quadrant I, passing through quadrants III and II, we 

can show how a shift in LY(r) leads to a change in the equilibrium steady 

state growth rate. This ‘connecting procedure’ mimics the fact that equation 

(2.20) can be obtained by substituting (2.19) into (2.16) and the result thus 

obtained into (2.15). Since all the relations used in Figure 2.1 are linear in 

all the variables concerned, it follows that the vertical intercept of equation 
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(2.20) can be obtained by setting r=0 and then following the connecting 

procedure starting from the LY, r-plane going clockwise. The horizontal 

intercept of equation (2.20) is obtained by setting Y  in the -plane 

and then going anti-clockwise. Because of the linearity of the system, the 

vertical and horizontal intercepts taken together define (the graph of) 

equation (2.20). It is now easy to see that a downward shift in L

0ˆ = AY ˆ,ˆ

Y(r) in 

quadrant IV as depicted in Figure 2.1 due to, for instance, an increase in , 

leads to a steady state with lower growth, as indicated by the curved arrow 

in quadrant I. 

q̂

27 

The model just described shows that economic growth is stimulated by 

technical change that improves the productivity of raw capital and/or energy 

in generating effective capital. For, in that case the downward sloping line in 

Quadrant I would shift upwards, thus increasing both the equilibrium 

growth rate and the real rate of interest. The line in quadrant IV would also 

shift towards the origin and would become more horizontal, while the line in 

quadrant III would become more vertical. These ‘deformations’ of the 

various curves in each quadrant will lead to a net upward shift of equation 

(2.19) (this also follows directly from the fact that the intercept of (2.19) 

depends positively on z, while z depends positively on ). The model also 

shows that steady state growth is possible in a situation where real energy 

prices are growing. However, in that case the rate of growth of the system is 

lower than with constant real energy prices. Moreover, the equilibrium real 

interest rate would be lower as well. We conclude that in our set-up 

continuously rising real energy prices have a negative effect on economic 

ς

                                                           
27 Note that such an increase in  would actually also shift the curve in quadrant II 
somewhat to the left, but this only reinforces our conclusion regarding the change in the 
equilibrium combination of growth and the real interest rate, so we haven’t drawn this shift 
in quadrant II in order to keep the Figure easier to read. 

q̂
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growth, but this effect would be more outspoken if it weren’t counteracted 

to some extent by changes in the productivity of the factors that generate 

effective capital services.28 However, it seems probable that the Cobb-

Douglas specification we have chosen for that generator function over-

estimates long-run substitution possibilities between raw capital and energy 

as they exist in practice. Because of that, it is also likely to under-estimate 

the negative growth effects of rising real energy prices. Holding this in 

mind, we will now turn to the effects of introducing an energy tax with and 

without recycling in the form of an R&D subsidy. 

 

 

2.3 Policy Implications 
 

The model we have described contains several market failures. The first one 

is the intertemporal spillover of current R&D efforts that improves the 

productivity of all future activities, and that is not accounted for in the 

‘price’ of the latest blueprint. This leads to R&D activity that is too low 

from a societal point of view (cf. Romer (1990), Aghion and Howitt (1992, 

1998)). The second is the market imperfection regarding the supply of 

intermediates. This imperfection leads to too low a level of demand for 

these intermediates, and therefore to a correspondingly low level of output 

(but a level that is at least growing over time). However, in an endogenous 

growth model it is exactly this kind of imperfection that provides the 

motivation for people to do research in the first place. Nonetheless, the 

growth of welfare is affected by these market failures. Romer (1990) shows 

that a central planner would choose a growth rate that is higher than the one 
                                                           
28 This follows immediately from the fact that the equilibrium growth rate given by (2.22) 
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selected by private individuals by allocating more labor to research. Since 

our model is an extension of the Romer (1990) model, we would like to 

investigate the possibility of counteracting this ‘growth-deficit’ through 

policy actions that cure the under-allocation of labor to research activities. 

In addition to curing the effects of market failures, such policy actions 

would also be needed to mitigate the drop in growth following a rise in the 

rate of growth of real energy prices, as one could expect it to happen during 

the transition towards a non-carbon based fuel economy that lies ahead of 

us. Furthermore, we want to find out whether it would be possible to have a 

positive ‘growth-dividend’ at all, i.e. have higher output growth and lower 

energy consumption growth, given the negative growth effects that can be 

expected from rising real energy prices. 

The latter policy problem is depicted in Figure 2.2 below. In that Figure, 

the solid negatively sloped line in the , -plane is obtained by substituting 

(2.24) into (2.16). The relation under consideration is given by: 

Â q̂
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The ray from the origin labeled II, corresponds with the requirement of non-

negative output growth, i.e. Y (see equation (2.15) after substituting 

 and t ). Non-positive growth of 

energy consumption requires, in accordance with (2.14) and (2.15), that 

. So, in order to have positive output 

0ˆ ≥

1(α=

0ˆ)1 ≤q

)1/()1( αςαα −+−=z

ˆˆˆˆˆˆ =−=−= AzqYqKE

)1/() αβ −−

( +− t

                                                                                                                                                    
has an intercept that depends positively on z. 
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growth and negative energy growth, only combinations of  and  within 

the cone bounded by the two rays labeled I and II are feasible.  

Â q̂
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Figure 2.2. The ‘Sustainable Growth Cone’ 

 

 

Without any policy interference, a balanced growth combination of  and 

 that is feasible also in the long-run should be somewhere in this cone and 

on the negatively sloped line through point A. But parameter constellations 

may be such that that might not be the case. For, in the region below ray II 

the growth of the number of varieties  is always too low to be able to have 

Â
q̂

Â
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both positive output growth and negative energy consumption growth. In the 

region above ray I,  pushes up output and capital growth such that the 

growth in energy consumption is also positive. Hence, for a given value of 

the growth rate of real energy prices given by 

Â

qq =ˆ

θ

 in Figure 2.2, the only 

way to get balanced and sustainable growth is to try to push (2.25) outwards 

(as depicted by the dotted line parallel to (2.25) through point B in Figure 

2.2), so that a move from point A to a point within the cone, like point B, 

becomes possible. The only possible options that lead to unambiguous 

results seem to be an increase in either  (hence z)ς 29 or  through science 

and technology policy, or a decrease in  or , i.e. making people care 

more about the future.  

δ

ρ

The policies that we want to investigate more closely now are the 

introduction of an energy tax, with and without recycling in the form of an 

R&D subsidy to the same amount. We leave the other policy suggestions for 

what they are, since we have not specified an endogenous link between 

policy instruments and the corresponding parameters. However, the effects 

of an energy tax with recycling should be comparable to some extent to 

those associated with a change in  such that (2.25) shifts outwards in 

Figure 2.2. One should realize that the introduction of a tax will change the 

marginal cost of the provision of effective capital services and hence the 

profitability of producing intermediates, as we have shown in section 2. 

Changes in profitability will influence the allocation of labor over its two 

δ

                                                           
29 In that case the intercept does not only increase, but the line would also become more 
horizontal. The latter reinforces the effects of the increase in the vertical intercept. Note too 
that in case z increases, the rays from the origin would shift in a downward direction, so 

that sustainable growth becomes feasible for lower values of  for any value of . Â q̂
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uses: R&D and final output generation. This will change the steady state 

growth rate, apart from having level effects as well.30  

 

Equilibrium Growth Effects of an Energy Tax Without R&D Recycling 

The effects of an introduction of an ad valorem energy tax with rate  

without recycling are easily obtained through its implications for the labor 

market arbitrage condition. We calculate these by replacing the price of 

energy q by ( in the marginal cost of effective capital services as 

given by equation (2.9). Since these determine initial profit flows, the wage 

rate in the R&D sector will be directly affected (see equation (2.18)). 

Equations (2.22) and (2.24) therefore have the following counterparts: 

τ
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         (2.27) 

 

Equation (2.26) shows that growth will be negatively affected by the 

introduction of an energy tax, since the numerator decreases and the 

denominator increases with . From (2.27), we see that the denominator 

decreases with , thus leading to a reallocation of labor from research and 

τ

τ
                                                           
30 These level-effects can be inferred from what happens to the equilibrium real interest rate 
and the allocation of labor among research and final output generation. A fall in the real 
rate of interest for instance, coincides with a higher capital intensity of production, ceteris 
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development towards final output. This is consistent with lower growth. It 

should be noted that the impact of an energy tax on growth is larger, the 

higher are  and . This follows from the fact that energy shocks are 

translated into corresponding output shocks through the channels of 

energy/raw capital substitution at the intermediate level, and labor/effective 

capital substitution at the aggregate level, while the contribution of energy 

to effective capital is implicitly measured by ( , and that of effective 

capital to output is implicitly measured by . 

α

1+

)1( β−

/(( YLL −

)1 β−

Y ww =

α

AL

 

Equilibrium Growth Effects of an Energy Tax with R&D Recycling 

In the case of R&D recycling, the labor market arbitrage condition can be 

rewritten as follows. Since all tax proceeds are recycled as subsidies to 

R&D workers, wage earnings per worker (including subsidies) in the R&D 

sector (i.e. w) are equal to .  In this expression wA qEww /τ+= A are the 

wage costs that employers in the R&D sector will have to bear. It is easily 

seen that the requirement that labor earns the same wage in all occupations 

then implies w=wY, which in turn implies: 

 

))/ AAY wqEww = τ      (2.28) 

 

The reason why we use (2.28) instead of  will 

become more clear below. Note that the other structural equations of the 

‘growth supply-side’ (i.e. equations (2.15) and (2.16) in Figure 2.1) remain 

unchanged.  

AA LqEw /τ+=

                                                                                                                                                    
paribus, while a higher employment of research labor also increases the marginal product of 
labor in the final output sector, hence increases the (common) wage-level, ceteris paribus. 
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Unfortunately, the effects of the introduction of an energy tax plus 

recycling are not easy to trace analytically, but we can develop an intuition 

as follows. The LHS of equation (2.28) can be obtained by substituting 

equations (2.6) and (2.18), after solving initial profits Π  in terms of  by 

means of equation (2.5). Then equation (A.2) from Annex A in combination 

with (2.1) can be used to arrive at equation (2.29) below: 
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Ax
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Similarly, the RHS of equation (2.28) is obtained by substituting (2.14) for 

E. Then K can be rewritten in terms of  by means of equation (A.4) from 

Annex A. In addition to this, substitution of equation (2.10) into (2.11) 

enables us to write  as a function of initial profits and r. By substituting 

(2.18) for w

Ax

Ax

A, we obtain: 
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The question now is how the relation LY(r) that is implied by the equality 

between LHS and RHS changes with , i.e. how a change in  would shift 

L

τ τ

ˆ

Y(r) in the LY, r –plane (cf. Figure 2.1). This shift enables us to derive the 

effects of the introduction of an energy tax with R&D recycling on the 

equilibrium steady state growth rate as follows. If the introduction of an 

energy tax with recycling lowers LY for a given value of r (and ), this 

results in an upward shift of the supply-side relation between Y  and r in the 

q̂
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(Y , r) plane. Since the ‘growth demand-side’ in Figure 2.1 given by 

equation (2.21) remains unchanged, this implies a rise in equilibrium steady 

state growth rate that depends solely on the labor allocation effects of the 

introduction of an energy tax accompanied by an R&D subsidy. 

ˆ
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∂

τ

=
L

((α

By means of implicit differentiation of (2.28), we obtain the derivative of 

LY with respect to , while making use of equations (2.29) and (2.30): τ
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Because the denominator of (2.31) is negative, the derivative of LY with 

respect to is negative if the numerator is positive. But the latter requires 

the ratio of R&D workers to final output workers to be smaller than 

. For  and reasonable values of , this is 

almost certainly true. Hence, we conclude that in this case, the introduction 

of an energy tax with recycling will raise the growth rate of output, while 

the energy/capital ratio will continue to decrease. The reason why such an 

energy tax with R&D recycling would not work for a high share of R&D 

employment in total employment is that in that case the marginal product of 

labor in final output is high. Therefore a further reduction in final output 

labor due to a reallocation towards the R&D sector would decrease current 

output by so much that it will not be possible to substitute capital for energy 

(induced by the tax) and generate net growth at the same time.  

τ

1( −a )1/())1 )1 ατ β −+ − 0≈τ α



Chapter 2 86

There is an important conclusion to be drawn from the policy analysis 

above: the introduction of an energy tax in the context of the revised Romer 

model is not enough by itself to spur R&D efforts. Rather, these are 

negatively affected, because either real energy price changes or the 

introduction of a tax lowers the present value of a blueprint, which in turn 

reduces the value marginal product of research labor. In that case, we would 

expect a decrease in the allocation of labor to R&D.31 However, the subsidy 

on wage cost in the R&D sector can actually more than compensate the fall 

in the value marginal product of R&D labor through the fall in profit flows, 

so that in this case we could observe faster growth than before the tax. 

Nonetheless, the model is clear about what happens to R&D: an increase in 

the user price of effective capital will not induce energy saving technical 

change, as one would expect that to happen at first sight. While new 

(already known) energy technologies that aren’t economically feasible at 

low prices of carbon-based fuels might be adopted at sufficiently high fuel 

prices, this does not imply that (basic) research will necessarily be stepped 

up at these higher prices. In reality, however, one might expect a spur in 

applied research regarding newly adopted energy technologies that have 

become profitable at higher energy prices. But for reasons of simplicity, we 

didn’t cover endogenous ex post productivity improvements in technologies 

in this paper. 

 

 

 

 

                                                           
31 Cf. equation (2.17) where profit flows would be negatively influenced by the introduction 
of an energy tax if we would replace q by  in ci. q)1( τ+
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2.4 Conclusion 
 

In this paper, we have presented a model that is an extension of the Romer 

(1990) model. We have introduced endogenous energy saving technical 

change into that model by assuming that technological change does not only 

add new intermediates, but, simultaneously, leads to intrinsic productivity 

differences between intermediates (due to embodied technical change). We 

have also assumed that the effective capital services provided by 

intermediate goods require the consumption of energy. We show that the 

growth rate now depends positively on the rate of embodied technical 

change, and that it is higher than the original growth rate in the Romer 

(1990) model. However, the rate of growth of the system now also depends 

negatively on the rate of growth of real energy prices, implying that 

continuously rising real energy prices will tend to slow-down growth. Our 

contribution is that we showed this rigorously in a growth framework. 

There are two reasons for the negative impact of rising energy prices on 

growth and technological change. First, growing real energy prices decrease 

the profitability of using new intermediate goods and hence the profitability 

of doing research. Declining profit opportunities imply lower wages in the 

R&D sector, which bring on a labor flow from the R&D sector to the final 

good sector. The ensuing fall in wages in the final output sector induces 

final output producers to substitute labor for effective capital. Consequently, 

this internal balancing mechanism lowers the rate of growth of R&D and 

output. Second, the model allows for substitution between raw capital and 

energy described by a Cobb-Douglas function. With rising real energy 

prices, the composition of aggregate effective capital becomes less energy 

intensive and therefore more capital intensive. The combined effect is that 
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the pace of introduction of new intermediaries slows down at a rate that is 

proportional to the rate of increase in energy prices. In order to have the 

model show increasing R&D activities due to rising real energy prices, one 

would have to modify the general framework in such a way that it also 

allows for applied R&D that improves the productivity characteristics of an 

intermediate ex post. In this paper, we abstained from such modifications 

for reasons of simplicity. However, van Zon (2001) shows that even with 

such a modification, overall R&D efforts are likely to be negatively affected 

by rising real marginal costs, although the composition of R&D may change 

in favor of process R&D at the expense of basic R&D.32 The modified 

model would imply lower growth in the long-run. Nonetheless, our model 

underestimates the total amount of R&D since it neglects the profit 

opportunities provided by the possibility of process R&D, or ex post 

productivity improvements of intermediate goods in the context of our 

model. By doing so, we probably over-estimate the negative growth effects 

of rising real energy prices. But by using a Cobb-Douglas function to 

describe the substitution possibilities between energy and raw capital, we 

probably under-estimate the negative growth effects of rising real energy 

prices at the same time. The reason is that certainly in the long-run 

substitution possibilities between raw capital and energy are likely to be 

                                                           
32 In van Zon (2001) a distinction has been made between basic R&D that results in new 
products with correspondingly new production processes, and applied R&D that results in 
productivity improvements ex post of these processes. In that paper it is shown that total 
R&D efforts still react positively on profitability, but the mix of basic and applied R&D 
depends on the relative profitability of doing these types of research. Indeed, when the costs 
of operating a technology increase because the factors used intensively with such 
technologies become more expensive, then applied R&D activities become more important 
at the expense of basic R&D activities. This results in lower growth in the long-run, since 
that growth depends ultimately on the rate at which new products and production processes 
enter the economy. The results of the present model therefore still apply in the long-run, but 
a more interesting and more ‘natural’ or ‘intuitive’ behavior of the present model would 
result from its extension in accordance with van Zon (2001).  
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more limited than is implied by the use of a Cobb-Douglas function. This is 

because there are absolute limits to the efficiency of energy conversion that 

are implied by the laws of nature: physics ‘abhors’ an infinitely high real 

marginal product of energy. This implies that the asymptotic properties of a 

Cobb-Douglas production function (or any production function obeying the 

Inada conditions with respect to energy) exaggerate actual substitution 

possibilities between capital and energy in the long-run. 

In addition to this, we also exaggerate the negative growth effects of 

rising real energy prices, because we have neglected the possibility of a 

decrease in the energy content of final consumer demand, through a switch 

from material goods to immaterial services. Smulders (1995) has hinted at 

the possibility that growth would become sustainable if output itself would 

become more and more immaterial. But that cannot be the solution to the 

problem of limiting global GHG-emissions as long as people cannot live in 

virtual houses and live on virtual food. The latter are basic needs and will 

remain so as long as people themselves are material creatures that transform 

energy and matter. Assuming that energy will never be created ex nihilo, 

this also implies that this transformation process will always lead to the 

consumption of energy that needs to be produced somewhere in the system. 

Moreover, at present a large part of the world population has difficulties in 

satisfying their basic needs. Hence, the ‘immaterialisation’ of final output is 

likely to be a phenomenon that is only relevant in a practical sense in the 

very long term, when the largest part of the world population has grown rich 

enough to consider the satisfaction of non-basic needs by immaterial means. 

In the mean time, the need for material inputs will no doubt continue to 

grow.  
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Although there are reasons to assume that our model does not capture all 

the relevant aspects of the world to the best extent possible, the errors 

introduced in this way are not all biased in the same direction, whereas the 

general conclusion regarding the reaction of R&D performance towards the 

growth of real energy prices seems to be fairly robust. Hence, we feel 

confident that our policy conclusions are valid in principle. The first policy 

conclusion we have arrived at is that the introduction of an energy tax in the 

context of the Romer model with basic research is not enough by itself to 

spur R&D efforts. Rather, these are negatively affected, because either real 

energy price changes or the introduction of a tax lowers the present value of 

a blueprint, which in turn reduces the marginal productivity of research 

labor. The second one is that the recycling of the tax proceeds in the form of 

subsidies to R&D in order to mitigate the negative growth effects of 

continuously rising real energy prices may indeed lead to higher growth, but 

only if R&D activities are not ‘too high’ already. If the latter is the case, 

then the opportunity costs of doing more R&D in terms of final output lost 

are simply too high. If R&D activities are low enough then the subsidy can 

indeed compensate the fall in the marginal product of labor in R&D, and in 

that case we can observe even faster growth than before the tax. 

Finally, we would like to relate our paper to the recent National Energy 

Policy plan of the Bush administration. The recent policy reversal of the 

Bush administration regarding a more intensive use of carbon-based energy 

arises from the fact that continuous economic growth necessitates a higher 

level of energy consumption, other things, especially technology but also 

private consumption, remaining the same (i.e. largely material). Given the 

serious energy shortages recently experienced in the US, and given the 

generally higher (and therefore politically unattractive) prices of new non 
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carbon-based energy technologies, there is an immediate incentive to move 

in the direction of a more intensive use of carbon-based fuels, due to their 

relatively low prices. However, when restrictions on the use of carbon-based 

energy are lifted, it is to be expected that R&D activities on new energy 

technologies will be reduced, since the availability of low priced substitutes 

depresses the potential profit margins on energy produced using new, less 

carbon intensive, technologies. This is indeed what our model shows, and 

the negative impact on R&D activities indicate that active energy and R&D 

policies are called for in order to secure sustainable growth in the face of 

rising real energy prices. 

 

 





 

 

 

 

 

3 The Cyclical Advancement of 

Drastic Technologies‡ 
 

 

 

3.1 Introduction 
 

It has been first debated by Kondratieff (1926) that capitalism has long 

waves, regular fluctuations in economic life with a wavelength of 45-60 

years. Schumpeter (1939) proposed that the cause of long-run cycles might 

involve discontinuities in the process of drastic technical innovation. 

Historical evidence indeed indicates that neither production nor 

technological progress is a smooth process, and that major innovations tend 

to appear in clusters in certain periods (Olsson, 2001; Gordon, 2000; Mokyr 

1990; Kleinknecht, 1987; van Duijn, 1983; Mensch, 1979). 

Given the significant effect of technological change on economic growth 

(Romer, 1990; Grossman and Helpman, 1991; Aghion and Howitt, 1992), a 

better understanding of the reasons behind the cyclical evolution of output 

and technology may have strong policy implications. In particular, 

                                                           
‡ This paper is joint work of I. Hakan Yetkiner, Albert de Vaal, and Adriaan van Zon. 
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smoothing out the cyclical advancement may bring about improvement in 

the long-run performance of an economy. 

Surprisingly, the clustered appearance of drastic technologies has not 

received much attention from growth theory. Relatively recently, David 

(1990) and especially Bresnahan and Trajtenberg (1995) have made the term 

general-purpose technology (GPT) popular to the growth theory. The main 

aim of this literature is to emphasize the difference between drastic 

technologies and incremental technological changes in terms of their growth 

implications. Currently, the focus seems to be on whether an economy 

experiences a slowdown at the onset of a new technological change due to 

reallocation of resources from the old to the new sectors or not (see several 

chapters in Helpman, 1998). Hence, the focus seems to be on temporary 

cycles that may be created by new technological paradigms at the onset of 

their introduction to the economy. 

The aim of this study is to show why drastic technological change tends 

to proceed in a cyclical fashion. We conjecture that the main factor behind 

observing that drastic technological changes appear in clusters is eventually 

exhausting profit opportunities in incremental technologies of the existing 

technological paradigm.  

Our model is essentially an extension of Romer (1990). The model 

consists of two R&D-sectors, labeled basic and applied, which respectively 

generate basic innovations for basic intermediary sector and applied 

innovations for complementary intermediate sectors. In particular, we 

suppose that each new drastic technology leads to emergence of one basic 

intermediary good and n complementary intermediary goods. These n+1 

intermediaries are used in the production of a composite good, which 

becomes a variety in the production of final good. Indeed, each new 
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composite good pushes upward the production frontier of the final good. 

There are two types of inputs in the model, physical capital and labor. Labor 

is further divided into three types, namely unskilled labor, skilled labor, and 

research labor, each of which is demanded only in one sector: unskilled 

labor enhances final good production (together with composite good 

varieties), skilled labor is used in the production of complementary 

intermediate sectors, and research labor is employed in R&D sectors. 

Finally, capital is used in the production of basic intermediate in the form of 

foregone output. 

A good example to the exercise that we advance here is perhaps the 

computer. Suppose that the microprocessor represents the GPT (basic 

technology) and hardware and software are outgrowth of applied 

technology. Producers of intermediaries, each a monopolist, purchase 

patents of these technologies. The basic intermediate sector uses capital to 

produce microprocessors and the complementary intermediaries use skilled 

labor to produce the hardware and software. The computer, the outgrowth of 

assembling the microprocessor, the hardware, and the software, is a 

composite good and a variety (input) in Gross Domestic Production (GDP). 

The critical contribution of the model is its success in generating 

declining profits among  “varieties” in the complementary sector. Positive 

monopoly profits of intermediate sectors are transferred to R&D people in 

the form of wages (cf. Romer, 1990). Researchers exploit positive profit 

opportunities of a prevailing technological paradigm by making 

incremental, non-drastic innovations. As profit opportunities become 

exhausted, it becomes more yielding to invest in a new technological 

paradigm at a certain point. Researchers then switch to work on the next 

drastic innovation (technological paradigm). Incremental innovation 

n
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resumes within the new paradigm and endures until profit opportunities fall 

close to zero again. Thus, drastic technological change and economic 

development proceeds in long waves. 

The model contributes to the (growth) literature in several ways. First, it 

develops a formal model of a mechanism that creates endogenous 

fluctuations in economic activity. Second, it demonstrates a way to 

introduce asymmetry in the intermediate market, which is rarely done in the 

literature.1 This paper shows that asymmetric profit opportunities in the 

intermediate sector(s) are a lot more than a detail. Indeed, our paper shows 

that the falling character of these profits is the genuine source of economic 

fluctuations. Third, the model contributes to the literature by elaborating the 

causes of a possible slowdown at the onset of a new GPT. Last but not least, 

our model elaborates the role of basic and applied R&D mechanisms in the 

growth process. It shows that the impact of these two R&D sectors in the 

long-run growth process is significantly different. 

The organization of the paper is as follows. The next section introduces 

the model in its basic form, and solves the model at long-run equilibrium. It 

is shown that profits are falling to zero across the varieties in the 

complementary intermediates sector. The third section looks at the sequence 

of equilibrium points generated in the model. For matter of convenience, 

heuristically speaking, we label it as the ‘very’ long-run analysis. This 

section shows that exhausting profits in complementary intermediates sector 

are the source of fluctuations in economic activity. The last section 

summarizes findings with concluding remarks. 
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3.2 The Model 
 

Let us suppose that the final good Y  production technology is represented 

by 
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=
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where  represents unskilled labor used in the production of GDP,  is a 

composite good each of which is produced by n+1 intermediaries, 1  is 

the partial output elasticity of unskilled labor, and  is the index of and  is 

the current stock of technological paradigms (GPTs). The higher the i , the 

more recent the GPT that a composite good (or any other variable) is 

associated. Our motivation for introducing a vector of composite inputs 

rather than of single inputs, as many endogenous technological change 

models do, is that basic and applied R&D sectors generate two substantially 

different sets of intermediate goods in the model. As usual, we assume that 

the final-good sector is a perfectly competitive market. 
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We suppose that the composite good production technology has a Cobb-

Douglas representation. We conjecture that the following function generates 

a composite good: 
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1 To our knowledge, van Zon and Yetkiner (2003) is the only work studying asymmetric 
intermediate sectors in endogenous technological framework. 
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In equation (3.2),  is a large positive integer indicating the number of 

intermediaries that the i

n

n,..,

0

(

th composite good is made up of and identical across 

the composite goods. We will see that we need to make a constant  

assumption in order to guarantee that the model generates the same number 

of intermediaries along the GPTs. Given that  is a very large number, this 

assumption is by no means restrictive.  is the j

n

n
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th intermediary used in the 

production of the ith composite input, and  indicates the relative share of 

j
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th input in the total product of composite good . We make a set of 

assumptions. First, we assume that  for ∀ , which 

implies that we can omit subscript  from now on in . Second, we 

assume that complementary intermediates are ranked such that  if 

, ∀ . This assumption is however not restricting since it is 

matter of reordering in a Cobb-Douglas technology. It is worth to note two 

things in this assumption. First, we do not impose any condition on the 

ordinal value of . Second, the assumption contains that , that is, 

none of any pair of  are alike. Third, we assume that  is at the 

neighborhood of zero. Given that (i)  is a large number, (ii)  are in a 

descending order, and (iii) the sum of  is one, it is not imperceptive to 

assume that  is at the neighborhood of zero. The intuition behind this 

interpretation will be clear as we progress. Fourth, for matter of simplicity, 

we associate subscript  with the core intermediary good and 1  with 
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the complementary intermediaries.2 Hence,  and  are interpreted 

as respective relative shares of these two types of intermediate goods in total 

product of a composite good. Assuming a single core intermediary is solely 

for matter of tractability. From now on, we shall use 0  and  to designate 

the core intermediate and complementary intermediate related variables and 

parameters, unless otherwise stated. The evolvement of long-run 

equilibrium is described below. 

0α nαα ,...,1

L

j

 

The Final Good Sector 

A representative firm’s profits are 
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where composite output price is normalized to one,  is unskilled labor 

used in the production of final good,  is the user cost (price) of the 

composite input, and  is the rental price of unskilled labor. First order 

conditions with respect to  and  are 
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Note however that neither equation (3.5) is standard unskilled labor demand 

function nor is equation (3.4) an (inverse) input demand function. At least, 

                                                           
2 Complementary intermediaries can be associated with “innovational complementarity” 
character of GPTs as advanced by Bresnahan and Trajtenberg (1995). 
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not yet in their explicit form. In order to find out the explicit labor demand 

function, and input demand functions for intermediaries  and , we 

must first associate the first order conditions of the final good market to the 

composite good production technology. 

0ix ijx

One way to link the final good sector to intermediary markets is to use 

cost minimization. Let us suppose that the intermediary-good prices are 

denoted by , in which the first price is associated with the 

core sector, , and others are associated by the complementary sector, 

. Then, total cost corresponding to the composite good i  is 

. Minimizing total costs subject to equation (3.2) yields 
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Note that summation of equation (3.6) over  gives , that is, the 

cost of producing the composite intermediate  is shadow price of 

composite input times quantity. Hence,  works also as unit-price  of 

composite input i . 
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Substituting the optimum condition for the jth intermediate of the ith GPT, 

, from equation (3.6) into equation (3.2) gives ijx
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Equation (3.7) shows that the shadow price of the ith composite input, , is 

a kind of geometric average of intermediate-good prices weighted by their 

respective input shares. Note that equation (3.7) is straightforward extension 

of two-input cost minimization problem under Cobb-Douglas technology. 

iλ

Using equations (3.4) and (3.7) in equation (3.6) gives the inverse input-

demand function for any intermediate good 
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where  is the inverse of partial output elasticity of unskilled 

labor. As there are two types of intermediary goods for any GPT, we must 

consider them apart. 
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The Basic-Intermediate Sector 

Let us first consider the core sector, indexed by . The derived demand 

function of the core sector, , by using equation (3.8), is  
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As equation (3.9) indicates,  is inversely related with its own price. 

Throughout this study, we assume that prices of other intermediate goods 

(complementary goods in this case) do not have any (cross) price effect. 

0ix

We shall continue to handle the core sector’s profit maximization 

problem à la Romer (1990). At cost of some repetition, we would like to 
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show derivations. There is a monopolist holding patent rights of the basic 

intermediate associated with a GPT. The profit equation of any intermediate 

firm in the complementary sector is 

 

0000 iiii xrxq ηπ −=        (3.10) 

 

where it is assumed that each unit of production of  uses 0ix 0ixη  units of 

resources in terms of foregone output. Profit maximization leads to the well-

known markup over unit cost pricing condition: 
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 is the own price elasticity of input , and 

markup rate  is greater than one ( ). It must be noted that the price of 

the core-intermediate is symmetric along ‘generations’ only if the rental cost 

of capital  is identical along the generations. Indeed, we assume that 

capital is putty-putty, and the supply of capital (in the form of forgone 

output) is infinite at the interest rate  and therefore it is constant and 

identical in the sequence of long-run equilibrium points, which is consistent 

with stylized facts of growth. Finally, we note that there is an inverse 

hyperbolic relationship between  and  such that  is monotonically 

declining in , i.e., ∂ . 
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It is not yet right to substitute the core sector input price (cf. equation 

(3.11)) into the respective demand (c.f. equation (3.9)) in order to solve the 

equilibrium demand for  because we need to determine first input prices 0ix

 



Cyclical Advancement of Drastic Technologies 103

in the complementary sector before proceeding further. The next step does 

this. 

 

The Complementary-Intermediate Sector 

The complementary sector works as follows. When a GPT and the basic 

intermediate of that drastic technology appear in the market, the idea but the 

patent is a public good. If profit opportunities in the intermediate market are 

sufficiently high, then blueprints of complementary goods will be developed 

by the applied R&D sector. Using these blueprints, monopolists of the 

intermediate sector produce complementary intermediates. 

We assume that the main input in the production of complementary 

goods is skilled labor, . For simplicity, we assume that one unit of skilled 

labor produces one unit of complementary-intermediate: 

H
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where  is the amount of skilled labor used in the production of 

intermediate good . Since there is perfect factor mobility across 

complementary sectors within each GPT and across GPT sectors, there must 

be a single factor price  in the complementary sector. Following the same 

line of reasoning as we did for the basic intermediary sector, profit 

maximization leads to  
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where 
j
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. As in the core-intermediate sector, the inverse 

hyperbolic relationship between  and  holds. Since there are  

complementary inputs, where  is a very large number, we may also 

consider plotting these  markup rates against their corresponding input 

shares. Then, we find out that there is an inverse relationship between the 

“order of appearance” and the markup rate. An explanation may go as 

follows. Recall that we supposed  if  and that  is at the 

neighborhood of zero. Consider now . Its relative input share in total 

product of composite input is at the neighborhood of zero but it is 

marginally the most critical input in the sense that the production of the 

composite good is impossible without it, though all other core and 

complementary inputs could have been produced. In other words, relatively 

speaking,  has the highest importance among all complementary 

intermediates in the production of the composite good. Therefore, the 

markup over unit cost is the highest, though it is the last in the order of 

appearance. 
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Using (3.13) in (3.8) gives3 

 

( ) ∏
=

−+−



























=

n

k k

k
h

j

j
ij

k

w
q

Lx
1

])1(1[

0

0 0

0 βσα
βσα

βσα
σ

φ
ααβ

φ
α

   (3.14) 

 

Equation (3.14) shows the inverse relationship between demand for any 

intermediate and the rental costs of inputs in the production of 

intermediaries, where equation (3.11) defines . 0q
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Recall that we assumed the use of skilled labor is limited to 

complementary sector. Under this assumption, for given supply, it is 

straightforward to calculate ‘sector-specific’ rental price of skilled labor . 

This will be our starting point to solve the model at long-run equilibrium. 

hw

 

Long-run Equilibrium 

Let us suppose that we are at long-run equilibrium, the state that a cluster of 

new composite goods (a cluster of basic intermediates together with their 

complementary inputs) has been just added to the production frontier. Then, 

the demand-supply equilibrium of skilled labor in the complementary sector 

would be 
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Using (3.14) in (3.15) gives the equilibrium wage rate for skilled labor for 

given , , and : H L r
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(hence, we may guess that they will not play any role in the generation of 

sequence of equilibrium points). Second, G  and  are less than one. To 

see this, note that ∑ , by definition. Then, given the fact that 
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Several observations concerning equation (3.16) are in order. First, 

skilled labor wages increase as the stock of GPTs rises for given , , and 

. This is a ‘normal’ result in the sense that, as new GPTs are introduced, 

more intermediaries use the same (given) resource. Second, an increase in 

 or a decrease in  will lower skilled wages. An (exogenous) increase in 

the supply of skilled labor will certainly has a direct impact on its own price. 

The latter is the result of a rather indirect mechanism. A decrease in  

lowers the ‘demand for composite inputs’ due to lower final good 

production. Consequently, the demand for complementary inputs is 

undercut and hence wages for skilled labor decreases. 

L

The equilibrium price of a complementary product q  mimics the skilled 

labor wage (cf. equation (3.13) and (3.16)). One interesting characteristic of 

complementary-goods prices is that they are “asymmetric” along varieties 

within a GPT because  is a function of input-share parameters. More 

particularly,  as  for . Thus, ‘older’ complementary 

intermediates charge lower prices. The economic intuition is very clear: The 

complementary sectors that have higher input shares in total product of the 

j <
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composite good face higher price elasticities. Therefore, relatively speaking, 

they have to charge lower prices for their intermediaries to exploit positive 

profit opportunities of their product. 

The equilibrium value of each complementary intermediate can be 

calculated by using equations (3.14) and (3.16): 
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Three characteristics of equation (3.17) are in order. First, equilibrium 

values of intermediaries are dissimilar within a GPT (but identical along 

GPTs). The first term in the parenthesis on the right hand side of the 

equilibrium is the source of asymmetry across complementary goods. 

Second, the equilibrium value declines with . It is straightforward to see 

this result by checking 
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, which is positive. In other words, the 

later the intermediate appears in the market, the less its equilibrium value. 

Third, for given  ( B ),  ( H ) is associated negatively (positively) with 
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The profits of the jth firm in the ith GPT (in the complementary 

intermediaries) is found by substituting the respective values of  and  

from (3.16) and (3.17) in profit equation : 
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The most obvious characteristic of profits in equation (3.18) is its falling 

nature in input shares. Recall that we assumed  are ranked in a 

descending order. Thus, the later the intermediate appears, the less the 

profit it earns, according to equation (3.18). The economic reasoning of 

falling profits is as follows. We discussed above that there is an inverse 

relationship between the order of appearance of an intermediate and its 

relative importance. This is because it is relatively easier to give up the 

production of the composite input at the ‘early’ steps of production. The 

later the intermediate appears, the higher is its relative ‘importance’ in the 

production of the composite input and hence it is more ‘costly’ to give up 

the whole production. Hence, the price, charged by a particular intermediate, 

is increasing as its “importance” in the production rises (cf. Equation 

(3.13)). Consistently, equation (3.17) shows that equilibrium quantities for 

intermediates are positively related with their order of appearance. ‘Early 

intermediates’ face more price-elastic demand and therefore charge lower 

prices to capture the entire profit opportunities specific to their products. 

Profits are outgrowth of (equilibrium) quantity and prices, given a unique 

rental price of skilled labor across the intermediates. We infer from equation 

(3.18) that the fall in the equilibrium quantity due to a decrease in the order 

outweighs the rise in prices and therefore profits decline in correspondence 

with the order of appearance in the market. 

jα

What is the importance of this finding? Under perfect foresight 

assumption, entrepreneurs in the complementary intermediate market would 

be aware of the profit opportunities of all intermediates 1 to n . Then, a 

monopolist would prefer to produce the intermediate that promises the 

highest profit opportunity among  varieties. Hence, the order of 

appearance of intermediates is function of the order of size of input shares. 

n
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The assumption we made initially that input shares were ordered in a 

descending form was indeed an early indication of the market opportunities 

in the complementary sector. 

Finally, we can calculate . Using equations (3.9) and (3.16),  is0x 0x 4 
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This is the equilibrium of . Note that  implies the following 

equilibrium profit for the basic intermediate (cf. equation (3.10)): 
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Following ,  are similar across the core sectors (i.e., along the GPTs). 0x 0π

As we now have all information concerning the composite good, we can 

proceed to find the equilibrium values of ‘aggregate variables’. Employing 

(3.17) and (3.19) in equation (3.2) gives us . Using this value in (3.1), we 

can show that final output Y  is

iz
5 

 

                                                           
4 It is helpful to see (i) , (ii) 1 , and (iii) 

. 

)/)1(()1( 0 χχβσα −−=−− σχβσχα =+ 0

σχαχα )1(1 00 −=−
5 We can calculate aggregate capital and check if the ratio of the two is constant, fitting to 
stylized facts. Aggregate capital is obtained by summing  along the GPTs, 

. It is straightforward to show that . The ratio is constant 

for a constant , which must be true, at least at long-run. 
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Equation (3.21) is not very much different than any reduced form final 

output production function but is richer. First, the “GPT variety” variable  

is the source of endogenous growth in the model, very much like the “love 

of variety” variable in Romer (1990). The basic difference is that  pushes 

the output frontier forward cyclically (that we will show in the next section). 

The fundamental similarity with the existing literature is that the growth rate 

of  is function of level of R&D people employed in the basic R&D (cf., 

the third section). Second, unskilled labor and skilled labor are (exogenous) 

sources of growth of output, if these variables are presumed to grow in time. 

Third, though applied R&D plays a critical role in terms of producing new 

composite varieties, it does not play any explicit role in the advancement of 

long-run growth at equilibrium. Hence, our model suggests that we need to 

reach a better understanding of elements that contribute to growth and 

development. Next, we look at the generation of sequence of long-run 

equilibrium points that we occasionally call it the ‘very’ long-run. 

B

B

B

 

 

3.3 The “Very” Long-run 
 

The sequence of long-run equilibrium points is generated by R&D sectors in 

our model. This section is on how the mechanism works. We assume in this 

model that basic and applied research sectors use research labor, a special 

type of labor endowed with frontier knowledge, in generating blueprints. 

The two R&D sectors compete for the ‘scarce’ research labor in the model. 
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We show that that competition is linked to falling profit opportunities in the 

intermediate market, and hence drastic technologies are advanced in 

clusters. Before starting to discuss how the model generates a sequence of 

equilibrium points, let us elaborate time in the model. The model uses three 

types of time. First, there is real time, denoted by . Second,  is used to 

denote applied R&D time. We will soon show that basic R&D and applied 

R&D do not take place simultaneously but one follows another under an 

endogenous switching mechanism. Furthermore, we will also show that 

applied R&D activities are neither a continuation of the applied R&D 

activities of the previous GPT nor are they continuous for the most recent 

GPT. Third, we index the time points that the model-economy realizes 

jumps in the drastic technology stocks by t  and call it as ‘GPT time’. We 

illustrate the association of R&D activities in the real time line below: 

s ω
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Figure 3.1 Associating inventions with real time 

 

 

The Basic Research Sector 

We conjecture that blueprints accumulate according to the following 

difference function: 

 

tBtt BRBB δ=−+1         (3.22) 
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where  is stock of GPT,  represents the productivity of the blueprint 

generation process, and  is the amount of research people used in 

generating blueprints of GPTs. The way we defined the GPT generation 

mechanism is a simple difference equation (with only homogenous part) and 

its solution is . The mechanism generates (discrete) perpetual 

growth. In particular, the stock of GPTs increase at increasing rates at equal 

time distances. This result can be rationalized by the public good character 

of ideas (cf. Romer (1990)). 

B δ

B

t

R

B )t RB 1( δ+=

As usual, whenever the basic R&D sector undertakes research, the 

proceeds of blueprints are paid as wages, . Suppose that  has been 

already invented (thus given). The profits for the next basic R&D activity 

 would be 

0w tB

0,1+tπ

 

BttBtt RwBRP 0,10,10,1 )( +++ −= δπ      (3.23) 

 

where  is the price of designs,  represents the rental rate of R&D 

labor for the blueprints developed,  is the amount of research people used 

in the invention process, subscript zero indicates that the variable is related 

to basic R&D, and subscript t  shows that drastic inventions are made 

between times t  and . Equilibrium process yields 

0,1+tP 0,1+tw

BR

1+

1+ t

 

ttt BPw δ0,10,1 ++ = ,       (3.24) 

 

a condition that must be satisfied when research staff is ever to be employed 

in the basic R&D. Note that the stock of  is taken as given as anyone tB
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engaging in basic research can freely take advantage of the entire existing 

stock of GPT blueprints. Next, we describe the employment condition in the 

applied sector. 

 

The Applied R&D Sector 

The dynamics of the applied R&D sector is different than the basic sector 

though the blueprint accumulation function of the sector resembles that of 

the basic R&D sector. The source of the difference is that each applied R&D 

effort is ‘independent’ of all previous applied R&D activities, while the 

stock of basic R&D is a positive externality. Our assumption behind this 

argument is our perception that applied R&D is too specific to be an 

externality for the subsequent R&D efforts. We conjecture the applied R&D 

accumulation function as follows: 

 

At RBnn ξωω =−+1        (3.25) 

 

where  denotes the stock of applied technology,  represents the 

productivity of the blueprint-invention process,  denotes the stock of GPT 

paradigms (including the most recent) that applied R&D sector enjoys freely 

(hence, the GPT stock is a positive externality),  is the amount of 

research labor employed, and  is applied R&D time. Clearly, 

, which is given in the model.  

n

B =

ξ

tB

AR

ω
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The blueprint generation mechanism in equation (3.25) is a simple 

difference equation (with homogenous and particular parts) and its solution 

is 
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given that the initial value  is zero. According to equation (3.26), the 

stock of blueprints accumulates as a linear positive function of the amount 

of research labor used as long as the number of blueprints generated is less 

than the number of GPTs produced in the most recent basic R&D activity 

times the number of complementary intermediates required to produce a 

technological paradigm. We will soon show that this condition must be 

indeed satisfied at equality. Here, we will give the intuition. Recall that we 

assume  is at the neighborhood of zero. We also show that profits in the 

complementary sector are positive linear function of input shares. The two 

observations imply that the th complementary-intermediate is not 

viable as it does not generate positive profits. Since the positive profits are 

seized by the applied R&D sector in the form of price of patents, it is easy to 

see that the applied R&D sector will never produce the blueprint of the 

th complementary intermediate, as it will not return any ‘reward’. 

0n

nα

1+n

1+n

The profits of the jth design will be  and 

equilibrium process produces 

AjtAtjtj RwRBP ,, −= ξπ

 

tjtjt BPw ξ,, = .       (3.27) ,....2,1=j

 

where  is the price of the jjtP ,
th complementary-good design,  is the 

rental rate of R&D labor in the j

jtw ,

th design, and  indicates that the prevailing 

GPT bundle is created at times  and t . Equation (3.27) gives the wage 

t

t 1−
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rate  that the applied R&D sector must pay in order to undertake research 

in the sector. 

jw

+ 0,2

+ 0,2

 

The Cyclical Use of R&D-labor 

The unit value of a new blueprint must be equal to present discounted value 

of profit stream generated in the intermediate sector, given that R&D sectors 

operate under perfect competition. The intuition is simple. Because the 

market for designs is competitive, the price for designs will be bid up until it 

is equal to the present value of the profit stream that a monopolist can 

extract. Hence, the price of each technology   is equal to 

present discounted value of profit stream of the respective intermediary 

producer (cf. Romer (1990)). It is easy to calculate profit streams of 

intermediate sectors by using equations (3.18) and (3.20). Suppose that GPT 

bundle of time  has already been invented at present. The present value 

of profits of the basic sector for any GPT in the next GPT-cluster would be 
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In Equation (3.28),  denotes the real time and  indicates the present. We 

assume that the growth dynamics of  and  are known to the system. It is 

critical to note that equation (3.28) is derived at equilibrium, meaning that 

the present value of profits received by the basic-intermediate producer is 

calculated under the assumption that  complementary goods for each GPT 

s τ
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in the new cluster have been produced. In other words, we are able to 

calculate the present value of profits at the next equilibrium point. Similarly, 

the present value of the jth complementary-good at time , where the latest 

GPT stock available at that time is , will be 
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The most interesting property of discounted profit streams in (3.29) is its 

falling nature. In particular,  must be at the neighborhood of zero, 

given our assumption that the very last input share  is at the 

neighborhood of zero (i.e., ). Evidently, R&D people will stop 

working on the prevailing technological paradigm after producing the n

tPV +

,1+ ntPV

nα

th 

blueprint under perfect foresight assumption. 

Recall that profit streams are captured by R&D people, independent of 

whether they are employed at basic R&D sector or at applied R&D sector 

(cf., equations (3.24) and (3.25)). Then, the falling nature of profit streams 

(in the applied sector) must be also reflected in the wages of R&D people 

employed in the applied sector. In particular, wages received by the R&D 

people working in the applied R&D must be falling as new blueprints for 

intermediaries are produced. This characteristic of our model is indeed the 

heart of cyclical advancement of technologies and long-run business cycles. 

We discuss below the mechanism in detail. 

The research labor decides on the use of their labor by comparing the real 

wages offered by the two research-sectors at any time. Given the linear 
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blueprint production functions, all R&D people will be employed in only 

one sector, that is, only corner solutions are viable in the model (clearly, 

linearity is only for stylistic purposes). Suppose now that the basic R&D 

sector has just used the whole research staff. In particular, suppose that we 

have just produced the blueprint (bundle) for the basic intermediate of GPT 

. The question is whether they would switch to produce complementary 

intermediaries for this GPT or switch to work on new GPT bundle. In our 

set up, the following conditions must hold in order to make this switching 

viable: 
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Since the model is not able to show transitional dynamics, we can only 

produce calculable switching conditions ex-post, meaning that we can check 

these switching conditions at equilibrium points. Indeed, under perfect 

foresight, doing this is not controversial because those GPTs that do not 

convert into a composite good would have never been started. Equation 

(3.30) indicates that in order for a GPT bundle, say , to be viable, the 

real wage offered by the applied R&D sector for the first complementary 

good must be higher than the wage rate offered by the basic R&D sector of 

the next GPT cluster. If this condition holds, then the entire research people 

will shift to applied research. The same condition must also hold for 

blueprints of intermediaries . Nonetheless, there is always an end to 

this process. Indeed, our assumption that  is at the neighborhood of zero 
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implies that  would be zero and hence the condition for switching to 

the next GPT technology is always secured. It might be argued that the 

assumption that  is at the neighborhood of zero is too strong. However, it 

must be noted that the genuine generator of the switching mechanism is not 

that assumption but the fact that profits in the complementary sector have a 

falling nature. Assuming that  is at the neighborhood of zero only secures 

the constancy of number of varieties in the model.  

1,1 ++ ntw

nα

s

nα

s

It is worth to mention that the wages in the R&D sector also experiences 

cycles. From equation (3.30) above, we know that  but wages 

decline (towards zero) as new intermediaries are produced. When the 

model-economy starts to produce the next generation GPT bundle, first 

research people’s wages experience  and next a jump to , where 

the latter can be substantially greater than the former. Then, it starts to fall 

again. This mechanism creates cycles in R&D wages, and none of these 

cycles necessarily produce similar wage rates as skilled labor, unskilled 

labor and the stock of GPTs increase over time. 

0,21,1 ++ > tt ww
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Closure of the Model 

In order not to complicate the model further, we assume that consumption is 

determined by an exogenous saving rate proportional to income (cf., Solow 

(1956): 

 

s YsC )1( −=         (3.31) 

 

where  is consumption, and  is exogenous saving rate. tC
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Dynamics of the Output and the Broader Concept of Output 

Equilibrium output Y  and the broader concept of output Q  are two types of 

output in our model. 6 The former is associated with long-run equilibrium 

points and the latter refers to values of output in transition between 

equilibrium points. Up to now, we have discussed the dynamics of the 

equilibrium output. We showed that gross output realizes upward shifts at 

times that a new composite good is started to be produced. Evidently, output 

between equilibrium states is different than equilibrium points. 

Unfortunately, it is not easy to show the exact values of the broader concept 

of equilibrium. In this subsection, we will try to give a sense of it. 

Suppose that the model economy has just realized Y . At the next real 

time, say , the economy will generate the next GPT bundle, , 

and  units of core intermediaries , associated with the recent 

bundle. Clearly, the broader concept of output is not 

 because (i) all production activities of existing 

GPTs are affected inversely by addition of a new intermediary and (ii) 

skilled and unskilled labor are growing. Nevertheless, we can infer likely 

impacts of addition of new intermediates to the system. It is straightforward 

to check from long-run equilibrium solutions that an addition of a new 

component to the existing system means a decrease in the available input 

resources per item. We do not know the exact equation in transitional period 

but can guess that on the one hand Y  would decline by introduction of  

while, on the other hand, an exogenous increase would be realized in skilled 

and unskilled labor, which would allow for an increase in Y . This increase 
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may counterweigh the decline in input resources per item and hence the 

broader concept of output may increase. In conclusion, there may or not be a 

decrease in output at the onset of emergence of a new technological 

paradigm, depending on several factors. In figure 3.2 below, we speculate 

two alternative paths (represented by circled dots and squared dots) that 

illustrate two alternative scenarios.  
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Figure 3.2 Two possible Paths of the Broader Concept of Output 

 

In figure 3.2, the path formed by circled dots assumes that the pace of 

growth of inputs is sufficient to meet the additional demand created by the 

introduction of new intermediaries. The squared dots, on the other hand, 

illustrate a case that the economy realizes a fall at the onset of a new 

                                                                                                                                                    
6 See Chapter 5 of Barro and Sala-i-Martin (1995) on the broader concept of output. 
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technology due to insufficient growth of inputs. Hence, our model shows 

that the current debate in GPT-growth literature on whether output declines 

at the onset of a new GPT is inconclusive, and the answer depends on the 

growth rate of inputs. 

 

 

3.4 Conclusion 
 

This study showed that exhausting profits in the incremental technologies 

with the existing technological paradigm could be the source of long-run 

business cycles. New technological paradigms are advanced cyclically 

because R&D activities focus on the existing technological paradigm as 

long as there remain positive profit opportunities on it. Focus returns to 

basic R&D whenever the profit opportunities of the next bundle of drastic 

technologies are higher than that of the existing paradigm. Switching 

between the basic and applied technologies creates long-run cycles in the 

economy. The paper showed also that temporary falls in growth at the onset 

of a new technological paradigm might be because the pace of growth of 

inputs was not meeting the additional resource needs created by the new 

paradigm.  

This paper has many possible extensions. One of them is very exciting. 

The very existence of long-run Kondratieff cycles brings into the scene the 

question of “are these cycles making ‘us’ better off or worse off? This is an 

interesting question because these cycles are created in response to market 

opportunities. Hence, if profit drives imply economic inefficiency in terms 

of welfare losses, there is a big room for policy intervention. This paper 

leaves this question open for future studies. 

 



 

 

 

 

 

4 Physical Shocks on Economic 

Structure: Earthquake and 

Growth† 
 

 

 

4.1 Introduction 
 

A strong earthquake is likely to cause large economic losses and death tolls. 

There are many instances of this. For example, the Kobe earthquake (17 

January 1995) is estimated to have caused 131,500 million dollars of losses 

and 5,502 deaths.1 A recent earthquake that hit Turkey in 17 August 1999 

killed about 20,000 people and leveled down more than 200 thousand 

buildings.2 Some experts argue that these costs tend to increase. For 

example, Berz (1994) argues that the next earthquake that will hit U.S. may 

                                                           
† This paper is joint work of I. Hakan Yetkiner and Adriaan van Zon. It has been 
conditionally accepted to Structural Change and Economic Dynamics. 
1 See Horwich (2000) for a detailed discussion of KOBE earthquake. 
2 Bibbee et al. (2000) discuss in detail possible macroeconomic impacts of the 17 August 
earthquake on the Turkish economy. 
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cause at least 40,000 million dollars, which doubles the costs of the 

Northridge, California earthquake of 1994. 

One relevant literature that investigates the costs of an earthquake (and 

other natural disasters) is the natural hazards or disaster literature.3 This 

literature is concerned with the estimation of momentary losses of 

earthquakes at a detailed level.4 However, the disaster literature is not able 

to give rich insights in terms of economic implications of an earthquake as it 

lacks a theoretical economic framework. In that sense, predictions of natural 

hazard literature are not very valuable from an economic viewpoint. 

The interest of economists in the impact of natural disasters in general 

and earthquakes in particular has remained relatively weak if one takes into 

account an earthquake’s costs in terms of casualties and dollars.5 There are 

only a handful studies investigating the economic implications of an 

earthquake with the help of economic modeling. One study is Albala-

Bertrand (1993b). In a simple Keynesian multiplier-analysis framework, 

Albala-Bertrand (1993b) shows that capital loss is unlikely to have a 

significant effect in the long-run, and that a very moderate ‘response 

expenditure’ may be sufficient to prevent the growth rate of output from 

falling. Though Albala-Bertrand's (1993b) findings are intuitive, and albeit 

supported by casual observation, the paper uses the Keynesian multiplier 

analysis, lacking a general-equilibrium modeling approach. In that respect, 

his approach is insufficient for those who would like to understand the 

implications of an earthquake in most relevant dimensions. 

                                                           
3 See, for example, Alexander (1997) for a general overview of this field. 
4 Chan et al. (1998) is a good example of such kind of approach. 
5 This disinterest is conceivable to a certain extent given that these losses are one-time big 
losses, and therefore cannot have any significant effect in the long-run. Yet, rising costs and 
death tolls suggest that growth effects of earthquakes may be increasingly significant, 
especially for developing countries. 
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Another study is Oulton (1993), focusing solely on stock effects of an 

earthquake. This paper uses the standard Cass-Koopmans growth 

framework to determine how a reduction in the (initial) capital stock due to 

an earthquake is recovered in time. His calculations (via simulations) show 

that, given a standard Cass-Koopmans growth model, the adjustment to a 

50% reduction in the initial capital stock is over 90% completed within a 

decade and almost totally completed within a generation.6 The weakness of 

Oulton (1993) is that he focuses solely on the direct effects of an earthquake 

by using a standard growth framework, which is, however, not suitable for 

an expanded analysis of impacts of an earthquake. 

At the empirical level, a recent-study is done by Selcuk and Yeldan 

(2001). They attempt to estimate the transition path of the Turkish economy 

to its new equilibrium after the devastating 17 August 1999 Izmit 

earthquake. Selcuk and Yeldan (2001) focus on the impact of an earthquake 

by looking at the macroeconomic implications of a 10 percent capital stock 

loss together with a 15 percent labor force loss. Their simulation results 

suggest that the initial impact of the earthquake on GDP may range from –

4.5 percent to +0.8 percent conditional upon policies followed by 

policymakers and international donors. 

An earthquake, however, is a lot more than death tolls and an abrupt 

depreciation of physical capital. One aspect that has received little attention 

is that an earthquake’s leveling effect on physical stock is asymmetric.7 In 

many instances, the economic loss of an earthquake on residential stock (we 

also call it accommodation units and unproductive capital throughout the 

                                                           
6 Oulton (1993) also considers a labor-leisure choice in the Cass-Koopmans framework. 
Then, the recovery is even more rapid, being virtually complete within a decade.  
7 Others are welfare implications of earthquakes and policy responses for restoring long-run 
equilibrium of an economy. The latter question is partially addressed in the fifth chapter of 
this manuscript. 
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study) is much larger than the loss on productive capital stock (e.g., 

factories, machines, etc.).8 Perhaps the main reason why earthquakes have 

an asymmetric impact on capital is that the building quality is different 

between the two types of capital. In particular, this study builds on the 

assumption that building-quality for productive capital is higher than for 

unproductive capital.9 There may be several reasons for this. First, 

investment in productive capital is made to reap profits today and tomorrow. 

This can only be achieved by minimizing all calculable risks, including 

those of physical shocks, from the start. Thus, productive capital can be 

expected to have on average a better quality. Second, legal construction 

requirements may be more strictly controlled and followed in construction 

of productive capital than of unproductive capital. Third, productive capital 

may have links with foreign productive capital, also for developing 

countries, in the age of globalization. Production has been standardized 

across the world, and such standards are not limited to goods and services 

but cover in also the ‘production-environment’. Thus, higher building 

standards of developed countries are also imposed on manufacturing units 

of developing countries. 

Instead, unproductive capital, especially housing units, may not always 

fulfill the required quality to stand earthquakes. This is especially true for 

developing countries. With financial markets underdeveloped, most 
                                                           
8 Albala-Bertrand (1993a, p.47) supports our argument by saying “social sector and 
especially (…) housing is the most affected subcategory (…) of earthquakes”. A striking 
example to our argument is the recent 17 August 1999 Izmit earthquake of Turkey. A few 
days after the earthquake, all private businesses were able to recommence their 
manufacturing activities. It has become clear that the main destruction of the earthquake 
was on accommodation units and on public infrastructure. 
9 An alternative way of abstraction is to consider that productive capital only consists of 
machines and free from risks of destructive effects of earthquake. In that case, all buildings 
‘sheltering’ productive capital would also be counted in the category of unproductive 
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accommodation units are self-financed, and therefore, in order to minimize 

construction costs, constructed at lower quality levels. Building traditions 

also contribute to the low quality of accommodation units. Furthermore, 

policymakers, especially local authorities, seem to tolerate low quality 

housing units due to the low-income of these people. Construction 

regulations are simply overlooked by inhabitants, by local authorities, and 

even by governments.10 

If an earthquake hits the capital stock asymmetrically (based on the 

arguments raised above), then its implications must also be different from 

what the standard homogenous-capital models suggest. Such heterogeneity, 

for example, may cause shifts in the allocation of resources across the 

competing sectors after an earthquake, or other welfare implications. 

Similarly, the right policy suggestions can only be made if a model captures 

the most basic feature(s) of the problem. In short, when earthquakes hit 

capital stocks asymmetrically, which we argue it does, then we need to 

heterogenize capital in order to understand better its direct and indirect 

implications and to suggest the right policies. 

In order to better understand the transitional dynamics and possible long-

run implications of earthquakes, next we develop a dynamic general 

equilibrium model. More specifically, we extend the two-sector Uzawa 

model into a three-sector model by adding a housing sector (see Uzawa 

1961 and 1963). The Uzavian framework helps us (i) to heterogenize the 

physical capital, and (ii) to skip intertemporal decision-making tradeoffs of 

consumers, that would complicate technical analysis. Our motivation in 

                                                                                                                                                    
capital; an earthquake would then have an asymmetric impact on capital under the 
assumption that productive capital is able to generate output without sheltering. 
10 For example, in the recent experience of Turkey, it became clear that local authorities 
‘closed their eyes’ to extra stories illegally built in the earthquake-risky area, the latter were 
one of the main reasons of the high death tolls and the large number of building collapsing. 
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employing the Uzawa model is its global stability property. In addition, the 

fact that our model has two state variables indicates that it would be 

extremely difficult to study transitional dynamics in any other approach. 

This makes the Uzavian approach also rather attractive for our research 

interests. 

We would like to make three points clear about how we constructed the 

model. First, the Uzavian model, which is an extension of Solow setup, 

implies exogenous saving rates out of income that defines the allocation of 

income among alternative uses (i.e., how much is used as gross investment 

in housing sector, etc.). In particular, we focus on the short-run and long-

run growth impacts of changes in these saving rates triggered by 

earthquakes. We argue that an exogenous savings assumption makes this 

model fit better to the case of a developing country in understanding the 

growth implications of an earthquake. Our intuition is as follows: we 

observe that capital markets are less developed in developing than in 

industrialized countries. Some asset-capital investment options may 

therefore be very risky, and shifting from one asset to another may therefore 

face higher transaction costs. Consequently, agents in developing countries 

may tend to allocate their savings among alternative uses at predetermined 

rates in order to hedge themselves against uncertainties. Evidently, real 

estate investment will often be used for this purpose. Thus, an exogenous 

saving-rate assumption may capture the precautionary behavior of 

households in developing countries. 

Second, in the model we assume that an earthquake does not lead to any 

casualties. Otherwise, especially in case of heavy casualties, per capita 

housing stock would increase after an earthquake. As our focus of research 

is on the growth effects of an earthquake due to changes in physical capital, 
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we need to isolate them from other changes Similarly, we ignore the 

hazardous effects of an earthquake on productive capital for the matter of 

focus. Hence, we interpret the asymmetric impact of earthquake on 

unproductive and productive capital at an extreme, assuming that the latter 

is free of any risk while the former is exposed to an earthquake at full risk. 

For the sake of illustration, we could think of two types of capital, each 

located in a different region. 

Third, as Albala-Bertrand (1993a) and Bull (1994) advance, the 

economic impact of natural disasters will not be confined to its one-time 

physical damages only. Some other implications of (physical) shocks may 

appear later in time. For example, while damages to properties and 

casualties are among the initial implications of an earthquake, a reduction in 

activity of suppliers, in consumption, in tax revenues, as well as a rise in 

epidemics, in individual and family income imbalances, and in ecological 

changes will most likely appear in time. In the literature, it is common to 

group these effects under two headings, namely direct effects and indirect 

effects. The former one is used rather to mean the effect of an earthquake on 

stock variables (e.g., physical capital, labor stock). The latter refers to the 

impact of an earthquake on flow variables. Albala-Bertrand (1993a, p.19) 

explains the indirect effects as follows: 

 
“(…) [The] indirect effects can be defined as the 

consequences of the disarticulation of social and 

economic frameworks brought about by the 

physical losses to base units and intermediating 

channels”. 
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In this chapter, we consider indirect effects as changes in flow variables 

after an earthquake. 

As we argued above, our focus is more on the indirect effects of a 

devastating earthquake than on its direct effects. Given the global 

convergence character of the setup that we use, it is obvious that the model 

would return to its long-run equilibrium, independent of the intensity of the 

physical shock (direct effect). Indirect effects, on the other hand, which 

capture changes in flow variables, may lead to lower or higher short-run or 

long-run growth rates and income levels, depending on the direction and 

permanence of the change. Here, we capture indirect effects by changes in 

exogenous saving rates. The income is split between the consumption, 

investment, and housing sectors according to an exogenous rule. The shock 

is assumed to flatten out the housing stock substantially, while the 

population and capital stock are unchanged. Hence, economic agents start to 

revise their resource allocation decisions in terms of savings in order to 

accelerate the housing accumulation in the transitional period, and/ or to 

increase their housing quality in the long-run. We call the former ‘response 

analysis’ and the latter ‘comparative statics’ in our study. We find that the 

economy experiences a fall in the growth rate and income level if the 

economic decision maker is short-sighted and prefers a quick recovery of 

the lost stock. By contrast, if the decision maker has a long-term vision, then 

accelerating the size of productive capital by increasing the corresponding 

saving rate will generate higher income and growth rates. The trade-off will 

regard the choice of time-span for rebuilding the housing stock, which is an 

argument of utility. 

The organization of the chapter is as follows. In section two, we review 

what the standard Solow model entails about implications of an earthquake 
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for the sake of completeness. The third section presents that model. The 

fourth section discusses transitional and possible long-run implications of an 

earthquake. The contribution of this section is a further expansion of the 

literature towards understanding the indirect effects of an earthquake. An 

interesting finding of this section is that stimulating productive investment 

after an earthquake may be the superior policy to accelerate housing 

accumulation after an earthquake. We also show that an earthquake may 

have long-run implications if one would start to deal with building quality. 

The fifth section concludes the paper. 

 

 

4.2 The Basics 
 

It is very instructive to look at what one-sector Solow model tells us about 

the implications of an earthquake, because our model is basically an 

extension of the Solow (1956) model. The fundamental Solovian model says 

that an earthquake may have some temporary stock effects in the very short-

run, but cannot have any significant effect on the long-run. To show this, let 

us take up the Solovian model at its most basic form. 

Let us suppose that there is a one-sector economy, operating under the 

standard neoclassical paradigm. Assume that the production function is 

Cobb-Douglas and defined as 

 
αα −= 1LKY         (4.1) 

 

where Y is the aggregate composite output, K is the aggregate physical 

capital stock, L is the labor stock (population), and  is the capital elasticity α
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of output. As usual, suppose that the population grows at a constant rate n 

and the initial population level is normalized to one. Gross investment is 

defined as net investment, , plus depreciation, δK, where  denotes the 

derivative of a variable with respect to an infinitesimal time change, 

, and δ is the rate of depreciation. The gross savings are assumed to 

be equal to a constant fraction s of aggregate output (national income) in 

this closed-economy with no-government. Suppose that the savings-

investment balance is satisfied at each time. Thus, we obtain the 

fundamental equation of (Solovian) growth, that is, 

K K

dtdK /

ksk ⋅=

δ
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kn )( δα +− .       (4.2) 

 

Equation (4.2) is a differential equation where per capita capital, k , is the 

dependent variable and time, t, is the independent variable. Algebraically, it 

is easy to solve the first order nonlinear differential equation defined in 

Equation (4.2). The solution is 
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for a given . Recall that the steady state solution of equation (4.3) 

is the limit of that solution when time goes to infinity, that is, 
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Neither  nor other unknowns of the model grow at steady state. k

For investigating the growth implications of an earthquake in the 

transitional period, the best (indeed, the only) measure in this set up is the 

initial capital stock. This is so because the capital stock at any time but at 

infinity can be traced back to its initial value, i.e., there is a one-to-one 

correspondence between the capital stock and the initial capital stock in the 

transitional period. A simple calculation shows that ∂ , i.e., the 

direction of change in capital per capita is positively related to a change in 

initial capital stock in the transitional period. This implies that a one-time 

decrease in the initial capital stock will be accompanied by an abrupt 

decrease in the capital per capita at time , for . Thereafter, capital 

per capita will increase steadily and catch-up with the original path in the 

long-run.

0/)( 0 >∂ktk

),∞t 0(∈t

11 

The main drawback of the basic Solovian model from the viewpoint of 

our analysis is that it is a one-sector growth model. A one-sector growth 

model is a good approximation if the impact of a shock is symmetric across 

the economy. However, as we have discussed in the introduction, empirics 

show that earthquakes have a relatively strong impact on the housing stock. 

For example, it was estimated that in the 17 August 1999 earthquake in 

Turkey more than 200,000 accommodation units were leveled or damaged 
                                                           
11 To show these results more concretely, we also take specific parameter values and run 
equation (4.3) for 150 periods. We assume that s=0.20, n=0.01, δ=0.03, k(0)=1, and 
α=0.30. Let us call ‘normal path’ the undisturbed time path that the capital stock per capita 
will follow. When we run equation (4.3), we see that our hypothetical economy reaches 
93% of the steady state in 100 periods. Next, we introduce a once-and-for-all shock into the 
model in terms of a 50% percent reduction in initial capital stock. This shock aims to 
capture the speed of absorption of stock effects of an earthquake by our hypothetical 
economy. Let us call the new path with initial capital reduction as the modified path. Our 
calculations show that the hypothetical economy will renew (accumulate) its capital stock 
at such a pace that it will catch-up up to 99% percent of the normal path-capital stock in 
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significantly, while there was only very minor damage on manufacturing 

units (productive capital). A one-sector model cannot explain the 

implications of such an earthquake. We need a non-uniform treatment of the 

capital stock in order to capture the asymmetric impact of an earthquake on 

an economy. Starting from this observation, we develop a three-sector 

version of Hirofumi Uzawa’s two-sector growth model in order to 

investigate the growth implications of an earthquake. The next section 

introduces the model. 

 

 

4.3 A Three-Sector Growth Model 
 

An (augmented) Uzavian framework provides us a perfect setting for cases 

where capital is treated non-uniformly. First, we are able to develop a better 

understanding of the direct effects of an earthquake. Second, an exogenous 

savings assumption allows us to investigate the indirect implications of an 

earthquake on the model economy. Third, the global stability property of the 

model assures that the system converges to its steady state irrespective of 

the degree of shock. The details of the model are as follows. 

Consider an economic system consisting of investment-goods, , 

housing, , and consumption-goods, Y . Investment goods are needed to 

produce new goods (any type). Housing and consumption goods are 

argument of utility. The difference between the two is that the housing stock 

accumulates while consumption cannot, and households ‘consume’ the 

service generated by the stock. Suppose that production is subject to 

IY

HY C

                                                                                                                                                    
100 periods (i.e., 92% of steady state). Hence, an economy absorbs abrupt but non-
continuous shocks. 
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constant returns to scale in all sectors and that marginal productivity of each 

factor is positive and diminishing, assumptions that are borrowed from one-

sector neoclassical models. Our model, like Uzawa (1961, 1963) has two 

parts: a short-run analysis and a long-run analysis. Let us first look at the 

former one.  

 

 

4.3.1 Short-Run Equilibrium 
 

Under a perfectly competitive market assumption 
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KKKK CHI =++      (4.7) LLLL CHI =++

 

where  and  are quantities of capital and labor employed in sector i , 

 be the price in sector i ,  and  the returns to capital and the wage 

rate,  and  the aggregate quantities of capital and labor, and i . 

Equation (4.5) represents the production function of the i
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HI ,,=
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th sector. Equation 

(4.6) is the familiar factor-employment condition. Equation (4.7) is the 

factor-constraint equation. Let , , , 

, and . Equations (4.5)-(4.7) can be expressed as: 

ii LY /= iii LKk /=

= rw /=
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i
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In order to proceed further, we need to define production functions. Let us 

suppose that production technologies are of the Cobb-Douglas type in all 

sectors. More specifically, suppose12 

 
α
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HH ky = β
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Then, equation (4.9) becomes 
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We can also deduce that (cf. equation (4.6)) 
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12 The only assumption required is . This is a natural extension of the 
assumption made in original Uzawa models. It reads that the capital intensity of the 
consumption goods sector is higher than the capital intensity of the housing goods sector, 
which is higher than that of capital goods. 

αγβ >>
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Equations (4.12)-(4.14) follow from the free movement of factor (across 

sectors) assumption.13  

Finally, we need to define the demand side of the model in order to find 

the short-run equilibrium. First, let us note that Gross Domestic Product 

(GDP), say, in consumption goods prices, is 

 

H
C

H
I

C

I
C Y

p
pY

p
pYY ++=       (4.15) 

 

In an autarkic economy with no government, GDP in consumption-good 

prices (henceforth real GDP) is equal to real (national) income. The question 

that arises is how factor-income is allocated among alternative goods. We 

shall assume that the (short-run) demands for alternative uses of factor 

income are given exogenously by saving rates, as in Solow (1956) for a one-

sector economy and as in Uzawa (1963) for a two-sector model. 

Let us suppose that, at any moment of time, 

 

I
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H
C

H
H Y

p
pYs =         (4.17) 

 

where  and  are exogenous savings rates for investment goods and 

housing, respectively. Equation (4.16), for example, says that a certain 

Is Hs

                                                           
13 Equations (4.13) and (4.14) follow from profit maximization with respect to labor. 
Obviously, we could do the same maximization with respect to capital. Then, in the 
subsequent analysis, we would have one more step to do to get the results. 
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amount of income is spent on housing goods in terms of consumption goods 

prices. Obviously, the rest, , constitutes the demand for 

consumption goods. Consequently, we are equipped with the necessary 

equations to solve the short-run equilibrium of this model. 

Yss HI )1( −−
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Let us start from equations (4.10) and (4.12), which, after some 

substitution, gives 
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To be able to express, for example, k , in terms of given , we need to 

know  and . Equations (4.16) and (4.17) can be used to express these 

two unknowns in terms of k . Note that the following is implied by these 

two equations: 
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Using equations (4.13) and (4.14) in (4.19) and (4.20) gives us 
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From equation (4.22), we can express  in terms of : Hρ Cρ

 

C
HI

H
H ss

s
ρ

β
γρ

−
−

−−
=

1
1

1
      (4.23) 

 

Substituting  by 1  in equation (4.21) and also by using 

equation (4.23), we can solve  (and thus others): 
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Let us for simplicity call the denominator in equation (4.24) . Note 

that  can be also expressed as [ ] . 
Substituting the solutions of  and  (not shown) in equation (4.18) 

gives us (after some algebra) an expression for : 
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where . An interesting characteristic of 

 and  is that their summation is equal to unity. Equation (4.25) gives 

the short-run equilibrium of capital per capita in consumption goods for a 

given aggregate capital stock per capita. Then it is simply a matter of 

substitution to solve for other variables, like  or  in the short-run. 
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Thus, for example, the short-run equilibrium capital-labor ratio in the 

investment goods sector, by using (4.12), is 

 

k
z
zkI

1

2

1 α
α
−

= .       (4.26) 

 

Note that equation (4.26) is an augmented version of the respective two-

sector Uzavian solution. 

 

 

4.3.2 Long-Run Equilibrium 
 

In this augmented Uzavian model, we have two stocks, physical capital 

stock and housing. The critical difference between the two is that the former 

is both an output and a factor of production while the latter is only an 

output. In addition to this, we presume that housing goods, though 

accumulates, behaves very much like a consumption good in the model 

because of the assumption that a unit of housing stock is equal to a unit of 

housing service, an assumption that is frequently made in the housing 

literature.14 In that sense, housing goods are not different from consumption 

goods. 

Let us suppose that the two stock variables grow according to the 

following rules: 

 

KYK KI δ−=         (4.27) 

HYH HH δ−=        (4.28) 
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It is worth to repeat here that there is a big qualitative difference between 

these two accumulation equations. While the former leads to accumulation 

of a factor of production, K, the latter results in accumulation of an output 

(or unproductive investment good). The trade-off in the model is obviously 

the allocation of physical capital stock and labor for alternative uses. 

Clearly, what we are after is the tradeoff between physical capital and 

housing accumulation. 

We can determine the long-run equilibrium from the fundamental 

equation of (Solovian) growth expressed in per capita. The per capita 

version of equation (4.27) is: 
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using equations (4.11), (4.26) and (4.30) gives: 
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Apparently, equation (4.31) is the augmented version of the standard one-

sector fundamental equation of growth and therefore standard Solovian 
                                                                                                                                                    
14 See, for instance, Smith, Rosen, and Fallis (1998). 
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results apply. For example, steady state growth of capital per capita is zero 

and the long-run equilibrium value of , k k , is: 
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Substituting back the long-run equilibrium value of k into short-run 

equilibrium values of sector-specific capital yields the long-run equilibrium 

values of these variables. For example, in the investment goods sector, the 

long-run equilibrium of the capital-labor rate is 

 
)1/(1)1/(1

1

αα

δ
α

−−









+








=

K

I
I n

s
z

k       (4.33) 

 

Finally, we can return to equation (4.28), which is of main interest to us. 

First, let us express it in per capita terms: 
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where  is per capita housing. It is easy to see that per capita 

housing, like capital stock, does not grow at the steady state. The steady 

state value of per capita housing is: 
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Apparently, per capita housing is a constant multiple of the per capita 

physical capital stock in the steady state. Putting it differently, the ratio of 

the stock of houses and apartment buildings to machines and other 

investment goods is constant in the steady state. This result is intuitive and 

expected given that the model does not generate endogenous growth and 

that there is global stability in the model, which is shown in the next 

subsection. 

 

 

4.3.3 Stability Analysis 
 

In this subsection we examine the stability properties of our model. 

Equations (4.31) and (4.34) determine the path of k and h for given values 

of  and h . The phase diagram in Figure 4.1 below shows the nature 

of the dynamics. 
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Figure 4.1 Global stability in the augmented Uzawa model 

 

 

The vertical line at k  corresponds to the condition k  in equation (4.31). 

This equation also implies that  is rising ( ) for 

0=

k 0>k kk < , and falling for 

kk > . Thus arrows point right to the left of k  and left to the right of k , 

respectively. The solid curve in Figure 4.1 represents equation (4.34) for 

any k. This equation implies that h is rising for values of k below the solid 

curve and rising for values of k above the curve. Thus, the system exhibits 

global stability. Whatever the destructive effect of a physical shock to the 

system, the economy will converge to the steady state. This property of our 

model fits in very well with the empirical regularity that economies recover 

from earthquake shocks. 
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4.3.4 More on the Transitional Dynamics15 
 

Productive Capital 

The power of two-sector growth models with exogenous saving rates is that 

the dynamic stock functions allow for an algebraic treatment of transitional 

dynamics of stock variables. Note that equation (4.31) is a simple extension 

of equation (4.2). After replacing  by n 

equation (4.2), solving the differential equation is straightforward, and it 

gives: 
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Now we have more tools (as much as more sectors) compared to a one-

sector Solow-model. Not only once-and-for-all changes in initial values of 

stock variables, but also temporary or permanent changes in exogenous 

saving rates may be examined for understanding the implications of an 

earthquake. 

A simulation of the capital path for a set of hypothetical parameter values 

reveals that the capital stock path starts from an initial value of one at time 

zero and, in about 225 periods, it converges to its steady state value, close to 

                                                           
15 In order to make our presentation clear and compact, we skip some illustrations but 
explain them briefly. These illustrations can be found in Kepenek et al. (2001). 
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6.73.16 Now, let us turn to the determination of the housing path of the 

model. 

 

Housing 

We need to solve the differential equation given in equation (4.34) in order 

to understand the dynamics of housing. First, note that we can re-write this 

equation as 

 

)( Hnksh δγ +−′′=        (4.37) 

 

where ( ) ( ) Hszzs γ−γ γ−γ=′′ 1
21 )1( . We need to use the solution in 

equation (4.36) in equation (4.37), since the physical capital stock appears 

in the differential equation. The standard differential calculus brings us up to 
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Evidently, it is not possible to proceed further with a standard calculus. 

There are two possibilities. One is to assume that . In that case, it 

is easy to handle the integration because the non-linearity concerning the k-

path in equation (4.38) disappears. Nevertheless, we shall refrain from 

undertaking any analysis under this special condition because  puts 

a ‘strong’ constraint on parameter values. More specifically, given the 

αγ −= 1

αγ −= 1

                                                           
16 Parameter values are suggested as follows: , , , , 

, , , , , and . Note that our parameter 
assumptions satisfy the requirement that . 
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assumption of the model that ,  implies that  

and . 
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Given the general case , it is not possible to solve the 

integration in equation (4.38) via differential calculus due to the nonlinear 

form of . We conjecture that 
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is the solution of equation (4.38).17 Using the same parameter values 

suggested above (cf. footnote 16) we find that the h  path converges to its 

steady state value in approximately 220 periods. We observe from the time 

path of the housing stock that, for the exploited parameter values, the 

behavior of the housing path is not much different from that of capital stock. 

)(t

 

 

4.4 Implications of Catastrophic Earthquakes 
 

In this section, we examine the implications of an earthquake. Before 

starting our analysis, we would like to clarify further several things. First, an 

earthquake may hit a model economy at its two different states, namely at 

                                                           
17 See Annex D for the definition of variables and parameters, and derivations. We would 
like to thank C. Presura for his help with respect to the derivations. 
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its transitional period or at its steady state. Evidently, the model economy 

may react differently in these two states, and therefore the two must be 

analyzed separately. 

Second, we conjecture that the savings rates exogenous to the system are 

‘proper’ tools for gauging the indirect effects of an earthquake in our model. 

Actually, the exact use of savings rates is a matter of interpretation. If we 

interpret the model in the way that the decision-maker is an ‘undisclosed 

agent’ (i.e., if we refer to a market solution), than changes in saving rates 

represent ‘reactions’ of households and therefore can be safely classified 

under the category of indirect effects of an earthquake. On the other hand, as 

done usually, if we assume that a social planner is the decision-maker of the 

model-economy, then we may interpret these changes as policy tools of the 

social planner. In that case, after Albala-Bertrand (1993a, p.20), we may call 

these changes disaster responses.18 In our model, alternative interpretations 

do not make any difference, neither qualitatively nor quantitatively. We 

prefer to call our subsequent analysis response analysis. 

Third, we ‘feel’ that the direct and indirect effects introduced by Albala-

Bertrand can more easily be associated with the short-run. This led us not to 

use Albala-Bertrand’s terminology for analyzing the long-run implications 

of an earthquake, but to use the conventional growth terminology (i.e., 

comparative statics). The next subsection describes the direct and indirect 

implications of an earthquake in moderate detail when an economy is at its 

transitional state. 

Last but not least, it is worth to remind that our results are constrained by 

the assumptions made. In that respect, had we assumed that an earthquake 

                                                           
18 He defines disaster responses as “a wide array of endogenous and exogenous reactions, 
measures, and policies to counteract, mitigate, and prevent disaster impacts and their 
effects”. 
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would also strike the population and/or productive capital, then that would 

have altered our results, especially the transitional ones. 

 

 

4.4.1 Transitional Implications of an Earthquake on Housing 
 

Direct Effects 

Our analyses confirm that direct effects of an earthquake on housing are 

recovered ‘quickly’ by the model economy.19 Actually, given the global 

convergence property of our model, it is always true that any shock to any 

stock variable will be recovered in time. In that sense, it is less interesting to 

focus on the direct effects of an earthquake; more interesting results appear 

on its indirect effects. 

 

Indirect Effects (Response Analysis) 

Though convergence to the normal path is the main characteristic of our 

model, the social planner may prefer to accelerate the convergence process 

by transferring additional resources to be spent on housing after a 

catastrophic earthquake.20 More specifically, by enhancing investment in 

housing throughout increasing the saving rate out of national income at the 

cost of other sectors, the social planner may step up housing accumulation 

and thus the convergence of the modified to the normal path. 

There are two saving rates that we can examine in order to understand the 

indirect implications of an earthquake. From the viewpoint of the social 

                                                           
19 For example, a 50 percent decline in the initial housing stock converges to 98 percent of 
the normal path value in 40 periods for the same set of parameter values defined above. 
20 Non-response is an option but has not been common in general, especially on political 
grounds. Some level of policy response is always undertaken. 
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planner, while changing the saving rate for housing is a direct tool to 

overcome the negative effects of an earthquake on housing stock, a change 

in the saving rate for investment is an indirect tool for the same purpose. An 

increase in the saving rate for housing is direct in the sense that its impact is 

first and foremost on the stock of houses. On the other hand, say, a decrease 

in the saving rate for investment implies an increase in saving for housing as 

well as for consumption. Then, a decrease in saving for investment is an 

indirect tool of changing the path of housing. Here, we look at both effects 

in order to understand the implications of policy-maker responses during 

recovery from an earthquake. 

Before starting to look at the indirect effects of an earthquake, it should 

be pointed out that in this and the next subsections, we shall use the idea of 

marginal response path in order to understand the response of the housing 

stock (and capital) to a shock. We define the ‘marginal response path’ as the 

path showing the direction of response of the stock path to changes in an 

exogenous variable/ parameter. That is, if, for example, the whole marginal 

response path has a positive value, then we infer that there is a positive 

relationship between the stock path and the variable under consideration at 

any time (i.e., for any value). Hence, we get information about the response 

of a stock variable over the full path compared to the standard ‘one-time’ 

response analysis. 

Figure 4.2 below illustrates the marginal response path of housing in 

response to a change in saving out of income for housing, . Hs
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sector is the engine of the economy, i.e., causality runs from productive 

capital to housing. We advance this idea further in the next subsection. We 

will conjecture that our argument may be especially valuable for developing 

countries. However, let us first look at the impact of changes in  and  

on productive capital. 

Is Hs

)(

I

t

 

The Impact of Changes in  and  on Productive Capital Is Hs

As we noted elsewhere in the text, our focus is on the implications of an 

earthquake on housing. Nevertheless, it is not possible to isolate the housing 

sector in our analysis because there is a ‘causality’ running from investment 

goods to housing, and hence all variables are interrelated. 

If the social planner initiates a change in  or  for accelerating the 

accumulation of housing, she must also take into account the effect of these 

changes on capital accumulation. Simple algebra shows that 

Is Hs

0>
∂
∂

s
k  and 

0)(
<

∂
∂

Hs
tk . That is, an increase in the saving rate for capital raises the capital 

stock and a rise in the saving rate for housing lowers it. Hence, an increase 

in the savings for housing has a negative impact on the path of capital stock 

as a secondary effect.21 Thus, the indirect effects of an earthquake may be 

more intricate than it is thought at first. 

 

Discussion 

Our analysis in the two subsections above makes it clear that a ‘rapid’ 

response after an earthquake in the sense of transferring more resources to 

 



Chapter 4 154

the housing sector (i.e., increasing ) may not always serve the goal aimed 

at. More specifically, increasing  in response to losses in the housing 

stock due to an earthquake may trigger a slowdown in the growth path of 

productive capital, which may be costly to the economy. On the other hand, 

an increase in  accelerates not only investment goods accumulation but 

also housing, though to a lesser extent (due to its indirect relationship). 

Hence, the result would depend on which of 

Hs

Hs

Is

HH

C

H s
th

s
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tu
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∂∂
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+  is greater, under the assumption that the momentary 

utility function is defined as .)()(( thttu C +) y= 22 We note that 0)(
>

∂
∂

Is
tu  

but that 
Hs
tu

∂
∂ )(  is ambiguous because the sign of 

I

C

s
ty

∂
∂ )(  is unknown.23 

Hence, we may conclude that a direct response to housing losses by 

transferring additional resources to the housing sector may not really be a 

good policy in all cases, especially not in those cases where the duration of 

these transfers is long, e.g., 30 years. This finding leads us to argue that, 

after a catastrophic earthquake, undertaking policy changes supporting the 

productive sector, which has strong spillover effects on housing, may lead to 

‘better’ results, especially in case of developing countries. Evidently, the 

immediate welfare implications of households may force policy-makers to 

                                                                                                                                                    
21 Our simulation analysis shows that the negative effect of an increase in the saving rate 
for housing on capital is rising but converging to a constant level. See Kepenek et al. 
(2001) for illustrations. 
22 Since we will not go further than pointing out the ultimate decision criteria, there is no 
need to extend the discussion into a more general utility function (e.g., CES type). 
23 Clearly, simulation analysis could be undertaken. We avoided this because results are 
highly dependent on how consumption goods and housing are weighted in the utility 
function. This brings additional complexity, and requires intertemporal modeling. 
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take immediate relief and recovery measures. We conjecture that 

international aid and foreign investment in housing may mitigate the 

pressure on the social planner, a point that will be emphasized again later in 

the text. 

 

 

4.4.2 Long-Run Effects of an Earthquake 
 

In this section, we analyze the hypothetical model’s predictions on the long-

run implications of an earthquake. We argue that a permanent change in 

building-quality is a potential channel of long-run implications of an 

earthquake. In our model, this change can be captured by permanent 

changes in the exogenous saving rates. The argument goes as follows. 

Suppose that economic actors would decide to increase the building quality 

in response to the fact that their land is under the continuous threat of 

earthquakes (two good examples are Japan and Turkey). A better building 

quality implies either/both (i) higher expenditures out of income, and 

therefore an increase in the saving for housing at the cost of other rates, (ii) 

X-efficiency of buildings. The next issue is what the impact of such 

permanent changes on the long-run growth and income level would be. 

Below, we first look at the impact of permanent changes in the saving rates. 

 

Changes in Saving Rates 

The asymmetric impact of a strong earthquake on capital goods may lead to 

a permanent change in the saving rates of the model, capturing the 

behavioral change in an effort to increase the quality of housing. Such a 

behavioral change is probable after a large-scale earthquake. The social 
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planner/ households may start to be more concerned about the disastrous 

implications of earthquakes, and may start to channel larger part of their 

savings to housing at the cost of investment in productive capital and/ or 

spending on consumption. We show below that this may be a serious threat 

to the long-run performance of a (developing) economy, especially when 

such savings crowd out productive capital investment. 

We undertake comparative-statics analysis in order to examine the long-

run implications of such a shift. Clearly, we continue to use the well-known 

capital-intensities assumption that . Table 4.1 below shows the 

results, where each column denotes the response of macro-variables to 

permanent changes in a particular saving rate in the steady state (for matter 

of completeness, we include real income per capita in the table).

αγβ >>

24  

In the table, the first column shows the response of per capita capital 

stock, housing, and income per capita to changes in the saving rate ‘out of 

income for investment goods’. In accordance with general intuition, such an 

increase in the saving rate increases the steady state level of the economy-

wide capital stock per capita. The link is clear: when households increase 

their savings for investment goods, demand for productive capital rises. The 

induced demand is met by a rise in supply of investment goods. Thus, at 

each instant of time, more machines are produced and this positively 

contributes to the accumulation of productive capital stock. An unsettled 

result arises on the steady state level of housing, because of two 

countervailing factors. On the one hand, an increase in savings ‘out of 

national income for investment goods’ implies a reduction in resources for 

housing and therefore has inverse effects. On the other hand, such an 

increase in the stock of productive capital supports housing accumulation 
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due to availability of more resources. Hence, the ambiguity! Finally, an 

increase in saving rate ‘out of national income for productive capital’ 

(investment goods) increases (national) income. This is in line with intuition 

because capital is the engine of growth in our model. 

 

 
Table 4.1 Implications of Quality Improvements in Housing 

(measured via changes in behavioral variables) 

 sI sH 

k  + - 

h  ? + 
y  + ? 

 

 

In the table, the second column shows the response of economy-wide 

capital, housing and income to changes in saving rate out of income for 

housing. When households increase their savings out of national income for 

housing, ceteris paribus, then the accumulation of capital is affected 

negatively. This makes sense. A relative decrease in demand for investment 

goods in equilibrium brings about a lower rate of capital accumulation. 

Thus, the long-run steady state is affected negatively when housing demand 

rises due to a rise in savings rate for housing. 

Analogously, an increase in the saving rate out of national income for 

housing goods increases the steady state level of economy-wide housing 

stock per capita. However, an increase in savings out of national income for 

housing has an ambiguous affect on the steady state level of income. Two 
                                                                                                                                                    
24 We prefer not to present comparative-statics of sector-specific capital stock intensities to 
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offsetting factors work in this case. On the one hand, an increase in 

resources for housing lowers productive capital accumulation and thus 

availability of resources for further production in all sectors. On the other 

hand, housing production is itself an income-generating activity and 

therefore increases output and income. 

We argue that our finding that changes in  has negative effects on 

capital per capita may be valuable especially for policy-makers. The 

analyses suggest that permanent changes in quality preferences of 

households for housing may lead to a permanent decrease in capital per 

capita. Hence, we may conclude that a change to higher-quality housing 

may not always be the first-best strategy, especially in case of developing 

countries. This finding lead us to conjecture that a housing strategy, 

including opening the housing market to international investment in order to 

prevent permanent (as well as temporary) swings in investments from 

productive capital to housing, may be a wiser strategy from the viewpoint of 

long-run growth performance. In that way, both the quality of housing can 

be improved and a poverty-trap avoided. 

Hs

 

Changes in Depreciation Rates 

In this subsection, we analyze the implications of quality changes with an 

alternative parameter that we label X-efficiency of buildings. Quality 

improvements are not always achieved by higher expenditures. For 

example, using steel and wooden instead of concrete materials in building 

construction improves earthquake-resistance of buildings seriously. Or, 

keeping residential neighborhoods away from fault lines is also a simple but 

effective safety measure against hazardous effects of earthquakes. In those 

                                                                                                                                                    
changes in saving rates, which is a straightforward extension. 
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cases, assuming a decrease in the rate of depreciation can capture the 

economic implications of such quality improvement, including those of one-

time big shocks. Table 4.2 below shows the economic implications of an 

increase in X-efficiency of building construction. Again, we include capital 

and income in the table for matters of completeness. 

 

 
Table 4.2 Implications of Quality Improvements in Housing 

(measured via changes in the depreciation rate) 

 δK δH 

k  - 0 

h  - - 
y  - 0 

 

 

First, any increase in the quality of productive capital is of the utmost 

important for an economy, and has positive effects on the steady state value 

of productive capital, housing capital and income. Second, a quality 

improvement in housing has no effect on productive capital or in income, 

but only on housing (and thus implicitly on welfare). The reason for getting 

this ‘isolated’ result is that in our model causality is running from 

productive to unproductive capital. We conclude that policy-maker’s X-

efficiency also contributes to overcoming adverse effects of earthquakes. 
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4.5 Conclusion 
 

In this chapter, a three-sector growth model was developed in order to better 

understand the growth implications of an earthquake. An interesting 

characteristic of an earthquake is that it may be ‘selective’ in its impact on 

capital goods. This feature arises from the fact that the quality of capital 

varies significantly in its two different uses. While productive capital is built 

up according to the ‘modern’ norms of construction, housing buildings are 

constructed at low quality, by and large. This observation is especially true 

for developing countries, where households/ governments try to reduce 

housing costs due to low-income. Thus, an earthquake becomes selective in 

the sense that it hits capital goods asymmetrically. 

We first discussed the implications of an earthquake in the standard 

growth framework, and concluded that standard growth models suggest that 

an earthquake cannot have long-run implications on an economy. The 

weakness of standard models is that they only measure the direct effects of 

earthquakes. 

Next, an augmented two-sector growth model was developed, where 

capital goods are heterogenized. This set-up is especially relevant for 

developing countries because these economies, relatively speaking, lack 

intertemporal choices. The model developed provided richer transitional 

dynamics and comparative statics analyses because it enabled to analyze 

both the direct and the indirect effects (response effects) of an earthquake. 

Our transitional dynamics analyses showed that stimulating productive 

capital investment might be a good alternative domestic policy for 

stimulating rebuilding the housing stock after an earthquake, and concluded 

that foreign investment in housing (induced via providing market incentives 
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to these investors), instead, could be used in order to mitigate immediate 

welfare implications of homelessness. 

Our long-run analyses were based on the premise that an earthquake can 

have long-run implications if housing-quality preferences change 

permanently. We used two tools in order to understand these possible long-

run effects. First, changes in building-quality can be captured by changes in 

savings allocations. We showed that such changes, however, might have 

negative implications on the economy. Second, these changes can be 

analyzed by using a depreciation parameter. This part of our analysis 

showed the positive impact of higher building-quality on long-run 

performance (at least in the sense of accounting). Our long-run comparative 

statics analyses supported the argument that swings in savings from 

productive investment to housing may not be good for an economy, 

especially not for a developing one. We argued that opening the housing 

market to international investment might therefore be a good alternative 

strategy, because it might allow for better building quality without incurring 

large swings in domestic savings allocation. 

The above model still may need improvement. First, welfare implications 

have not been explored explicitly. Homelessness has significant welfare 

implications and policymakers must take this into account. Second, human 

losses have not been considered. Human capital is an important argument of 

positive growth. When an earthquake hits a region, the human capital stock 

may ‘depreciate’ severely due to deaths, injuries, and migration, and this 

may not only lead to massive human suffering, but, may also have rigorous 

implications on the growth performance of an economy. Third, an 

earthquake itself is a stochastic event given the indeterminacy of its timing. 
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Therefore, a stochastic modeling approach may produce additional 

information. We leave these and further research areas to the future. 

 

 

 



 

 

 

 

 

5 Is Recovery Definite after 

Physical Shocks? A Theoretical 

Elaboration 
 

 

 

5.1 Introduction 
 

In the previous chapter, we demonstrated that an economic system would 

converge to its steady state value in time, whatever the magnitude of a 

physical shock it will be exposed to, thus supporting the observation made 

by John Stuart Mill a long time ago cited in the introduction. Recall 

nonetheless that we also raised two critical questions in the introduction that 

asked (i) Are all shocks recoverable? (ii) Is there any indispensable role for 

the government during the period of recovery from a shock? This chapter 

focuses on that role of a social planner (i.e., the government) in restoring 

equilibrium after a physical shock (in our case, an earthquake). Our aim is 

not to give a complete answer to the above questions but to make a first 

effort to deal with them. 

163 
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In this paper, we investigate the fundamental role that governments may 

play during restoring the long run equilibrium. The aim of this study is not 

the question of whether government involvement may accelerate restoring 

equilibrium but of whether governments do play an indispensable role 

during recovery. In that respect, an  setup comes in very handy because 

(i) it generates endogenous growth (i.e., long run equilibrium) from the start, 

and hence, we refrain from transitional roles governments may undertake 

during recovery from a physical shock and focus directly on its fundamental 

role for restoring equilibrium; (ii) it lacks diminishing marginal productivity 

property. The latter property is critical because a shock lowering the stock 

of an input (say, physical capital) implies increasing productivity of the 

input, which brings off convergence to steady state equilibrium in the long 

run (a good example to this statement is the previous chapter, in which a 

shock on the housing stock is recovered due to the neoclassical properties of 

the model).  

AK

AK model has one more property that is worth to mention here. To our 

best knowledge,  models and patterns that are reduced to  models 

without generating transitional dynamics enforce a constant ratio among 

two or more quantities within the model from the start that we call 

constancy conditions. Hence, if the path of one variable is known, then, 

necessarily, the time-paths of the rest are also known in these setups, given 

parameter values. What makes these models interesting from the viewpoint 

of shocks is that the constant optimality ratios are not tolerant to 

disturbances. In other words, the conditions need to be restored as quickly 

as possible (preferably immediately) if an unexpected shock (like an 

earthquake) causes a deviation from these conditions, because otherwise 

intertemporal maximization of the objective function cannot be 

AK AK

 



Is Recovery Definite after Physical Shocks? 165

accomplished. Such an environment is a very special case, and the system is 

in need of a social planner’s intervention if the market dynamics do not 

contain a self-sufficient mechanism that ensures convergence to the normal 

path. 

One may say that constancy conditions in growth models have been 

rarely paid attention to for two reasons. First, constancy conditions do arise 

only in a limited number of growth-modeling approaches, namely only in 

so-called  models and in models that are reduced to  form without 

generating transitional dynamics.

AK AK
1 Second, the issue of shocks itself has 

been rarely studied in deterministic growth modeling approaches (perhaps 

the job is left to (real) business cycle literature, which deals explicitly with 

shocks in dynamic general equilibrium frameworks). Hence, neither 

constancy conditions nor the question of how to restore constancy 

conditions after shocks have been studied sufficiently explicitly in 

deterministic growth models. 

The aim of this chapter is to show how constancy conditions can be 

restored after a physical shock (we will explain below why we focus on 

physical shocks). We employ an augmented (two-sector)  model to 

derive constancy conditions among quantities of the model. We assume that 

the model-economy accumulates two stock variables, namely physical 

capital and housing, by using unconsumed output. Hence, there is a trade-

off, in terms of the use of the resources, between housing-accumulation and 

capital-accumulation. Our analysis shows that a constant ratio between 

capital and housing must be maintained from the start if welfare is to be 

maximized. Next, we assume that an earthquake hits the housing sector 

while leaving the capital sector unaffected. Since housing is an argument of 

AK
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utility, the social planner cannot give up demanding for new housing, i.e., 

the constancy conditions have to be restored. Then, the problem of the 

social planner is how to do that. We will show that adjustments to constancy 

conditions after a shock require the limitation of growth of undisturbed 

quantities of the model. The simple mechanism we propose restores the 

constancy ratios under a temporary optimization problem. 

The approach in this chapter can be seen as an extension (and revision) of 

Chapter 5 of Barro and Sala-i-Martin (1995). There, Barro and Sala-i-Martin 

(henceforth BSM) discuss, in an extended  model, how to restore the 

constancy condition between physical capital and human capital after a 

physical shock on capital (e.g., war) or on human capital (e.g., 

communicable disease). BSM argue that a temporary optimization policy 

that restricts the growth of the abundant quantity while letting the scarce 

variable grow after a shock is sufficient to restore constancy condition(s). 

We will follow the same idea in our work, but offer a more refined solution 

procedure. In addition, we will discuss the role of the social planner with 

regard to adjustment dynamics after a physical shock. 

AK

Since the paper explores adjustment dynamics under the story of 

earthquakes, it may be useful to first look at the earthquake literature. 

Economic implications of earthquakes have been analyzed in few theoretical 

papers, such as Oulton (1993), Albala-Bertrand (1993b), Selcuk and Yeldan 

(2001), and the former chapter of this dissertation.2 The common 

characteristic of these studies is the (global) convergence property of 

                                                                                                                                                    
1 It is becoming traditional to attribute this framework to Rebelo (1991) in the new growth 
literature. 
2 Albala-Bertrant (1993b) is in the Keynesian spirit, but the main message of his study 
underlines boldly that physical disturbances will be recovered in time by the system. His 
study proposes some government intervention in order to accelerate the recovery, but does 
not show any theoretical necessity for that. 
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quantities after an earthquake. None of these models studies explicitly why 

government intervention may be a necessity in order to restore equilibrium. 

The organization of the chapter is as follows. The second section is all 

about the elaboration of constancy conditions. We first labor the most basic 

 model that generates constancy conditions as an introduction into the 

concept. Next, we discuss the solution procedure offered by the BSM (1995) 

model for restoring constancy conditions after an upset; our discussion on 

why the technical details of the solution procedure suggested by BSM need 

revision can be found in Annex E. The third section presents our model, 

which contributes to the literature in two ways. First, it demonstrates a 

refined solution procedure to return to constancy conditions. Second, it 

shows the possibility that the social planner must play a role in restoring 

constancy conditions. The last section is reserved for concluding remarks. 

AK

 

 

5.2 The Basics 
 

Constancy conditions arise in  type models or in models that ultimately 

reduce to -form without generating transitional dynamics. A natural 

starting point in familiarizing with constancy conditions is the basic  

model. The model goes as follows. Define the overall utility as: 

AK

AK

AK
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where  is aggregate consumption,  is the subjective rate of discount 

factor, and  is the (absolute) value of elasticity of marginal utility. We 
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assume that  and , and that population is normalized to one and 

does not grow. 

0>ρ

Kδ−

0>θ

θ
ρ−A

The production function is defined as 

 

AKY =         (5.2) 

 

where  is aggregate output,  is the exogenous technology parameter, 

and  is the aggregate physical capital stock. The model is closed by the 

macroeconomic budget constraint: 

Y A

K

 

CAKK −=        (5.3) 

 

where  is the instantaneous rate of change in the capital stock and  the 

rate of depreciation of capital (we assume that the economy is closed and 

there is no government in the model). The solution of this problem that we 

will not further elaborate here is part of textbooks (e.g., BSM (1995)). The 

system generates steady state growth without transitional dynamics: 

K δ

 

δ−
=== KCg ˆˆ .      (5.4) 

 

A steady state growth without transitional dynamics implies that variables 

of the system, namely consumption  and physical capital , hold a 

constant ratio between them from the start. In particular, it is straightforward 

to show that: 

C K
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gg
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A −=
)(
)(         (5.5) 

 

where . So, there is also a constant ratio between capital and 

consumption at their initial values  and C . In other words, 

consumption is not a free choice but some function of the initial capital 

stock, given parameter values. This is called the “closed-form policy 

function” (see BSM, 1995, p.143, footnote 3). Furthermore, the condition is 

‘binding’ not only once-and-for-all but permanently, implying that the 

constant ratio between consumption and capital must be satisfied at all 

times. As an aside, it can be mentioned that constancy conditions are 

comparable to the saddle-path stability property of the Cass-Koopmans 

framework in that the value of the initial control variable is dependent on 

the initial value of state variable in the latter framework (the difference 

being that the latter property does not impose a constant ratio between 

quantities permanently). Finally, it is worth to note that changes (shocks) on 

the right hand side of the constancy condition do not violate the 

optimization rule but just change it in accordance with the shock. A 

violation arises if any of the quantities on the left-hand side would be upset. 

This is why we focus on physical shocks, because, given an  

framework, only physical shocks can generate imbalances between the right 

hand and left hand side of constancy conditions. Now, let us return to what 

BSM suggested (in chapter 5 of their 1995 book) with regard to restoring 

constancy conditions after a disturbance.

δ−= Ag A

)0(K )0(

AK

3 

                                                           
3 We defer to Annex E for discussing the details of the BSM model and its solution 
procedure. 

 



Chapter 5 170

BSM (1995, pp. 172-9) use a two-sector growth model, which reduces 

into an  model; they (1995) assume a Cobb-Douglas production 

function that exhibits constant returns to physical and human capital,  and 

. Output can be used for consumption or (gross) investment in physical or 

human capital, which constitutes the economy’s resource constraint. It is 

assumed that gross investment net of depreciation  is net investment for 

any stock (for simplicity, BSM assume that the stocks of physical and 

human capital depreciate at the same rate). The familiar first order 

conditions of the maximization problem yield that 

AK

K

H

δ

 

)1/(/ αα −=HK .       (5.6) 

 

In equation (5.6), there is a constant ratio between physical and human 

capital, where  is the production elasticity of capital. Next, BSM (1995) 

analyze what happens if the  ratio deviates from the value , 

e.g., due to a shock on one of the quantities. BSM (1995) state that the 

constancy condition dictates adjustments, preferably instantaneously, in the 

two stocks in order to attain the value . Because, as they argue, 

instantaneous adjustment (“reversible investment”) is not viable as “it 

depends on the possibility of an infinite positive rate of investment in one 

form of capital and an infinite negative rate of investment in the other form” 

(BSM, 1995, p.175), they propose the more realistic assumption to limit the 

growth of the abundant stock variable while allowing the scarce stock 

variable to grow. To illustrate, suppose that a war destructs part of the 

capital stock and upsets the constancy condition between physical and 

human capital. Then, human capital is abundant compared to physical 

capital. BSM now propose to limit the growth of the abundant stock, which 

α

HK / )1/( αα −

)1/( αα −
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effectively means keeping the investment in human capital at zero: 

. Their interpretation is that the social planner realizes that 

the economy has too much  in relation to , but since to have negative 

gross investment in  is infeasible, they allow  to depreciate at the 

exogenously given rate . BSM argue that the  ratio will then rise 

and reach the value  in finite time; thereafter the system returns to 

the original position where all quantities grow at the rate . 

teHtH δ−= )0()(
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We argue in Annex E that the BSM (1995) solution procedure has two 

important caveats that would need to be resolved. In the next section, we 

therefore offer a revised version of the BSM solution procedure, and 

demonstrate how to restore constancy conditions. 

 

 

5.3 The Model 
 

Below, we develop a two-sector  model, where one sector produces 

physical capital and output and the other generates housing stock by using 

capital as input.

AK

4 The overall utility is defined as 
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where  is aggregate consumption,  is the stock of accommodation units 

(houses),  is the subjective rate of discount factor,  is the housing 

characterization parameter, and  is the (absolute) value of elasticity of 

C H

ρ γ

θ

                                                           
4 See Smith, Rosen, and Fallis (1988, p.33), and Nielsen and Sørensen (1994) on how to 
introduce a housing sector into a dynamic general equilibrium model. 
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marginal utility. We assume that , , , and that the 

population size is normalized to one and does not grow. We also assume 

 to get diminishing marginal utility with respect to housing. The 

overall utility function has the following properties. First, the elasticity of 

substitution between consumption and the housing stock is one. Second, 

elasticities of marginal utility with respect to consumption and housing are 

constant (  and 1 , respectively). Thus,  

( ) ) is guaranteed under  ( 1), implying that, ceteris 

paribus, the intertemporal elasticity of substitution of consumption 

(housing) is greater than the intertemporal elasticity of substitution of 

housing (consumption). Hence, the more rapid is the proportionate decline 

in marginal utility of consumption (housing) in response to increases in C  

( ), and hence the households are less willing to accept deviations from a 

uniform pattern of  ( ) over time. It is clear that  identifies housing in 

the analysis. 
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The production function is defined as: 

 

        (5.8) 

 

where  is aggregate output,  is the exogenous technology parameter, 

and  is the aggregate physical capital stock. 

In this model economy, part of the resources is used for producing new 

houses. We conjecture that the net housing investment is captured by: 

 

       (5.9) 
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In Equation (5.9),  is the instantaneous change in the housing stock,  

is the gross investment for producing housing goods, and  is the 

depreciation rate of houses. Note that for a matter of focus we completely 

ignore housing quality. 

H HI

Hδ

The model is closed by the macroeconomic budget equation. The 

constraint is: 

 

HK IKCAKK −−−= δ       (5.10) 

 

where  is the instantaneous rate of change in the capital stock, and  the 

rate of depreciation of capital. Thus, we described the full properties of the 

model. 

K Kδ

The full solution of the model is represented in Annex F. In particular, 

the steady state growth rate found is: 
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As Annex F explains, the two-sector AK model imposes constancy 

conditions on  and  for all t . In particular, we find 

these conditions as 
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where 
gg
DHK

A −
⋅

=
)0()0( , 

γ
δδδ HK

H
AgD +−

++= )( , and . 

The conditions express that all variables are interdependent, and that we can 

trace the time paths of all variables from an initial condition of one variable, 

say housing. 

KA Ag δ−=

What is the importance of the ‘restrictions’ imposed by the constancy 

conditions from the viewpoint of physical shocks in our model? Suppose 

that a shock hits the housing stock at time T  and destroys it to a significant 

degree. Then, constancy conditions are upset, and we need to restore them 

in the model. The setup requires (discrete or gradual) adjustments in such a 

way that all these conditions must be restored within a temporary setting. 

Discrete adjustment, which would include infinite resource transfers 

between variables, is not appealing practically. Therefore, we need a scheme 

for gradual adjustments to constancy conditions. The next subsection 

discusses such a scheme. 

e

 

 

5.3.1 Restoring Constancy conditions 
 

We assume that an earthquake destroys a significant amount of the housing 

stock. In particular, we assume that due to an earthquake at time T  the 

housing stock has declined by some, say , percentage: 

e

χ
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where  denotes time T  just before an earthquake, and T  the time 

immediately after an earthquake.

−
eT e

+
e

5 How to restore constancy conditions? 

 

Simple response Policy and others 
We conjecture that there are infinite ways of restoring constancy conditions. 

For example, first the constancy condition between housing and 

consumption and next the constancy condition between housing and 

physical capital can be restored. Evidently, any combination of the 

abovementioned program such as restoring halfway the constancy condition 

between housing and physical capital following a halfway in restoring the 

constancy condition between housing and consumption after completing the 

first halfway in restoring the constancy condition between housing and 

physical capital and so on can also be setup. Recall however that the 

motivation of the social planner in this temporary optimization program is to 

restore the original programme as soon as possible as off-equilibrium path 

implies welfare losses. In that respect, we speculate that the immediate 

restriction of growth of all undisturbed variables in the model seems to be 

the best policy in order to restore constancy conditions, given that discrete 

adjustment is not possible. We do not have any theoretical proof to this 

argument but intuition dictates that a program with multiple stages should 

prolong the duration for restoring the conditions. This policy can be called 

as ‘simple response policy’ in the sense that the policy-maker follows a very 

simple scheme in order to restore optimality conditions (note that this is also 

the policy suggested by BSM(1995)). Figure 5.1 below illustrates the simple 

response policy: 

                                                           
5 We will use  and T  interchangeable whenever it is clear that time  refers to just-
before-earthquake. 

eT −
e t
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Figure 5.1. Restriction of undisturbed variables 

(drawn linear for matter of presentation) 

 

 

In figure 5.1, at time T , an earthquake hits the economy (the housing 

sector). Thus the optimality between  and , and C  and  are 

disturbed. Since there is more than one condition, it is not possible to restore 

them without constraining the growth of all undisturbed variables. As figure 

5.1 shows, in order to do that one should restrict the growth of  and  

immediately after the earthquake, and release them to grow at the point that 

 reaches the pre-earthquake level. This is the requirement that an 

algebraic formulation of the problem should solve. Let us return to our 

example for the technical representation of this scheme. 

e

K H H
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Suppose that the social planner agrees to restrict undisturbed variables 

immediately after the disturbance. Then the planner will have required 

setting up a temporary optimization problem, where the only unknowns are 

housing and ‘restoration’ time. We are now diverging from BSM (1995) in 

terms of the way in which we define the temporary problem (the solution 

procedure), because we argue that the constancy condition is not only 

between  and , but also between  and . In that respect, the only 

way to restore constancy conditions is to restrict the growth of all 

undisturbed variables. The temporary problem starts at T  and ends at time 

, in which the social planner maximizes: 

H K H C

+
e
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     (5.15) 

 

where the initial value is , the terminal value is 

, the terminal time  is unknown, and 

egT
e eHTH )0()1()( χ−=+

TegTeHTH )0()( = egTeC )0(=C  and 

egTeKK )0(= . The problem specified in equation (5.15) is a calculus of 

variations problem. Furthermore, there is no need to impose a state-space 

constraint on the problem because, given that there is a single unknown in 

the model, the terminal time of the temporary problem is effectively the 

constraint on the variable. Hence, by construction, we do not allow the 

disturbed variable to exceed the value whereby it satisfies the optimality 

ratios with other variables.  
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We can rewrite the maximization problem after eliminating  as 

follows: 

H

 

dtHtFMax
T

Te
∫ ),(        (5.16) 
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form of  implies that the Euler equation is )(⋅F
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Together with the fixed endpoint transversality condition [  and 

initial and terminal values, the Euler equation identifies the path of .

TtH HFF =− ]

H 6 

Details of the solution are as follows.7 First, applying the Euler equation 

formulation, we end up with a second order differential equation: 
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Solving (5.18) yields that 
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6 See equation (2.19) for the Euler equation, and (3.11) for the transversality condition in 
Chiang (1992). 
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where , and  and  are constants. Equation (5.19) indicates 

that the housing stock increases as new investments are made. The three 

unknowns of (5.19) are , , and T . We also have three equations: 

],[ TTs e
+∈ 1c
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Equation (5.20) and (5.21) are derived from the initial and terminal time 

conditions, respectively, and equation (5.22) is obtained from the 

transversality condition. Note from equation (5.21) that: 
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0)(/ =HFdtd 1cFH = 1c

7 An alternative solution procedure is possible. Note that equation (5.17) implies that 
. Hence, , where  is a constant. Starting from this observation, 

we can easily determine the housing path. Refer to Chiang (1992) for details. 
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Then, given that the first component in square brackets of equation (5.22) 

cannot be zero, the term in the second square brackets of that equation must 

be zero. Hence, we derive from (5.22) that 
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         (5.24) 

 

Unfortunately, it is not possible to find explicit values of c , , and  

from (5.20), (5.21) and (5.24). We run a small experiment for a set of 

hypothetical parameter values just to check what these equations imply.

1 2c

=θ

T

8 

Our numerical experiment shows that it takes 2.334 ‘years’ to recover a 50 

percent reduction in housing stock after an earthquake when  and 

12.974 years when , where the earthquake hits the model economy 

at ‘year’ 80. Hence, we deduce from our solution procedure that the housing 

stock will increase in time while other quantities in the model are kept 

constant. Naturally, the temporary problem imposed by the social planner 

will be lifted at the time that the constancy conditions are restored. 

8.0

8.1=θ

Finally, we would like to discuss briefly induced shocks. It is a 

theoretical possibility that the social planner (government) may use policy 

shocks to accelerate the pace of restoring constancy conditions. Examples of 

such policy shocks are consumption, income, capital, and lump-sum 

taxation, each of which in our context will aim at transferring additional 

resources to housing accumulation. Since these shocks would not change the 

                                                           
8 The hypothetical parameter values are as follows:  or , , 

, , , , Te , , and . 
8.0=θ
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essential characteristics of our adjustment analysis, we skipped them in this 

paper, however. 

 

 

5.4 Conclusion 
 

This chapter analyzed how to restore constant optimality ratios between 

variables after a shock hits an  economy. We first showed that  

models (and frames that reduce to an  model without generating 

transitional dynamics) have the very special property that constant ratios are 

imposed among quantities from the start. This property implies that, for a 

given initial value of one of the stock variables, the time paths of other 

variables are known to the system. This characteristic becomes crucial when 

(physical) shocks hit any of these quantities, because in these models it is 

then not possible to restore constancy conditions without the active 

involvement of a social planner. 

AK AK

AK

Second, we discussed the solution procedure offered by BSM (1995) on 

how to restore constancy conditions, and conjectured that although the 

intuition of the procedure seemed right, it nevertheless includes serious 

flaws (shown in Appendix E). 

Third, we offered a simple alternative solution procedure. The main 

premise of that procedure was that all undisturbed quantities have to be kept 

constant until the shocked variable returns to its pre-shock value. 

 

 

 





 

 

 

 

 

6 Epilogue 
 

 

 

6.1 Introduction 
 

This dissertation consists of a number of essays on shocks in deterministic 

growth models. We aimed at two things in this dissertation. First, to sharpen 

our understanding on the growth impact of drastic changes such as market 

shocks, natural shocks, and policy shocks. A better understanding of the role 

of shocks in growth processes helped us to identify (and hopefully to fill-up) 

gaps in the field of economic modeling and to use these findings to raise 

new questions. Second, we intended to initiate background work for 

analyzing the growth implications of shocks in a taxonomy. The issue of 

shocks has clearly not been analyzed sufficiently and systematically in the 

(deterministic) growth literature, even if many studies used some notion of 

shocks in their analysis in one way or another. This dissertation intends to 

provide a more systematic treatment of shocks in deterministic growth 

models.  

In order to achieve that, each paper was designed to sharpen in one way 

or another our understanding of the growth impact of market shocks (input 

183 



Chapter 6 184

prices and technology), policy shocks (taxes), and natural shocks 

(earthquake), and to systematically connect shocks with growth modeling.  

This epilogue is organized as follows. First, a summary of our findings is 

presented in the next section. The next section hints a research agenda that 

can be drawn from our analysis. 

 

 

6.2 A Summary of Findings 
 

This dissertation contains five essays. The first one reviews the place of 

drastic changes in economic growth literature; each of the four subsequent 

chapters examines a particular shock and its consequences in a deterministic 

growth framework. The contribution of this thesis is threefold. First, it 

presents a new interpretation to the existing growth literature by placing 

some of the most basic growth literature in a taxonomy of shocks. We 

believe that this may in itself initiate further research on the growth impact 

of drastic changes. Second, the four core essays cover the issue of shocks 

with a wide variety of frameworks and techniques from the growth 

literature, ranging from the two-sector Uzavian growth model to the 

endogenous technological change framework. Third, we analyze the three 

types of shocks defined by our taxonomy. In two essays, we look at market 

and policy shocks, whereas in the other two essays, physical shocks are the 

focus. Hence, we discuss the growth impact of shocks in various 

frameworks. Next we will summarize the basic findings of each chapter. 

The first chapter reviewed the growth literature from the viewpoint of 

shocks. We first gave a taxonomy of shocks, and pointed out that 

classifications of shocks are useful but that it would be more fruitful to stick 
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to one of them as the reference taxonomy. We argued that grouping shocks 

according to their sources was the best choice, because it allowed for a more 

detailed sub-grouping. Next, we reviewed basic contribution in the field of 

growth literature according to this taxonomy. The novelty of our effort was 

that, for the first time, to our knowledge, the growth literature has been 

reviewed according to a taxonomy of shocks. Our conclusion was that many 

growth-modeling work could be (re-) interpreted in terms of growth impacts 

of shocks, but that few of them really touched this issue explicitly. There 

seems to be plenty of room for further research on the growth implications 

of shocks. 

The second chapter (the first of essays) was an extension of the Romer 

(1990) endogenous technological model in two ways. First, we included 

energy consumption of intermediates. Second, intermediates were made 

heterogeneous by assuming endogenous energy saving technical change. 

We analyzed market shocks (energy price shocks) and policy shocks (taxes 

on the intermediates) within this framework. Energy price shocks were 

exogenous in the model. We showed that a continuous energy-price rise 

would have negative effects on the growth rate of economy within our 

endogenous technological change framework due to the following 

mechanism. Increasing real energy prices led to corresponding rises in the 

user costs of intermediates and hence to a fall in profits on those 

intermediates. This diminished the incentive to produce newer, more 

productive intermediates (though the fall in this incentive was cushioned to 

some extent by the substitution possibilities between raw capital and energy 

implied by the Cobb-Douglas function). Hence, there would be less growth 

when an economy experienced negative real energy price shocks. The 
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contribution of this model to the literature was its success to show the 

negative growth impact of energy price shocks in a rigorous way. 

Next, within the same framework, we examined whether research 

incentives subsidized by taxes (policy shocks) could diminish the negative 

growth effects of energy price shocks. We studied two policy changes that 

might stimulate further R&D in the model. In particular, we investigated the 

impact of an energy tax, with and without recycling in the form of an R&D 

subsidy. The former might be called the (pure) induced technological 

change case and the latter might be labeled a directed induced technological 

change. Nevertheless, we found that (additional) taxation on energy use did 

not generate induced technological change. Indeed, the mechanism worked 

in the reverse order. We found that introducing a tax would change the 

profitability of producing intermediates. Changes in profitability would 

influence the allocation of labor over its two uses: R&D and final output 

generation. This would change the steady state growth rate, apart from 

having level effects as well. We showed that growth would be negatively 

affected and a reallocation of labor from R&D towards final output would 

be observed in case of non-recycling taxes. In contrast, when taxes were 

recycled towards R&D sector, we observed that the introduction of an 

energy tax would raise the growth rate of output, while the tax would not 

work for a high share of R&D employment in total employment. In 

conclusion, we found that increasing input prices (with or without taxation) 

was not enough by itself to induce R&D efforts, which could have 

compensated the rising energy prices. Finally, we deduced that an energy-

specific R&D sector had to be introduced into such models in order to 

denote induced technological change. 
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The third chapter (the second essay) investigated why drastic 

technological changes were introduced in clusters and what was the impact 

of such technology shocks on long-run output growth. We showed that 

drastic technological changes were cyclical because basic R&D was carried 

out only at times when entrepreneurial profits for incremental technologies 

of the prevailing technological paradigm fell close to zero. We also showed 

that drastic technological changes were the ‘genuine’ engine of growth in 

the long-run. 

The chapter was relevant to shocks for several reasons. First, the model 

generated technology shocks. Interestingly, these technology shocks were 

cyclical, alternating between applied technologies and drastic technologies. 

The model showed that declining profit opportunities for incremental 

technologies of the prevailing technological paradigm were the source of 

cycles. Second, the shocks (cycles) were endogenous, which is rarely 

studied in the growth literature. The falling profits character of the 

complementary sector was not due to an assumption but a property that the 

model generated endogenously. Third, we found that shocks on R&D labor 

at levels could indeed be a good (and intuitive) source of ‘growth push’, 

contrary to the argument based on the ‘scale effects’ critique. This was 

because R&D labor could work on basic R&D only cyclically, so that it was 

not justified to raise the scale effects critique on such models. We concluded 

that a technology shock has a positive impact on the long-run to the extent 

that it is accompanied by the positive growth (shocks!?) of complementary 

inputs. 

The fourth chapter (the third essay) was an example of showing the 

possible impact of natural (physical) shocks on the transitional and long-run 

growth performance of an economy. On the one hand, strong, large-scale 
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earthquakes might cause substantial costs of life and capital. On the other 

hand, casual observation showed us that economies seem to recover from 

catastrophic earthquakes relatively quickly. This paper opened the black box 

concerning the growth implications of an earthquake. In the paper, we 

assumed that a catastrophic earthquake (a one-time permanent shock) hit 

housing stock. We studied the direct and indirect impacts of shocks at 

transitional and steady state levels. First, it was shown that the direct effects 

of an earthquake on housing were quickly recovered in a neoclassical 

economy. Second, we studied the indirect effects of earthquakes in the 

transitional period. We found that indirect effects of an earthquake in terms 

of changes in saving rates might have serious negative effects in the short-

run. We demonstrated that it might be more beneficial to increase savings in 

favor of the capital good sector rather than of the housing sector after an 

earthquake, because investment into the productive sector implied more 

output in the future, even if the immediate welfare implications of housing 

loss could be high. We thus showed that a physical shock creates a trade-off 

between short-run and long-run welfare, where policymakers have to make 

a decision. Third, we examined the indirect effects of earthquakes in the 

long-run. We interpreted permanent changes in saving rates or in 

depreciation rates (X-efficiency of buildings) as an indicator of structural 

changes in the housing sector (e.g., an increase in building quality). We 

showed that permanent changes in saving rates and depreciation rates might 

have strong implications on the long-run values of variables in the model. 

For example, we showed that increases in savings out of national income for 

housing decreased the long-run capital stock. We concluded from this study 

that physical shocks may have serious impacts on an economy, not only 
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because of their direct effects, but also and particularly because of its 

indirect effects. 

The fifth chapter questioned the belief that “all physical shocks would be 

recovered unconditionally, at least in the long-run”. Recall that the fourth 

chapter showed that economies converge to their normal path, at least in the 

long-run. The very source of this finding was the diminishing marginal 

productivity of ‘capital’ (capital is used as a generic word, referring to any 

input in production technology). So, we studied what would happen when 

the diminishing marginal productivity of capital assumption was removed 

from the production technology. To this end, we employed a specific 

technology, namely  technology. We first showed that an  

technology produces constancy conditions among variables, implying a 

fixed ratio among quantities. The latter property distinguishes these types of 

growth models from conventional growth studies because the ‘natural 

convergence’ property as discussed in the first and used in the fourth chapter 

would work no longer after physical shocks. Next, we elaborated 

theoretically on feasible adjustment policies to recapture constancy 

conditions after a one-time permanent shock, as market forces were not able 

to restore equilibrium automatically. This raised the issue of the role for the 

government in recovering from a shock. We indicated that in the -

modeling the role of a social planner is essential when there are constancy 

conditions among quantities, because market solution cannot really restore 

them (even if that would be socially optimal). The contribution of this 

chapter was to demonstrate (indirectly) that governments have to play a 

critical role after a natural disaster, and to offer a solution procedure for how 

to deal with shocks under constancy conditions. 

AK AK

AK
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6.3 Hints for Future Research 
 

In his dissertation, Dietzenbacher (1984, p.266) states: “answers raise new 

questions, solutions define new problems, results call for a generalization or 

a sharpening, assumptions for a relaxation, gaps need to be filled up, and 

loose ends are to be tied up” (Dietzenbacher, 1984, p.267). This observation 

also holds for the present research. Below, we hint on prospective issues in 

general and in specific questions that could follow up our contributions. 

This manuscript clearly is not a complete work on the growth effects of 

shocks, but rather an initiation towards a more systematic work. In that 

respect, we were unable (i) to touch on many growth setups that could be 

analyzed from the viewpoint of shocks, (ii) to give an answer to all shocks-

specific research questions that were brought forward in the introduction. 

Any research on these lines will contribute significantly to the further 

understanding of the growth effects of shocks. 

Our research would also suggest follow-up research on a number of 

specific issues. First, a weakness in the model of the second chapter (on 

energy-price shocks) was the exogenous energy supply assumption. Two 

interrelated extensions of this work are possible from the perspective of 

growth effects of shocks. Firstly, if energy is interpreted as a carbon-based 

(nonrenewable) energy stock, than the most natural next question is the 

growth effect of ending energy supply shocks. We are aware that assuming 

increasing energy-prices refers to the same problem from the other side 

(duality!) in the sense that Hotelling’s rule states very clearly that increasing 

prices is a salient feature of deteriorating stocks. Nonetheless, the two are 

not the same at all times because a smooth deterioration of the stocks cannot 
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be secured in an endogenously growing economy. In particular, if energy 

consumption is foreseen as a function of technology and the growth rate, 

then (i) the more the economy grows, the more we need energy, (ii) the 

more technology advances, the more we can potentially save on energy 

resources. Subsequently, (endogenous) energy consumption can hardly 

follow a smooth path and we need to know more on the interrelationship 

between technology, endogenous growth and nonrenewable energy stocks. 

Secondly, technological advance not only saves the use of nonrenewable 

energy but also brings into stage alternative energy resources. Hence, the 

growth effects of introducing alternative energy resource shocks have to be 

understood as well. The growth effect of such shocks would not necessarily 

be positive because, say, a switch from carbon-based energy resources to 

non-carbon based energy resources can raise costs, at least at the time of 

switch, especially if adjustment costs of capital from the former to the latter 

are high. 

Second, physical shocks in general and natural shocks specifically have 

been rarely studied in the growth literature. A reflection of that disinterest 

can be observed from a handful studies on the growth implications of 

earthquakes, a frequent and destructive natural shock observed across the 

globe. Our work is a pioneering attempt in that direction, but contains still 

many weaknesses. One is that we do not consider quality of housing 

construction in our model. Such a consideration leads to either replacement 

of old or renewal of existing buildings. We only examined the case that 

destructive effects of earthquakes cause a change in saving rates. Another 

reflection of earthquakes could be a change in preferences towards a higher 

quality in housing, however our model has not touched the latter issue, but 
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such an extension would contribute to our understanding of the indirect 

effects of earthquakes. 

Third, heuristically speaking, the issue of the optimality ratio seems to be 

totally ignored in the economics literature. This issue, however, might well 

be more important than it seems at first sight because fixed ratios seem to be 

a regular fact of economic life. We therefore argue that further work both on 

the properties and application of constancy conditions is necessary, and 

could contribute significantly to our understanding of the implications of 

shocks in several contexts. 

 

 

 



 

 

 

 

 

Annex A. Calculating capital and 

energy aggregates 
 

 

 

From equations (2.5), (2.8), (2.9) and (2.10) it follows that: 
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It follows from the definition of the effective capital aggregate in equation 

(2.2) that: 
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Using equations (A.1), (2.8) and (11), it follows immediately that: 
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Using equation (A.3), we can obtain the physical capital stock as: 
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We can use (A.4) to solve for  in terms of K. Then we can use (2.11) 

evaluated for i=A to solve  in terms of K, r and q. Finally, we can use 

(A.2) to rewrite  in terms of K

Ax
e
Ax

e
Ax e. By equating these two expressions for 

, we obtain (2.13). Equation (2.14) can be obtained by calculating the 

cost-minimising energy raw capital ratio per intermediate. As before, we 

find: 

e
Ax

 

)/()1( ββ qrxe ii −=        (A.5) 

 

By integrating (A.5) over i from 0 until A, we obtain (2.14). 

 

 

 



 

 

 

 

 

Annex B. On the constancy of the 

real interest rates and 

rising real energy prices 
 

 

 

Growing real energy prices imply that for the same growth rate of physical 

capital, the corresponding growth rate of output would be lower, ceteris 

paribus, which corresponds to a fall in the real marginal product of (raw) 

capital (see equation (2.15)). This fall in the marginal product of capital 

would provide an incentive to lower the rate of capital accumulation.1 But 

the first part of equation (2.15) in combination with (2.13) shows that if   

falls, then Y  falls too, but not by as much as the initial change in the growth 

rate of capital, since 0 . This in fact raises the marginal product of 

capital again, providing an incentive to increase the rate of capital 

accumulation.  

K̂

ˆ

1<< β

                                                           
1 This depends on the form of the intertemporal utility function. If future consumption is 
indeed a substitute for present consumption, as in the CIES (constant intertemporal 
elasticity of substitution) function that is widely used in growth models, a fall in the 
marginal product of capital would raise current consumption at the expense of investment, 
hence also at the expense of future consumption possibilities and growth in general. 
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In order to determine whether, and if so, how fast this adjustment process 

converges, one would have to specify the ‘demand for growth’ through an 

intertemporal utility function, and derive the growth implications of the 

intertemporal trade-off between present and future consumption 

possibilities, and especially the adjustments in between steady states, i.e. the 

transitional dynamics. That is beyond the scope of this chapter, however. 

Nonetheless, an intuition why and how the adjustment process outlined 

above would lead to a new steady state growth equilibrium with a constant 

real interest rate can be developed as follows. It should first be noted that 

the aggregate effective capital stock is strictly proportional to the physical 

capital stock, see equation (2.13). This implies that the marginal product of 

physical capital is equal to . But then, using (2.13) and 

(2.15) (without however setting  a priori), we have: 

KYKYr // α=∂∂=

0ˆ =r
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         (B.1) 

 

If we assume that the growth rate of physical capital would be adjusted by 

increasing the previous growth rate of the physical capital stock by a certain 

fraction 0>ψ  of , it follows that we would have: r̂
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dt
d  

         (B.2) 

 

where  has been substituted from (B.1). For r̂ 0>ψ , the solution to the 

differential equation in (B.2) converges to a constant value of . That K̂
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particular constant value can be obtained by setting (B.2) equal to zero and 

solving it for . The result thus obtained is exactly the same as in equation 

(2.15). 

K̂

 

 

 





 

 

 

 

 

Annex C. Ex-post profit erosion 
 

 

 

The growth rate of ex-post profit flows can be obtained as follows. Using 

equations (2.17), (2.9) and (2.8), the ratio of profit flows on intermediates i 

and A is equal to:   
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Equation (C.1) shows that for an existing intermediate relative profits 

decrease when the total number of intermediates increases, ceteris paribus. 

This is the creative ‘wear and tear’ we referred to in the introduction as 

opposed to the complete destruction in Aghion and Howitt (1992). Note that 

ex-post the blueprint index of an existing intermediate good does not 

change. Therefore, using equation (C.1), the growth in ex-post profit flows 

on an existing intermediate can be written as: 

 

Ai A Π+−−=Π ˆˆ)1/(ˆ αςα       (C.2) 

 

199 



Annex C 200

However, for constant LY and a constant real interest rate r, it follows from 

equation (2.17) that the growth of initial profit flows on the latest 

intermediate is given by: 

 

qAcAA ˆ)1/()1(ˆ)1/(ˆ)1/(ˆ αβααςααα −−−−=−−=Π   (C.3) 

 

Substituting (C.3) into (C.2), we find that the (expected) growth rate of 

profit flows on existing intermediates is equal to Π .  qai ˆ))1/()1((ˆ αβ −−−=

 

 

 



 

 

 

 

 

Annex D. The Transitional 

Equation of The 

Housing Stock 
 

 

 

The integration problem is (cf. equation (4.38)) 
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Standard integral calculus has no answer to this problem due to  in the 

integrand. However, it is possible to give an approximate solution to the 

problem. To this end, first, let us re-express equation (D.1) in the most 

explicit way: 
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where . Let us first simplify the integrand by taking out )()( )( thetf tn H ⋅= +δ
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where . Let us define . This implies that 

. Using it in (D.3) gives 
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state value of capital per capita and therefore greater than k . This implies 
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that . After substituting these definitions into equation (D.4), we 

get: 

1)( >−a
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Next, let us define , which implies dx . Substituting this in 

equation (D.5) gives us: 

xey = ydy /=
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The integral cannot still be solved analytically. If we run  on 

Mathematica, we get 
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where the hypergeometric function is defined as 
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Note that ( )
)(

)()1)....(2)(1(
a

nanaaaaa n Γ
+Γ

=−+++=

dsesa sa∫
∞ −−=
0

1)(

)

,  is Gamma 

function and defined as Γ . Furthermore, Note that 

)(aΓ

( ) (
κκ +

=
g

g1κ +gg / . Thus 

 

( ) )(
!

11)(
0

const
a

y
g

g
ga

yAtf
g

+














−

′−
+

= ∑
∞

=
′−
κ

κ
κ

κγ κ
γ

κ
  (D.9) 

 

Multiplying both sides by e  in equation (D.9) gives: tn H )( δ+−
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There are three things one must explore know. First, one must determine a 

finite-value  for further tractability of the analysis, i.e., one must 

determine a good (and finite) approximation of a Hypergeometric function 

that would allow us to proceed with equation (D.10) in a handy way. We 

shall undertake a trick in order to achieve this. We know that the original 

definition of Hypergeometric function would give us the exact solution of 

the integration. On the other hand, any finite-valued  would approximate 

to the exact solution, depending on the value of .

κ

κ

κ 1 For a given set of 
                                                           
1 Note that the expression of the Hypergeometric function is converging (with respect to 

). The first term, , is certainly converging. Second,  approaches to 

a constant. Third,  approaches zero because  works like a time 

variable in the exponential with a negatively signed power. Finally, (  approaches 
zero given that . Hence, the Hypergeometric function is converging. 
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parameter values, we can solve this problem easily via the help of 

Mathematica. Note that parameter values are marginally important in this 

comparison because what we compare essentially is the same function with 

the same parameters in two different extensions. 

We find that, for , the time paths of Hypergeometric function and 

the restricted function coincide as follows:  

1=κ
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Figure D.1 Convergence when  1=κ

 

The upper curve shows the path of Hypergeometric function while the lower 

curve represents the path of Hypergeometric function for . We 

understand that convergence is quick and almost completed in 80 periods. It 

is natural to check the overlap for other  values. The following two 

diagrams show convergence for  and , respectively. 
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Figure 2 Convergence when  2=κ
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Figure 3 Convergence when  3=κ
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As is clear from figures 2 and 3, the convergence between the original 

Hypergeometric function and the restricted one is much quicker for  

and . We can conclude that there is no need to go further and it is only 

a matter of taste to choose between  and . We prefer the latter 

one. 

2=κ

3=κ

2=κ 3=κ

Second, we can simplify the first term in equation (D.10) by substituting 

back respective values , , and . Then, equation (D.10) simplifies to: A a g
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Third, assuming h , we can eliminate the constant and thus end up 

with: 
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This is the housing path equation that appeared in equation (4.39). 

 

 

 





 

 

 

 

 

Annex E The Full Solution of the 

BSM Model 
 

 

 

BSM (1995) is a two-sector growth model, which reduces to an  model 

without generating transitional dynamics. BSM (1995) assume a Cobb-

Douglas production function that exhibits constant returns to physical and 

human capital,  and : 

AK

K H

 
αα −= 1HAKY         (E.1) 

 

where . Output can be used for consumption or investment in 

physical or human capital. The economy’s resource constraint is: 

10 ≤≤α

 

HK IICHAKY ++== −αα 1       (E.2) 

 

where  and  are gross investment in physical and human capital, 

respectively. The changes in the two capital stocks are given by: 

KI HI

 

KIK K δ−=         (E.3) 
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HIH H δ−=         (E.4) 

 

BSM assume that the stocks of physical and human capital depreciate at the 

same rate, . The Hamiltonian is: δ

 

{ } { } { HKHK
t IICYHIKIvCueJ −−−+−+−+= − ωδµδρ )( } (E.5) 

 

where  is momentary utility (cf. equation (5.1)),  and  are shadow 

prices associated with state variables  and , and  is the Lagrange 

multiplier associated with the budget constraint (cf. equation (E.2)). The 

familiar first order conditions yield that 
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and that all quantities grow at the constant rate 
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Next, BSM (1995) analyze what happens if the  ratio deviates from 

the value , e.g., due to a shock on one of the quantities. They state 

that the constancy condition dictates adjustments in the two stocks to attain 

the value , and add that an instantaneous adjustment (“reversible 

investment”) is not viable because “it depends on the possibility of an 

infinite positive rate of investment in one form of capital and an infinite 

negative rate of investment in the other form” (BSM, 1995, p.175). They 
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)1/( αα −
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argue that a more realistic assumption is to limit the growth of the abundant 

stock variable while the scarce stock variable is allowed to grow.  

Their example goes as follows. BSM (1995) assume that a war destructed 

part of the capital stock. Hence the constancy condition between capital and 

human capital has been upset by making human capital abundant compared 

to physical capital. BSM argue that limiting the growth of the abundant 

stock temporarily, that is, forcing the housing stock to grow according to 

 by keeping the gross investment in human capital  at 

zero would be sufficient to restore the constancy condition (cf. equation 

(E.4)). Their interpretation is that the social planner realizes that the 

economy has too much  in relation to , but since it is infeasible to have 

infinitely large negative gross investment in , they ‘force’  to 

depreciate at the exogenously given rate . 

teHtH δ−= )0()( HI

H

H K

δ

H

BSM state that, given that , the social planner has to solve a 

temporary optimization problem, which is nested in equation (E.5) 

0=HI

 

{ }KCHAKCueJ t δυ ααρ −−+= −− 1)(      (E.8) 

 

where  is costate variable and a bar on top of a variable shows that its 

value is given exogenously. Noticeably, this set up is equivalent to the 

standard Cass-Koopmans framework, where the rate of exogenous 

technological change is , as  depreciates at the rate of . BSM 

argue that the  ratio will rise and reach the value  in finite 

time and thereafter the system will return to the pre-shock equilibrium. 

υ

δα )1( −− H δ

HK / )1/( αα −

BSM has two minor fallacies in their analysis. First, BSM (1995, p.176) 

use the expression that “(…) the constraint of nonnegative gross investment 

in human capital becomes nonbinding” to refer to the time point that the 
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pre-shock condition is recovered. It is not correct to use this phrase to 

describe what is happening there. State-space and control constraints are 

used to restrict the movement of the respective variable above or below 

certain values at all times. For instance, referring to BSM’s example, the 

nonnegativity constraint on human capital investment is “active” at all 

times, even though the constraint may not be binding at all (indeed, since 

the undisturbed model illustrated in equation (E.5) generates endogenous 

growth, the nonnegativity constraints are not binding at all before the 

shock). When the shock hits, the constraint becomes binding in a temporary 

optimization condition; however, the nonnegativity constraint does not 

imply any termination rule in the temporary problem. In that sense, it is 

wrong to state that the nonnegativity constraint will become nonbinding.  

The second fallacy of equation (E.8) is that it assumes the shock hits the 

model economy at time zero, which invalidates, by definition, the very 

existence of optimality conditions unless constancy conditions are taken as 

initial values. 

BSM (1995) have one big caveat in their analysis. We know from the 

basic  model that all quantities in such models grow at the same rate 

from the start, and keep constant ratios among them. In particular, the BSM 

model (cf. equation (E.5)) yields that there is indeed a second condition in 

addition to equation (E.6): 
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Therefore, if constancy conditions between quantities have to be ever 

restored, these require considering not only the dynamics of  and , but K H
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also of . Unfortunately, the temporary problem that BSM set up (cf. 

equation (E.8)) ignores the dynamics of consumption. It is easy to see that 

consumption will change over time during the temporary optimization (cf. 

equation (E.8)), and that there is no rule securing that the required constancy 

condition will be satisfied at the terminal time of the temporary problem. 

We may conclude that a more thorough thinking on the question of how to 

restore constancy conditions is needed. Evidently, a solution to the problem 

must still benefit from the idea of restricting the growth of the abundant 

variable. 
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Annex F The Full Solution of the 

two-sector AK 

Model 
 

 

 

The Hamiltonian is as follows: 
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where  and  are co-state variables, C  and u  are control variables, and 

 and  are state variables. The first-order conditions are as follows: 
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The Solution 

 

First, from (F.3),  

 

10 λλ =         (F.8) 

 

Second, from (F.4) and (F.8) 
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Third, from (F.3), (F.5), and (F.8), 
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Using the fact that  from (F.8), and (F.9) in (F.10) implies 10
ˆˆ λλ =

H
CA HK
γδδ =+−  or 
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An interesting aspect of equation (F.11) is that it imposes a condition on the 

ratio of consumption to housing from the ‘start’. Equation (F.11) also 

implies that  must hold if the model has positive amounts of 

consumption and housing (we will soon show that this is always true under 

a positive growth assumption). Furthermore, equation (F.11) implies that 
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Because  and  grow at the same rate at all times, from (F.2) one infers 

that 
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We assume that  (please note that this assumption is not 

uncommon in the literature, see, for example, Barro and Sala-i-Martin, 

1995). This requires to making the assumption that the denominator in 

ρδ >− KA
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equation (F.13) is also positive, which imposes 
γ

γθ
+

>
1

 in the model. 

Thus, we ensure that  and  grow at a positive rate. C

} tg Ae

H

g +D

{ 0

0

const
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From (F.7) it follows: 
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From equation (F.6), it is straightforward to show that 
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where 
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⋅
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+= )( , and . Note 

that we have not yet made any sign assumption on . We need to 

check the transversality condition in order to determine the exact growth 

path of capital stock. The transversality condition requires that: 

KA Ag δ−=

gK −g
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We deduce two things from the transversality condition. First, this limit can 

be zero at the infinity if and only if the constant term is zero in the limit. 

This implies that  and hence there is a constant proportion 

between  and other unknowns of the model. Second, given the 

constraint on the second term, the limit becomes 

=

)0(K
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This limit can go to zero if and only if . We conclude that  gg A >

 
gteKtK )0()( = ,       (F.18) 

 

that is, all variables in the system grow at rate . Finally, the transversality 

condition on  repeats the finding that . Finally, we can use the 

results to check for bounded utility in the problem, which implies that: 

g

>H gA K−δ

 

)1)(1( θγρ −+> Ag .       (F.19) 

 

This condition is always satisfied for . More specifically, any value of 

, satisfying  is sufficient. 
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Samenvatting 
 

 

 

Een economische schok is een drastische verandering in het evenwicht of de 

continuïteit van een systeem. De wereld wordt gekenmerkt door een 

veelheid van schokken. En elke schok lijkt de economie op een andere wijze 

te beïnvloeden.  Wil men schokken analyseren dan zal allereerst een 

classificering dienen plaats te vinden.. In deze studie zullen de volgende 

typen van schokken worden onderscheiden: natuurlijke schokken, 

marktschokken en door de overheid gecreëerde schokken. In de categorie 

van natuurlijke schokken vallen natuurlijke rampen, zoals droogtes en 

overstromingen. Marktschokken zijn schokken die de marktverhoudingen 

beïnvloeden. Ten slotte zijn er nog schokken die veroorzaakt worden door 

beleidsveranderingen zoals liberalisatie en wijzigingen in het fiscaalbeleid 

die ingezet worden door politici. 

Daarnaast kunnen schokken geclassificeerd worden naar hun duur. Men 

onderscheidt eenmalige schokken en continue schokken. Eenmalige 

schokken zijn van korte duur. Eenmalige schokken zijn verder onder te 

verdelen in eenmalige-overgangs schokken en eenmalige-permanente 

schokken. Het eerste soort kenmerkt zich doordat het systeem terugkeert 

naar de oorspronkelijke toestand, terwijl de tweede van blijvende aard is. 
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Een aardbeving is een voorbeeld van een eenmalig-permanente en continue 

schok en de tijdelijke uitval van elektriciteit is bijvoorbeeld een eenmalige 

schok. 

Ten slotte is nog een classificatie naar de aard van schokken mogelijk. 

Het overgrote deel van schokken is exogeen. Een aardbeving is een goed 

voorbeeld. Daarentegen zijn sommige schokken endogeen, die het gevolg 

zijn van de intrinsieke kenmerken van een systeem. Een passend voorbeeld 

is de door marktontwikkelingen gestimuleerde technologie schokken. 

Dit proefschrift betoogt dat schokken diepgaander en systematischer 

bestudeerd moet worden vanwege een aantal redenen. Allereerst zijn 

schokken onverwachte gebeurtenissen! Het onvoorspelbare karakter van 

schokken houdt in dat economische actoren niet in staat zijn om voortijdige 

maatregelen te nemen tegen schokken. Verwachtingen spelen derhalve niet 

of nauwelijks een rol. Vervolgens beïnvloeden schokken de economie zowel 

via directe als indirecte kanalen, die elkaar mogelijk tegenwerken met 

betrekking tot hun invloed op de economie. Ten derde is een systematische 

behandeling nodig om fundamentele vragen te beantwoorden, zoals (1) zijn 

de gevolgen van alle schokken te herstellen?; (2) is het beter om het herstel 

te laten geschieden door de marktwerking of zou de overheid moeten 

ingrijpen?; (3) is er een rol weggelegd voor de overheid gedurende het 

herstel? Een systematische behandeling van deze en soortgelijke vragen kan 

leiden tot een meer coherente studie van schokken. De vier essays in dit 

proefschrift leveren aan de hand van een ‘deterministisch groei raamwerk’ 

een antwoord op de voorgaande vragen. 
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De Essays en Bevindingen 

 

Het eerste essay is een uitbreiding van Romer’s (1990) endogene 

technologie model en bestudeert technologische schokken, energie prijs 

schokken (als een input van de productie van halffabrikaten), en 

beleidsschokken. In essentie passen wij het Romer-model op twee manieren 

aan. Ten eerste houden wij rekening met de energieconsumptie van 

halffabrikaten. Ten tweede zijn halffabrikaten heterogeen vanwege 

endogene technologische verandering van energiebesparing. In dit model 

worden prijsschokken, en belastingen op inputprijzen als voorbeelden 

gebruikt van marktschokken en beleidsschokken.  

Prijsschokken zijn hier veranderingen van energieprijzen. Een toename 

van energieprijzen is exogeen in het model en kan worden geanalyseerd als, 

eenmalig- overgankelijk, eenmalig-permanent of continu. Het model laat 

zien dat een continu stijgende energieprijs negatieve groei-effecten zal 

hebben op de economische groei als gevolg van stijgende gebruikerskosten 

van halffabrikaten en zullen dan ook leiden tot een afname van de opbrengst 

van deze halffabrikaten. Dit vermindert de prikkel om nieuwere, betere 

halffabrikaten te produceren. Het model laat zien dat de groei zal afnemen 

wanneer de toename van de energieprijzen daadwerkelijk stijgt, tenzij 

beleidsmaatregelen worden genomen die de negatieve effecten op research-

prikkels tegengaan. 

We bestuderen overheidsschokken (belastingen) in het essay op twee 

manieren: een energiebelasting met en zonder teruggave in de vorm van een 

R&D subsidie. Een dergelijke beleidsreactie kan nodig zijn om de afname 

van groei als gevolg van een energieprijsstijging te verzachten. De invoering 

van een subsidie zal de winstgevendheid van halffabrikaten veranderen. Dit 
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zal invloed hebben op de allocatie van productiemiddelen op R&D en de 

productie van finale goederen. De constante groeisnelheid zal hierdoor 

veranderen. De studie laat zien dat groei negatief zal worden beïnvloed en 

tevens dat een relocatie van productiemiddelen in de richting van R&D zal 

plaatsvinden indien geen subsidie wordt gegeven. Wordt er wel subsidie 

gegeven dan zal de groei stijgen. De uitkomsten zijn afhankelijk van het 

aandeel van R&D werkgelegenheid in totale werkgelegenheid. Een 

belangrijke conclusie is dat toenemende inputprijzen (met of zonder 

belastingsysteem), alleen niet genoeg zijn om R&D inspanningen op te 

wekken, de overheid dient in te grijpen.  

Het tweede essay is een onderzoek naar een empirische regelmatigheid, 

die stelt dat drastische technologische veranderingen in clusters voorkomen, 

en naar de invloed van zulke clusters op de groei. Het essay laat zien dat 

drastische technologische veranderingen cyclisch zijn, omdat alleen in tijden 

waarin de winsten afnemen men in fundamentele technieken investeert. Het 

model incorporeert, in essentie, een endogeen technologische 

veranderingsstructuur. De input nodig voor de productie van finale goederen 

zijn samengestelde producten. Ieder samengesteld product is geproduceerd 

door opnieuw een verzameling van tussenschakels. Het primaire 

halffabrikaat is gemodelleerd als in Romer (1990). De productie van 

complementaire halffabrikaten is gevoelig voor dalende winsten. Het 

dalende karakter van winsten duidt erop dat op sommige momenten 

primaire R&D winstgevender wordt dan toegepaste R&D. Onderzoekers 

schakelen heen en weer tussen toegepaste en primaire onderzoekssectoren. 

Dit veroorzaakt een cyclus in de vooruitgang van drastische technologieën 

en economische activiteit.  
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Het essay is om meerdere redenen interessant vanuit het oogpunt van 

schokken. Op de eerste plaats zijn technologische schokken continu 

(alhoewel ze tussen toegepaste technologieën en drastische technologieën 

schommelen). Het model laat zien dat wanneer de winstgevendheid van de 

heersende technologie afneemt de R&D afdeling, die werkelijke winsten 

bemachtigt van de tussenliggende sectoren, terugkeert naar primaire R&D. 

Daarom brengt het model continu technologische veranderingen voort. Ten 

tweede zijn schokken endogeen. Een primaire technologieschok of een 

toegepaste technologieschok komt voort uit een endogene allocatie van 

R&D, die reageren op de winstgevendheid. Ten derde hebben primaire 

technologische schokken en toegepaste technologische schokken 

asymmetrische invloeden op de outputproductie van de economie. Deze 

karakteristieken van het model laten zien dat de centrale vraag van een 

beleidsmaker zou moeten zijn: hoe deze schokken te pareren om de 

tijdelijke outputafname te minimaliseren. 

Het derde essay is een voorbeeld van de invloed van natuurlijke 

(fysische) verstoringen op de groei. Aan de ene kant kunnen grote 

aardbevingen substantiële kosten veroorzaken. Aan de andere kant zien we 

dat economieën na catastrofale aardbevingen  relatief snel herstellen. Dit 

essay analyseert de groei-implicaties van een aardbeving door middel van 

Uzawa’s “two-sector growth”-model. Dit model is een  studie over 

natuurlijke schokken. Meer specifiek veronderstellen wij dat een aardbeving 

de woningmarkt treft. Dit is overduidelijk een eenmalig permanente schok. 

We bestuderen de directe en indirecte invloed van schokken op 

overgankelijke en stabiele gevallen. Allereerst bestuderen wij de directe 

gevolgen van een aardbeving gedurende de overgangsperiode. Hieruit blijkt 

dat de directe effecten van een aardbeving op huisvesting snel worden 
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hersteld. Deze bevinding hangt samen met de veronderstelde neoklassieke 

productietechnologie. Ten tweede bestuderen we de indirecte effecten van 

aardbevingen in de overgangsperiode. Het gevolg van een grote aardbeving 

is de verwoesting van de woningmarkt (de literatuur ondersteunt de 

gedachte dat de woningmarkt het meest getroffen wordt door aardbevingen). 

Ter compensatie zouden er meer middelen moeten worden overgeheveld 

naar de woningmarkt, hetgeen invloed heeft op de besparingen. Het model 

onderzoekt de effecten op de groei door deze veranderingen in besparingen. 

We concluderen dat het misschien ‘beter’ zou zijn om meer middelen over 

te hevelen naar kapitaalproductie dan naar de woningmarkt. Dit omdat 

investeringen in de productiesector een gunstige invloed heeft op de groei. 

Ten derde kijkt het model naar schokken op de lange termijn. Er wordt 

verondersteld dat permanente veranderingen in besparingen, permanente 

veranderingen betekenen in de kwaliteit  van huisvesting. We laten onder 

andere zien dat een toename in de besparingen, de kapitaalvoorraad op lange 

termijn doet toenemen terwijl een toename van besparingen ten gunste van 

huisvesting de kapitaalgoederenvoorraad op lange termijn doet afnemen. 

De vierde essay van dit proefschrift bestudeert een uitzonderlijk geval. 

Wij verlaten de neoklassieke wereld, waardoor niet langer geldt dat alle 

(fysische) schokken zonder voorbehoud hersteld worden. Hiervoor 

gebruiken we een ‘AK’-model. In tegenstelling tot neoklassieke 

groeimodellen komt een ‘automatische herstelmechanisme’ niet op gang. 

We laten zien dat marktwerking niet in staat is om het evenwicht 

automatisch te herstellen. Deze bevinding roept de vraag op of er een 

onmisbare rol is weggelegd voor de overheid om het proces van herstel te 

‘sturen’ na een schok. Er blijkt een theoretische mogelijkheid aanwezig te 
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zijn voor interventie van een ‘social planner’ om de gevolgen van een schok 

te herstellen. 

Ter conclusie draagt dit proefschrift op twee manieren bij aan de 

relevante literatuur. Ten eerste geeft het een nieuwe interpretatie aan de 

bestaande groei-literatuur vanuit het oogpunt van schokken. Ten tweede 

gebruikt het de groei-theorie om de belangrijke gevolgen van schokken te 

analyseren. 
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Stellingen behorende bij het proefschrift 
On Shocks and Growth: Four Essays 

 
I. Hakan Yetkiner 

 
 
 

1. Contrary to common belief, one-time (short-period) shocks to the 
economic system may have permanent effects on its long-run equilibrium 
(Galor and Tsiddon, 1992). Studying the impact of shocks on the economy 
therefore deserves more attention than is currently paid to the issue in 
economic analysis. (Chapter 1) 

 
 

2. Increase in real energy prices may create a disincentive to invest in basic 
research on energy-saving technologies, insofar as it lowers profitability of 
the basic R&D sector. The “induced technological change” argument may 
therefore fail. (Chapter 2) 

 
3. Neither the equilibrium economics, nor the disequilibrium economics 

approach is theoretically optimal in explaining long-run macroeconomic 
behavior. This is because economies alternate between their equilibrium 
and disequilibrium in long-run cycles. The latter are due to discontinuities 
in technological innovation, which are triggered by profit opportunities in 
incremental technologies of existing technological paradigms that 
eventually get exhausted. (Chapter 3) 

 
4. Contrary to intuition, the costs of indirect effects of earthquakes may well 

surpass those of their direct effects. The same applies to the impact of such 
indirect and direct effects on the economy (Chapter 4) 

 
5. It is a misconception that economies may recover fairly rapidly from a 

one-time catastrophe by relying on market forces only. In order to achieve 
such a recovery, government involvement is mostly imperative. (Chapter 
5) 

 
6. In economic analysis, a systematic treatment of shocks in deterministic 

frameworks does not exist. (Chapter 6) 
 



7. Rephrase your paper a thousand times; revise it a thousand times; and have 
your paper accepted at once (derived from the Turkish proverb: “Listen a 
hundred times; ponder a thousand times; speak once”) may be a good rule 
of behavior for researchers. 

 
8. Research-skills can only be mastered through learning-by-doing, not by 

just watching the process (inspired by the Turkish proverb: “If skill could 
be gained by watching, every dog would become a butcher”). 

 
9. At least one referee under a double-refereeing process, two referees under 

a triple-refereeing process, etc., will never entail proper refereeing. 
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