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Abstract

In order to stabilize the climate, environmentally friendly energy sources must be developed
and improved. The theory of technological change and endogenous growth are crucial when
it comes to dealing with the climate issue. If the improvements in technology can be
directed to the clean energy sources, it might be possible to solve the climate problem

without sacrificing a considerable amount of long-run growth.

This thesis builds on the model by Acemoglu et al (2012), which is an endogenous growth
model with directed technical change. It is a two-sector model with clean and dirty
technologies that are improved by R&D. The model involves a social planner that can use a
carbon tax and/or a research subsidy in order to conduct the optimal policy. | have extended
the model into a two regions framework, where only one of the regions has environmental
concerns. | have investigated by the use of numerical analysis if it is possible to redirect R&D

in @ multi-region world.

This thesis concludes that it is possible to redirect R&D by using a subsidy if the
environmental concerned region can target more than 50% of the scientists. It will also be
possible by using only a carbon tax if the technology gap between the two sectors is not too
large. These results suggest that if the majority of the world can agree upon a climate
agreement, it will be sufficient to redirect the technological change towards the

environmentally friendly energy sources, which again can solve the climate issue.
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1 Introduction

In 1979 the first World Climate Conference took place in Geneva. The purpose was “to
foresee and prevent potential man-made changes in climate that might be adverse to well-
being of humanity” (UNEP and UNFCCC 2002). The conference was sponsored by World
Meteorological Organization (WMO) and led to the establishment of the World Climate

Programme.

In 1988 the Intergovernmental Panel on Climate Change (IPCC) was established by the WMO
and the United Nations Environment Programme (UNEP). The IPCC works on giving the
world the best scientific, technical and socio-economic information relevant to climate

change.

The United Nations Framework Convention on Climate Change (UNFCCC) was ratified in
1992. It is an international environmental treaty whose objective is to prevent climate
change by stabilizing greenhouse gas concentrations in the atmosphere (UNFCCC 1992). The
agreement set no binding limits for emissions for individual countries, so it is considered

legally non-binding.

In 1997 the Kyoto Protocol was adopted. This protocol linked to the UNFCCC was the first
substantial climate agreement. It commits its parties by setting “country-specific GHG
emissions limits and a timetable for their attainment” (Perman et al, 2011, p. 334). The
protocol places most of the responsibility on industrialized nations and sets emission targets

for developed countries only (UNFCCC 1998).

Today there are 192 parties to the Kyoto agreement. It is criticized for not binding
developing countries to any emission targets, which is one of the main reasons why the US is
not participating. From November 30" to December 11" 2015 the UN will arrange a new
climate conference in Paris, where the goal is to achieve a new international climate

agreement in order to keep the global warming below 2 degrees.

The IPCC’s latest contribution The Fifth Assessment Report (AR5) that was released in four
parts in 2013 and 2014, states that: “Human influence on the climate system is clear, and

recent anthropogenic emissions of green-house gases are the highest in history. Recent



climate changes have had widespread impacts on human and natural systems” (IPCC 2014).
The report states that in order to maintain global warming below 2 °C, the GHG emissions
must be reduced by 40% to 70% by 2050 compared to 2010, and the emissions levels must

be near zero in 2100.

Climate stabilization can be costly if it means reducing long-run growth. The alternative is to
develop energy sources that do not emit carbon dioxide to the atmosphere. Hoffert et al
(2002) have looked at technology paths to global climate stability. They conclude that: A
broad range of intensive research and development is urgently needed to produce
technological options that can allow both climate stabilization and economic development”.
This means that in order to stabilize the climate, environmental friendly technologies need

to be improved.

The technologies in the energy sector can be divided into two groups: Clean and dirty. Clean
technologies are low-emission technologies such as solar and wind, electric cars and
advanced biofuel, while dirty technologies are high-emission technologies such as coal
power plants and internal combustion engines. Currently the clean technologies are at a
disadvantage in terms of cost and quality. This thesis will look into how to cause faster
improvements in clean technologies than in dirty technologies in a global framework where
countries have different preferences. My research question is: Is it possible to redirect R&D

in @ multi-region world?

This thesis is based on the model by Acemoglu, Aghion, Bursztyn and Hemous (2012), which
from now on will be referred to as the AABH model. It is an endogenous growth model for a
global economy. The model proposes a simple two-sector model for R&D, where research is
divided between clean and dirty technologies. A final good is produced using the inputs
produced by these two sectors, and the research will be directed to the most profitable

sector.

The AABH model looks at a global economy with a social planner, but this is not the reality in
the world today. In this thesis | will introduce two regions, one that care for the
environment, while the other one does not want to take the environmental issue into

consideration just yet. | will assume that both regions are engaged in R&D, and technology



flows between them. The incentives to innovate depend on the aggregate market for dirty

and clean intermediates in the two regions.

This thesis will provide a numerical analysis of the two regions framework. It will calculate
the optimal policy for the two regions in the business as usual situation and when there is a
carbon tax and/or a research subsidy available. All the numerical simulations are conducted

in Microsoft Excel 2010.

The rest of the thesis is structured as follows: The next chapter briefly presents some of the
literature related to the AABH model. In chapter 3 the AABH model and its results are
described in detail. Chapter 4 presents a two regions model that | have developed from the
framework of AABH. In chapter 5 all the numerical analysis are made and results are

presented. Chapter 6 concludes and summarizes the results of this thesis.



2 Literature Overview

The AABH model builds on two stands of literature: Endogenous growth theory and climate
policy with endogenous technical change. In endogenous growth theory “the rate of
technological progress, and hence the long-run rate of economic growth, can be influenced
by economic factors” (Howitt 2008). Endogenous technical change means that technological
improvements take place through innovations, which again is determined by economic

factors and policies.

Two of the most cited contributions to endogenous growth theory are the work of Romer
(1990) and Aghion and Howitt (1992). In Romer innovation is driven by researchers
discovering new intermediate input varieties making it possible to expand production
continuously. Aghion and Howitt presented a model of growth through creative destruction.
They showed that the profits from current research could be destroyed by future research,
which discourages innovations. In their model new innovations improve the quality of

existing products, which is the framework adopted by AABH.

The other stand of literature investigates optimal climate policy when technical change is
based on R&D or learning by doing effects, see for instance Goulder and Mathai (2000) and
Gribler and Messner (1998). A later contribution to this field is Greaker and Pade (2009)
who investigated the relationship between emission taxes and technological change. Their
model has only one research and development sector (no dirty R&D), and they considered a
case without any form of R&D subsidies. They found that when the technological change
was endogenous and driven by R&D, the carbon taxes should be higher than if the

technological change was exogenous.

The AABH model is an endogenous growth model with directed technical change, which
implies that the research will be directed to the most profitable sector. It is a two-sector
model where technological change is based on R&D. The model considers both a carbon tax
and a subsidy to R&D. The major claim in AABH is that R&D subsidies to clean technologies
are more important than carbon taxes when environmental concerns are being considered.

In traditional environmental economics the carbon tax plays an important role when



correcting for the environmental externality, see for instance Nordhaus (2008), so this result

is quite controversial.

There are several properties of the AABH model that could be discussed. In the AABH
framework a patent only lasts for one period. Greaker and Heggedal (2012) examined this
assumption by introducing long-lived patents into the AABH model. They also find that R&D
should be redirected to the clean technologies. However the carbon tax plays a more
important role with long-lived patents. Greaker and Heggedal have also developed a

numerical model which this thesis will build upon.

Some may object to dividing technologies into clean and dirty. However there are two
empirical papers that confirm the assumptions of the AABH model. Dechezleprétre et al
(2013) compared the knowledge spillovers from clean and dirty technologies. Their empirical
analysis shows that clean technologies induce larger knowledge spillovers than dirty
technologies, which justify higher subsidies for clean R&D. Aghion et al (2012) analysed
directed technical change in the auto sector using panel data. Their analysis showed strong
evidence for path dependency, which means that firms that are more exposed to clean
innovations, are more likely to direct their research to the clean sector. If a firm has a history

of clean innovation, it will probably focus on clean research in the future as well.

Based on the discussion above, | conclude that the AABH model seems robust, and this is the
reason why it is chosen for this analysis. The AABH model is described in detail in the next

chapter.



3 The AABH model

3.1 Directed technical change in clean and dirty
technologies

In the paper The Environment and Directed Technical Change AABH presents a global two-
sector model with a unique final good. The final good is produced using clean and dirty
inputs, where the production of the dirty input creates environmental degradation. The two
inputs are produced using labour and sector specific machines, provided by monopolistically
competitive firms. Scientists build on previous innovations and try to improve the quality of
the machines. If a scientist is successful in innovating a better version of a machine, he/she
obtains a one-period patent and becomes the entrepreneur for the current period in the
production of that machine. The scientists choose which sector to direct their research

against in order to maximize their expected profit.

The dirty input production increases the temperature due to a larger carbon stock. When
the temperature increases, environmental quality goes down. If the environmental quality
falls below a critical threshold, an environmental disaster will happen, and the utility of the

consumer goes to minus infinity.

The AABH model is a growth model with endogenous and directed technical change. This
means that the scientists are not randomly allocated between the two sectors, but direct
their research to the most profitable sector in the economy. The model studies the
technological response that follows from different environmental policies, where the

intention is to avoid an environmental disaster.

One of the main results of AABH is that if the two sectors are highly substitutable, carbon
taxes and research subsidies can redirect technical change. These policy instruments are
only needed until the clean sector catches up with the technology level in the dirty sector.
This means that an environmental disaster can be avoided without sacrificing a considerable

amount of long-run growth.



3.2 Model description

This section presents the general framework of the AABH model. It will go through all of the
production sectors: Final good, intermediates and machines, in addition to the innovation

sector. It will also state the consumer preferences and the environmental constraints.

Production:

Final good:
There is a unique final good Y; produced in a competitive market using clean and dirty

inputs, Y, and Y. The production function of the final good is:

e-1 e-1

(1) Y, = (thT + Yy ¢ ); ’

where t denotes time and ¢ is the elasticity of substitution between the two inputs. When
€ > 1 the two inputs are gross substitutes, and when € < 1 they are gross compliments. |
will from now on assume that € > 1, which indicates that clean technologies can substitute

for dirty technologies. The price of the final good is normalized to 1 so that:

1
(2) [per €+ pas Flie = 1,

where p.; and pg; are the prices of the clean and dirty inputs.

The production function (1) is constant returns to scale. Thus, the quantity Y; is decided by
demand, and the final good producers choose the use of the two input factors according to

the following cost minimization problem:



(3) miny,, v, {bct¥er + PatYar

e—1

e-1 &
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taking the input prices as given. The first order conditions with respect to the two inputs are

given by:

4 ¢ [y et Y &1 :81_1 s—lY &1y —0

(4) Y3 ctg+dtg] X —fee e  —Pa=0
P R - ot S

(5) Y3 Yoo ¢ +Yq ¢ ] X —VYg ¢ —par =0,

where y is the Lagrange multiplier. From the first order conditions it follows that the

producers will use a combination of clean and dirty inputs according to:

1

©) pet (22 .

Pdt Yar

The AABH model assumes that initially the clean sector is sufficiently backward relative to
the dirty sector, so p.+ > pg:- This means that when producing the final good, the dirty

input will be used more than the clean.

Intermediate:
The two inputs Y., and Y,;; are produced using a continuum of sector specific machines and

labour:



— 1 — .
(7) Y=L ¢ Js Ajie' ™% x5, % di,

where a € (0,1), 4j;; is the quality of the machine of type i used in sector j € {c,d} at time t,
Xji; is the quantity of the machine used, and Lj; is labour in each sector. That the machines
are sector specific means that if a machine is used in the clean sector, it will not be used in
the production of the dirty input. Following Greaker and Heggedal (2012), the producers of

the intermediates maximize their profits under competitive conditions according to:
1 .
(8) Maxy,;, x;; {(pjt — Tje)Yje — welje — fo Djit Xjit dl}'

where w; is the wage at time t, 74, is the carbon tax (., = 0) and pj;; is the price of
machine type i used in sector j € {c, d}. When inserting for Y;; from (7), (8) can be written

as:
1-a (1 1-a a q; 1 ;
9) maxy,, x;, {(pjt = Tjt)Lj¢ fo Ajie " Xjie ™ di — welje — fo Djit Xjit dl}-

From the first order condition the demand for machine type i is given by:

1

(10) Xjip = (M)H Lj Ay

Djit

The market clearing condition for the labour market requires that labour demand in both

sectors must be equal to total labour supply:



(11) Lee + Lge = 1,

where total labour supply is normalized to one.

Machine producers:
In both sectors monopolistically competitive firms supply the machines. The machine

producers solve the following maximization problem:

(12) max ., {pjiexjic (Pjic) — YA — )% (pjir) },

where x;;; is a function of pj;; given by (10). It costs 1 units of the final good to produce one
unit of any machine, and s is the subsidy rate to correct for the monopoly distortion®. The

first order condition with respect to pj; is:

(1-s)
(13) Djic = P09,

a

which gives the machine price. The model assumes 1) = a? and inserting for pjic from (13),

(10) can be rewritten as:

1

@jt=Tj)\1-a
(14) Xjit = ( e ) L Ajie,

LA monopolist will set the price too high and the quantity to low compared to the social optimum.
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where Xx;;; is the demand for machine type i used in sector j.

Greaker and Heggedal (2012) have shown that the optimal subsidy rate that gives price
equal to marginal cost is s = 1 — a. The equilibrium profits of machine producers are then

found using (12) - (14) and can be written as:

1-2a

1
(15) mjie = (1 — a)a-a (pjy — Tjp)1-aLjiAjyy.

This expression is essential; it gives the per period profit of holding a patent on machine type

i used in sector j. It will be discussed in further detail under the innovation part.

Consumption:

The AABH model considers an infinite-horizon discrete time economy with one infinitely-

lived representative consumer. The representative consumer has preferences given by:

w 1
(16) Xizo FE u(Ce, Sp),

where C; is consumption of the final good, t denotes time and p is the discount rate.
St € [O, E] measures the environmental quality, where S is the maximum level which is

obtained when there is no human pollution.

The consumer’s preferences are of the Ramsey type, where the infinitely-lived consumer

1 . . . .
wwT: is the discounting function of

future periods, which may be interpreted as the probability of the world’s existence at

represents a family covering all generations. The term

timet.

11



Since there is no saving between periods, the market clearing for the final good implies that:

1 . 1 .
(17) =Y, -9y (fo Xcit di + fo Xaie di ),

where C; is consumption of the final good. The production of the final good in one period is
used for consumption in the same period, except the units that are used in machine

production.

The utility function is increasing in consumption and environmental quality. It is twice
differentiable and jointly concave in (C, S). The AABH model imposes the following

conditions:

(18) limclo % = 0O, limslo % = 0o, limslo u(C, S) = —0O,

meaning that when the environmental quality goes towards zero, the utility consequences

for the representative consumer will be severe. The model also assumes:

au(c,S) _

(19) P

0,

which implies that when the environmental quality is at its maximum level, the value of a

further marginal increase will be zero.

12



The environment:

The environmental quality S; evolves over time according to:

(20) Sey1 = =Yg + (1 +6)S,,

as long as the right hand side of (20) is in the interval (0, S). If it is greater than S, Str1 = S,
and if the right hand side is negative, S;.; = 0. The parameter ¢ is the rate of environmental
degradation resulting from the dirty inputs production, while § is the rate of environmental
regeneration measuring how much pollution the nature can neutralize. If the environmental
quality becomes critically low to a point of no return, we have what is defined as an

environmental disaster. This happens if S; = 0 for some t < oo.

Innovations:

There is an innovation sector divided between clean and dirty technology. At the beginning
of every period each scientist decides which sector to work in, and they are then randomly
allocated to at most one machine. The scientist is successful in innovation with probability
n; € (0,1) in sector j € {c,d}. A successful innovation increases the quality of a machine
from Aj;; to (1 + y)A;;, where y > 0. If a scientist is successful in innovating a better
version of machine i, he or she obtains a one-period patent and becomes the entrepreneur
for the current period in the production of that machine. In sectors where innovation is not
successful, a randomly chosen entrepreneur will receive the monopoly rights and then use

the old technology.

The machines have different productivity, and the scientists do not know which machine
they will be allocated to. When deciding which sector to work in, they therefore base their
decisions on the average productivity of the machines in each sector. The average

productivity in sector j is given by:

13



1 .
(21) A]t = fO Ajit dl,

and evolves over time according to:

(22) Aje = (1 + ansjt)Ajt—l;

where s;; denote the number of scientists working on machines in sector j at time t. The
average productivity in sector j today depends on the productivity level in that sector the
previous period, the number of scientists doing research in that sector and the probability of
a successful innovation. The initial levels A,y and A, are given, and the AABH model

assumes that the clean sector is sufficiently backward relative to the dirty sector.

A scientist will base his decision on the expected profit when deciding which sector to work
in. If the scientist is successful in innovation, he/she will obtain a monopoly profit for one
period given by (15). The expected profit I1;; for a scientist doing research in sector j at time

tis therefore:

1-2a

1
(23) 0y =11+ y)(A —a)ar-a(pj — Tjr)1-aLjAje_4.

The expected profit equals the monopoly profit in the last period before the innovation
occurs, multiplied with the quality improvement (1 + y) and the probability njofa
successful innovating in that sector. The profitability increases with the number of workers
Lj; employed in the sector and with the average productivity of the machines A;;_;. The
expected profit of a scientist in sector j is larger the higher the price of the input the sector

produces, which is denoted by p;.

14



The relative benefit from undertaking research in the clean sector relative to the dirty sector

follows from (23) and is given by:

1

@ Dol (e YT, s dew
Hge Nd Pdc—Tdt @L Age-1’
price effect market size ef fect direct productivity ef fect

The higher this ratio, the more profitable is R&D in the clean sector. AABH define three

effects that are affecting the profitability:

1. The price effect, which favours the sector with higher prices. A tax on dirty inputs will
therefore favour clean R&D.

2. The market size effect, encouraging innovation in the sector with the larger market
for machines when the two input are substitutes. AABH assume that initially there is
a larger market for dirty machines, so this effect will favour the dirty sector.

3. The direct productivity effect, which pushes innovations towards the sector with
highest productivity. This is due to the standing on shoulders effect given by
1+ y)Ajit, indicating that the productivity improvement is higher the more
advanced the sector is. This effect will favour the dirty sector, since AABH assume

that initially the clean sector is relatively backwards in comparison.

If the expression in (24) favours the dirty sector, the social planner can introduce a subsidy
to make R&D in the clean sector more profitable. The expected profit from undertaking

research in the clean sector when there is a research subsidy becomes:

1
1-2a a

(25) Mee = (1 + gOn.(1+ )1 — )aapy LA,

where q; is the subsidy rate. The subsidy is given to successful scientists in the clean sector

and is financed through a lump-sum tax on the representative household.

15



The number of scientists is normalized to 1, and the market clearing condition for scientists

requires that each scientist is employed either in the clean or dirty sector:

(26) SCt + Sdt = 1.

Since the expected profit of one scientist is not affected by the choice of the other scientists,
all the scientists will choose the same sector. The solution will therefore be a corner solution

where s or sz = 1.

3.3 Results

This section states the main results of the paper by AABH. It distinguishes between the

business as usual equilibrium and the situation with optimal policy intervention.

3.3.1 Laissez-Faire Equilibrium

AABH characterize the laissez-faire equilibrium as the situation without any policy
interventions. They assume that initially the dirty sector is more advanced relative to the
clean sector, and show that there exists a unique equilibrium where innovations only occurs
in the dirty sector. The scientists will direct their research towards the dirty sector in order
to maximize their expected profit. A4, will grow, while A, will remain constant, so the gap
between the two sectors will increase even more. The dirty input production Yy, will
increase over time which makes the carbon stock larger. Without any policy interventions

this leads to an environmental disaster.

3.3.2 Socially optimal allocation

The social optimal allocation must correct for three market failures: The environmental

externality from dirty input producers, the knowledge externalities from R&D and the

16



monopoly distortion in the production of machines. AABH shows that this can be done by

using a carbon tax, a subsidy to clean innovations and a subsidy for the use of all machines.

The social planner maximizes the utility of the representative consumer using the available

policy instruments. The social planner’s problem becomes:

00 1
(27) mathzO(H—p)tu(Ct, Se),

subject to (1), (7), (11), (17), (20), (22) and (26). AABH finds a dynamic path of final good
production Y;, consumption Cy, input productions Y;;, machine productions x;;;, labour
allocations Lj;, scientist allocations s;;, environmental quality S;, and qualities of machines

Ajit, which determines the socially optimal allocation.

The optimal policy involves avoiding an environmental disaster by switching the innovations
towards the clean sector. When the two inputs are substitutes, all research can be
redirected to the clean sector by introducing a R&D subsidy that is sufficiently high. The
ratio A, /Aq4: Will increase, which increases the profitability of the clean sector compared to

the dirty sector.

If the two inputs are strong substitutes and initial environmental quality is high enough, an
environmental disaster can be avoided by introducing a temporary research subsidy. When
the ratio A.;/Aq: has become sufficiently high, scientists will direct their research to the
clean sector even without a subsidy. However if the two inputs are weak substitutes,
temporary research subsidies are not enough due to the price effect. The subsidies need to

be permanent in order to avoid an environmental disaster.

An emission tax is used to correct for the environmental externality. This tax reduces the
production of the dirty input and discourages innovations in the dirty sector. To only use a
carbon tax to correct for both the environmental externality and the knowledge externalities

from R&D, would lead to excessive distortions. This would imply a higher carbon tax that

17



would reduce consumption and distort production more than when a R&D subsidy is used as

well.

A subsidy for machines is used to correct for the monopoly distortion. In a monopoly
situation too few machines are sold due to higher prices. By introducing a subsidy, the price

of the machines will go down, and the optimal amount of machines will be used.

AABH uses numerical simulations to illustrate the implications of their findings. The results
from the numerical analysis presented in the article by AABH are illustrated in figure 1. AABH
considers three different cases [¢ = 10,p = 0,015], [e = 3,p = 0,015], and

[e =3,p=0,001].

The optimal environmental policy from AABH

Panel A Panel B
z ) ]
& 3r 1
E - §
a 25} £ % 0.8t
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Figure 1: The results from the AABH model. This figure is borrowed from the article by AABH.

Case 1: The situation when [¢ = 10, p = 0,015] is illustrated by the green (or solid) line.

Panel A shows that the optimal subsidy to clean research is decreasing and only temporary.
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Panel B shows that the optimal environmental policy involves switching all the scientists
towards the clean sector in the first period. In panel C the optimal carbon tax is illustrated.
The tax is very low and is only needed for a limited period. This is because the immediate
switch to clean R&D makes this tax unnecessary, and because environmental damages are

negligible as long as A;< 6°C.

Case 2: The situation when [¢ = 3, p = 0,015] is illustrated by the red (or small dotted) line.
Panel B shows that the optimal shift to clean research occurs around year 50. In panel A the
optimal subsidy is larger and last longer compared to case 1. This is because the switch to

clean research occurs later. Panel C shows that there is a much higher carbon tax compared

to the other cases, and that it will increase over time.

Case 3: The situation when [¢ = 3, p = 0,001] is illustrated by the blue (or long dotted) line.
Panel B shows that all research will be redirected to the clean sector immediately. In panel A
the subsidy will be larger than in case 1, but smaller than in case 2. The optimal carbon tax is

illustrated in figure C. The tax is very small, but a little higher than in case 1.

The AABH model concludes that when the two inputs are highly substitutable, an
environmental disaster can be avoided without sacrificing a considerable amount of long-run
growth. This is a more optimistic view than the answers from exogenous technology models

and depends on the assumption of endogenous and directed technical change
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4 Atworegions model

4.1 Model description

The AABH model analyses the whole world as one unit. In this section | will extend the model
into two regions, which | name Environmental Concerned (E) and Unconcerned (U). | will
assume that only Environmental Concerned cares about the environment. Since countries
have different locations, economic situations and resources, it is reasonable that they have
different environmental concerns and politics. This is also supported by the lack of an

international climate agreement between all countries in the world.

The clean and dirty technologies are not defined in the article by AABH. | will in this model
assume that the final good is electricity, and that the two inputs are electricity from clean
and dirty production methods. The clean inputs are electricity from sources such as wind,
solar and hydro, while the dirty inputs are electricity from sources such as coal, oil and gas.
The electricity assumption is made due to its increasing share of total energy demand and its
potential for renewables, which is shown by the IEA in the Energy Technology Perspectives

2014°.

The two regions different environmental concerns are reflected by the preferences of the

consumers. Each region will have its own representative consumer, so the global framework
will have two representative consumers. The consumer in Environmental Concerned has the
same preferences as in AABH, but the consumer in Unconcerned now has preferences given

by:

0 1
(28) Zt=0(1+—p)t uy (Cy)-

2 “Since the 1970s, electricity’s overall share of total energy demand has risen from 9% to over 17%” (IEA 2014
p.10). The International Energy Agency predicts that it will continue to rise and be at 25% by 2050. According to
their numbers the global share of renewables was 13,2% of the total energy supply in 2012. The share of
renewables in electricity generation was almost 22% in 2013, which is a 5% increase from 2012.
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which indicates that the utility function of the consumer in Unconcerned is not affected by

the environmental quality.

Both regions produce the final good and also the intermediates according to the framework
above, so each region will have its own version. The variables subscript will be extended with
r € {E, U} that indicates the region. The elasticity of substitution between the two inputs &
will be the same in the two regions. Each region uses their final good for consumption and
production of the machines in their own region, so there is no trade. Since we think of Y as
electricity, the no trade assumption is reasonable if we look away from trade in fossil fuels

and assume coal in unlimited amounts in both regions.

The population in Environmental Concerned/ Unconcerned is employed in either the clean
or the dirty sector where they live, so labour is not mobile between the two regions. The
market clearing condition for the labour market requires that labour demand in both sectors

in one region must be equal to total labour supply in the same region:

(29) Legr + Laer = L_r:

where E and E is total labour supply in Environmental Concerned and Unconcerned. The
two regions are endowed with equal amount of labour which is normalized to one, hence

Lp = Ly = 1. This indicates that the population size is the same in the two regions.

The pollution function is global, and it does not matter if the pollution is done by
Environmental Concerned or Unconcerned. The global environmental quality S; evolves over

time according to:

(30) Sts1 = —E(Yaer + Yary) + (1 + 6)Sy,
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where Yy is pollution from Environmental Concerned, and Yy, is pollution from
Unconcerned. The environmental quality will therefore be the same in the two regions and
depend on the total pollution. The properties of this equation will otherwise be the same as

in the initial framework.

The scientists have a global perspective and sell their machines to both regions. Each
machine is sector specific, so a scientist that obtains a patent on a clean machine becomes
the machine producer of that machine in the clean sector in both regions. A;;; which is the
quality of the machine of type i is therefore the same in both regions, meaning perfect
technology transfer. The per period profit of holding a patent on machine type i used in

sector j now becomes:

(31) Tie = TWieg + Wiy

1-2a 1 1
= (1 —ao)at-a Ay |(Pjee — Tjee)1-Ljp + (ij)l‘“thu] :

The scientists will take the expected profit from both regions into account when deciding
with sector to direct their research towards. The expected profit I1;; for a scientist doing

research in sector j at time t is therefore:

(32) e = Hjep + My

1-2a 1 1
=n;1+y)A—-a)at-ahj_4 (Pth - Tth)l_athE + (pth)l_athU .

The relative benefit from undertaking research in the clean sector relative to the dirty sector

when there are two regions is given by:
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(33) Ret = Te Actor X
Har Nd Adt-1

direct productivity ef fect

1

( Pcte )1—a % Letg
Pate — Tdte Latg
——

price ef fect Environmental Concerned  market size ef fect Environ. Concerned

1

n (Pctu )ﬁ 9 Lty ’
Patu Lary
——

price ef fect Unconcerned  market size ef fect Unconcerned

where the effects are described in the general framework. Each region will therefore effect

the scientists decision through the price effect and market size effect.

The government in Environmental Concerned can introduce a subsidy to clean research in
order to make the clean sector more profitable for the scientists. The expected profit from

undertaking research in the clean sector then becomes:

1-2a 1

1
(34) Mee =n.A+y)A—-—a)ar-aAyq [(1 + qg) Pcte) 2Ll + (pctU)l_“LctU]r

where g, is the subsidy rate in Environmental Concerned. Since Unconcerned does not care

about the environment, their subsidy rate to clean research q;y will always be 0.

For simplicity | assume that the Unconcerned region will not try to affect the R&D decision.
This assumption will be discussed later in chapter 5. Without this assumption it is possible
that the Unconcerned region starts subsidizing dirty R&D in order to neutralize the subsidy

from Environmental Concerned.
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4.2 Equilibrium condition

In the AABH model the social planner maximizes the discounted utility of the representative
consumer as shown above in equation (27). In the two regions framework there will be two
social planners, one for each region. The social planners maximize the discounted utility of

the representative consumer in its own region using the available policy instruments.

The planner in Environmental Concerned can use a carbon tax, R&D subsidy to clean
innovations and a subsidy to machines in order to maximize the discounted utility of its
representative consumer. Since the consumer in Unconcerned does not care about the
environment, the only policy instrument the planner in Unconcerned will use, is the subsidy
to correct for the monopoly distortion. | assume that this subsidy will always take place in

both regions in order to focus on the environmental considerations.

In the first period the scientists choose either the clean or the dirty sector in order to
maximize their expected profit. Since the expected profit of one scientist is not affected by
the choice of the other scientists, all the scientists will choose the same sector. If the social
planner in Environmental Concerned wants to redirect innovations towards the clean sector,
he/she must make the clean sector equally or more profitable for the scientists compared to

the dirty sector.

In order to solve the two regions model, | define the equilibrium condition as the situation
where the two social planners maximize the utility of their representative consumers given
their policy instruments, and where none of the scientists wish to change their decision in
any of the time periods. If all the scientists are in the clean sector, this sector will also be the
sector where the expected profit is largest in order for the equilibrium condition to hold. The
equilibrium solution will be a corner solution where all the scientists do research in the same

sector. This follows from earlier discussion of the corner solution in AABH.

In figure 1 the optimal environmental policy results from AABH are illustrated. In order to
solve for the equilibrium solution in the two regions framework, | need to move on to

numerical analysis.

24



5 Numerical model

5.1 Model description

In this section | will use a numerical framework to analyse the two regions model. The model
is solved for 28 periods of 5 years each, so the time period is from 2010-2150. The numerical
model is an extension of the quantitative example in the article by AABH and the simulations

by Greaker and Heggedal.

The evolution in the concentration of CO, in the atmosphere is given by:

Y Y
(35)  Ceopess = & (FHETAY) 4 (1 + d)Ce,  — 11204,

where C¢,, ; is the carbon stock at time t. Greaker and Heggedal set the initial level of the
carbon stock to 379 ppm, and | will also use this value. The parameters ¢ and d is chosen to
yield a reasonable evolution of the carbon stock in the business as usual (BAU) situation. In
order to achieve this | use the values ¢ = 4 and d = 0,00375215, which is also used by

Greaker and Heggedal.

The temperature increase from the concentration of CO, is given by:

(36) A= 3log, (%)

This equation from the AABH framework implies that a doubling of CO, concentration in the

atmosphere leads to a 3°C increase in current temperature.
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Environmental quality in AABH is given by:

_ _ (Adisaster_A(St))l_/’lAéi_s:tzster(Adisaster_A(St))
(37) ¢ =(A(S)) = R ,

disaster

where a disaster is defined as an increase in temperature equal to Ag;sqster= 6°C. A(S,) is
the temperature increase function depending on environmental quality. Greaker and
Heggedal have used the direct temperature increase instead, and this is the framework | will

follow.

The environmental quality function is therefore written as:

_ (6—Ap*—-262"1(6-Ap)
(38) ¢t - (1—).)61 )

where A, is given by (36). If A; = 6, then ¢, = 0. In order to match this function with the
Nordhaus’s damage function for temperature increases up to 3°C, AABH set 4 = 0,1443,

which is the value | will use.

The utility function used by AABH and Greaker and Heggedal is:

«Cp)1=0
(39) u(C,, S,) = B

1-0

where ¢, is given by (38), C; is given by (17) and o is the intertemporal elasticity of
substitution. | will use this utility function for the representative consumer in Environmental
Concerned. The consumer in Unconcerned thus not cares about the environment so his

utility function will be:
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1-0

(40) uy (Cry) = -

1-0 '

AABH set 0 = 2 which matches Nordhaus’s choice of intertemporal elasticity of substitution,

and | will use this value in the simulations.

The AABH model considers two different values for € and p as illustrated in figure 1. Since |
assume that the final good is electricity, | will use € = 10 which is the high value. This choice
is based on the assumption that clean electrical power and dirty electrical power is highly
substitutable. | use the same discount rate as Greaker and Heggedal so p = 0,015. The
capital share is chosen by AABH to @ = 1/3, the probability of a successful innovation is the
same in both sectors ., = n; = 0,02 and y = 1, so that long-run annual growth rate is

equal to 2 percent.

The initial productivity levels A,y and A4, are given. In order to achieve a reasonable
business as usual situation the initial values are set to A;o = 1 and A,y = 0,8, which yields a
renewable share of 18,428% in period 0. IEA estimates that in 2011 about 21% of world
electricity generation was from renewable energy, so these numbers seem reasonable. The
simulations are also done for A,y = 0,65 and A, = 0,5 in order to see how the initial

productivity gap between the two sectors affects the results.

5.2 Results

5.2.1 Business as usual (BAU)

In the BAU situation no policy instruments are available, so there are no government
interventions due to environmental considerations. The government in Environmental

Concerned will not subsidize clean R&D, and there is no carbon tax, so q;z = Tz = 0.

The scientists will compare the expected profit between the two sectors in the first period.
Since the expected profit is higher in the dirty sector in the BAU situation, all the scientists
will direct their research towards that sector. The productivity development depends on the

27



number of researchers, and since all scientists are in the same sector, only the dirty
machines will have productivity growth. This will make the dirty sector even more profitable

compared to the clean, so all the scientists stay in the dirty sector.

BAU situation

Productivity Profit
6,000 0,500
/ / - 0,450

>,000 / / - 0,400
' = Productivity clean

4,000 - 0,350

- 0,300
e Productivity dirty

3,000 0,250

2 000 // - 0,200 = Eprofit scientist dirty
1,000 - 0,100 == Eprofit scientists clean
- 0,050
0,000 L= 0,000
2010 2030 2050 2070 2090 2110 2130 2150

Year

Figure 2: The BAU case shows the development of productivity levels in the two sectors and the expected profit

to scientists doing research in the two sectors.

Figure 2 illustrates this situation graphically for A ;o = 1 and A,y = 0,8. The left vertical axis
measures the productivity level in the two sectors, while the right measures the expected
profit for the scientists. The horizontal axis is the timeline between 2010 and 2150. Initially
in 2010 the productivity gap is 0,2 and the difference in expected profit is 0.090 between the
two sectors. The blue line shows how the productivity in the dirty sector grows over time.
The purple line shows how productivity in the clean sector stays constant, since there are no
scientists working on clean machines. The red line is the expected profit of a scientist doing
research in the dirty sector, and this increase together with the productivity growth. The
green line is the expected profit of a scientist in the clean sector, which starts at 0,032 and

drops towards zero as time goes by. The profitability of choosing the dirty sector for a
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scientist will therefore increase over time, so no scientist wish to deviate from the dirty

sector. The equilibrium condition holds, so this corner solution is stable.

The two regions have the same production function and will use the same amount of the
clean and dirty inputs in the BAU case. As time goes by, the production of the clean input will
decrease, and labour will move towards the dirty sector. The firms will use less and less of
the clean input and clean machines, and eventually there will be no activity in the clean
sector. Since both regions use more and more of the dirty input, the carbon stock will
increase and so will the temperature. The amount of consumption will be equal in the two

regions in the BAU situation.

Environment/ BAU situation
Consumption Discounted utility
6,000 7 7 0,100

/ / - -0,100
>000 / / - -0,300
4,000 - -0,500 = BAU temp increase
/ / - -0,700  ———Environmental quality
3,000 -0,900

= Consumption

// - -1,100 Discounted utility U

- -1,300  ———Discounted utility E

1,000 _\ - -1,500
r\— -1,700
0,000 -1,900
2010 2030 2050 2070 2090 2110 2130 2150
Year

Figure 3: The BAU case shows that without any policy interventions the economy moves towards an

environmental disaster.

Figure 3 shows the environmental changes and how these affect the consumers for A;, = 1
and A,y = 0,8. The left vertical axis measures the environmental quality, consumption and

temperature increase which is equal in the two regions. The right vertical axis measures the
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discounted utilities in the two regions, and the horizontal axis is the timeline between 2010
and 2150. The red line is the temperature increase, which increases due to a larger carbon
stock as time goes by. The purple line is consumption, which rises over time and is equal in
the two regions in the BAU situation. The blue line is environmental quality which decreases
as the temperature increases, and it approaches 0 when the temperature increase is 6°C,
which is the situation AABH refer to as an environmental disaster. The yellow line is the
discounted utility for the consumer in Unconcerned, which increases due to increased
consumption. The green line is the discounted utility for the consumer in Environmental
Concerned, which follows the yellow line until an environmental disaster occurs. When an
environmental disaster happens, the discounted utility for the Environmental Concerned

region goes to minus infinity.

In the BAU situation without any policy interventions, the economy is headed towards an
environmental disaster with no economic activity in the clean sector. If the initial
productivity level in the clean sector is A,y = 0,65 or A,y = 0,5 instead of A,y = 0,8, this
result will not change. The consumers will be better and better off until the disaster occurs,
but when it happens, it will have severe consequences for the consumer in Environmental
Concerned. The interpretation of this can be that one of the regions is more exposed to
natural hazards such as storms, earthquakes and sea level rise. The United Nations
University and the Alliance Development Works have calculated the World Risk index
featured in the World Risk Report 2014, which rank the countries around the world based on
their vulnerability and exposure to natural hazards. This report shows that there are large
differences between the countries, which may lead to different environmental concerns

(UNU-ADW).

5.2.2 Research and development subsidy (R&D)

In the BAU situation the utility of the Environmental Concerned consumer goes to minus

infinity when an environmental disaster occurs. In order to avoid this, the government in the
Environmental Concerned region can introduce a subsidy (financed through a lump-sum tax
on the representative household) to clean research, making the clean sector more profitable

for the scientists.

30



In order to avoid an environmental disaster, the Environmental Concerned region must
redirect innovations towards the clean sector. If the expected profit of a scientist is larger in
the dirty sector than in the clean, the Environmental Concerned region will introduce a
subsidy making the clean sector equally or more profitable compared to the dirty. Since the
expected profit is higher in the clean sector with a subsidy from the Environmental
Concerned region, all the scientists will direct their research towards that sector. The

ratio A /Aq4¢ Will increase, and when it has become sufficiently high, the scientists will direct

their research to the clean sector even without a subsidy.

Since the two inputs are substitutes, all research can be redirected to the clean sector by a
temporary subsidy that is sufficiently high. How long the government in Environmental
Concerned must subsidize the clean sector, and how large the subsidy must be, depends on

the initial productivity gap between the two sectors.

R&D subsidy
Subsidy
0,160
0,140
0,120 =
0,100
N\ ——R&D subsidy 0,80
0,080 N\
0,060 \ \ == R&D subsidy 0,65
N\ AN R&D subsidy 0,50
0,040 N .
0,020
0,000
2010 2015 2020 2025 2030 2035 2040 2045
Year

Figure 4a: The subsidy needed to redirect innovations towards the clean sector for different productivity levels.

31



R&D subsidy in terms of Y
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6,000 N\

5,000 N\ ——R&D subsidy 0,80
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\ \ R&D subsidy 0,50
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Figure 4b: The subsidy needed to redirect innovations towards the clean sector for different productivity levels,

measured in % of Y for the Environmental Concerned region.

Figure 4a illustrates how large the subsidy must be in order to redirect innovations towards
the clean sector for the different productivity levels. If A,o = 0,8, the blue line shows that
the subsidy will start at 0,090 in year 2010 and decrease until year 2020. After this period it
will be profitable for the scientists to stay in the clean sector even without a subsidy. If

Aqo = 0,65, the red line shows that the subsidy must be larger and continue longer in order
to redirect innovations. It will start at 0,129 and decrease until year 2030. If A, = 0,5, the
subsidy must start at 0,144 and continue until year 2045. Figure 4b illustrates the redirecting
cost. It shows the size of the subsidy in terms of total electricity production for the

Environmental Concerned region.

Figure 5 shows how a subsidy can redirect innovations towards the clean sector for

A.o = 0,8. Initially when the expected profit is lower in the clean sector than in the dirty
sector due to lower productivity, the government introduces a subsidy that makes the
expected profit equal or larger in the clean sector. This subsidy is needed as long as the clean
sector catches up with the productivity level in the dirty sector. When the productivity level
in the clean sector is larger than in the dirty sector, the expected profit for the scientists will

be larger in the clean sector even without a subsidy, so the subsidy is no longer needed.
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R&D subsidy

2010 2030 2050 2070 2090 2110 2130 2150

Year

Productivity Profit/Subsidy
3,000 1,000
2500 / / - 0,900 Productivity clean
' / / - 0,800
L Productivity dirt
2,000 0,700 A\ y
/ / - 0,600 Eprofit scientists dirty
1,500 0,500
- 0,400 Eprofit scientists clean
1,000 - i without subsidy
0,300 R&D subsidy
0,500 - 0,200
& - 0,100
0,000 1= L 0,000

Figure 5: The subsidy is only needed until the productivity level in the clean sector catches up with the

productivity level in the dirty sector.

If the government in Environmental Concerned choose to introduce a subsidy, an

environmental disaster can be avoided. Figure 6 illustrates the economic situation for

Ao = 0,8 with the optimal subsidy given in figure 4a. If the subsidy is sufficiently high, the

environmental quality will stabilize, and the discounted utility will increase as time goes by

for both regions. Compared to the BAU situation in figure 3, the consumer in Environmental

Concerned will be much better off, but the consumer in Unconcerned will be worse off since

there will be a decrease in consumption compared to the BAU situation. The loss in utility for

the Unconcerned consumer will be small compared to the gain for the Environmental

Concerned consumer. The amount of consumption will otherwise be equal in the two

regions.
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Figure 6: An environmental disaster can be avoided if the R&D subsidy is sufficiently high.

5.2.3 Carbon tax

Another policy instrument the government in the Environmental Concerned region can use
in order to avoid an environmental disaster, is a carbon tax. Since the Unconcerned region
thus not cares about the environment, it will not introduce a carbon tax. The government in
Environmental Concerned must therefore consider if it has the possibility to redirect the

innovations to the clean sector by using a carbon tax in its own region.

The key for the government in Environmental Concerned is to introduce a tax high enough,
so that the scientists choose to direct their research towards the clean sector. As the
productivity and activity in the clean sector catches up with the dirty sector, the emission tax

is no longer needed. This is due to the same effects as in the subsidy case.
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Carbon tax
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Figure 7: The innovations can be redirected towards the clean sector by introducing a carbon tax in the

Environmental Concerned region.

Figure 7 illustrates how a carbon tax can switch the innovations from the dirty towards the
clean sector by using a carbon tax when A,y = 0,8. Initially the clean sector has lower
productivity than the dirty sector. The government in Environmental Concerned can by using
a carbon tax make the clean sector equally profitable for the scientists and therefore
redirect the research. As the productivity in the clean sector catches up with the productivity
in the dirty sector, the carbon tax moves towards zero. At this point the expected profit of a
scientist in clean is larger than in dirty, so no scientist wants to redirect his/her research
towards the dirty sector. The equilibrium condition is satisfied, so this corner solution with

all scientists in the clean sector is stable.

If Ao = 0,65 0or A,y = 0,5, the government cannot redirect the innovation by using a carbon
tax alone. The highest possible productivity gap that makes it possible to solve the
environmental problem with a tax alone, is A, = 0,74. This result is crucial and shows that
the initial productivity gap between the two sectors determines which policy instruments

that can be used in order to avoid an environmental disaster.
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5.2.4 Optimal carbon tax when 4., = 0,65and 4., = 0,5

In order to investigate the optimal taxation when A, = 0,65 and A,y = 0,5, the model
needs to be extended. In the numerical simulations | have change the periods from 28 to 38,

so the model goes to the year of 2200 instead of 2150.

Optimal taxation (0,65)

Environment/ Tax Utility
1,200 0,100
- - -0,100

1,000 -ﬂ o '0,300
0,800 - -0,500
/ \ - -0,700 Carbon tax

0,600 -0,900 == Environmental quality
- -1,100  e——Discounted utility E
0,400 - -1,300
0,200 - -1,500
- -1,700
0,000 : -1,900
2010 2030 2050 2070 2090 2110 2130 2150 2170 2190

Year

Figure 8: Optimal taxation policy for the Environmental Concerned region when 4., = 0,65, and the

government cannot redirect the innovations towards the clean sector.

Figure 8 highlight the optimal policy of the Environmental Concerned region when

Aqo = 0,65. If taxation is the only available policy instrument, it is not possible for the
government in Environmental Concerned to redirect innovations towards the clean sector
when the productivity gap is of this size. The optimal policy will be an increasing carbon tax
in order to delay an environmental disaster. When the environmental disaster occurs, the
optimal carbon tax will be zero. A carbon tax will only be distortionary in this case, since the

environmental quality will be zero no matter what.
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In the BAU situation an environmental disaster takes place in the year 2150 in all the
situations (Ao = 0,80, A,y = 0,65, A,y = 0,50). When A,y = 0,65, the government in
Environmental Concerned can delay the disaster by introducing an increasing carbon tax as
shown in figure 8. The disaster will then appear in year 2180 instead of 2150. If A, = 0,50,

the government can delay the disaster until year 2175.

5.2.5 Optimal policy

Since the Unconcerned region has no policy instruments and does not care about the
environment, the optimal policy will be from the perspective of the Environmental
Concerned region. The government in Environmental Concerned maximizes the utility of
their representative consumer using two policy instruments: A carbon tax and an R&D
subsidy to clean research. In the optimal policy framework, the social planner in
Environmental Concerned can combine these two policy instruments in order to achieve the

best solution.

The optimal policy involves redirecting all the scientists towards the clean sector, since only
then can an environmental disaster be avoided. It will be optimal for the social planner to
move all the scientists in the first period compared to later. The reason for this is that the
longer the scientists work in the dirty sector, the higher is the productivity gap between the
two sectors. As the productivity in the clean sector catches up with productivity in the dirty
sector, final output increases more slowly compared to the BAU situation. It will therefore
be optimal to move the scientists in the first period in order to minimize the number of

periods with slow growth in final output. This is the same result as in AABH.

In some situations it may be reasonable to believe that the subsidy can only be given to a
fraction of the scientists. If the government in Environmental Concerned can only subsidise
the scientists in its own region, the location of the scientist is crucial. If the majority of the
scientists live in Environmental Concerned and therefore can be subsidised, an
environmental disaster can be avoided. It will be optimal for the social planner to subsidise
every scientist if that is possible. The more scientists that work in the clean sector, the
sooner will the productivity in the clean sector be equal to the productivity in the dirty

sector, and the subsidy will therefore be needed for a shorter time period. If the majority of
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the scientists live in Unconcerned, an environmental disaster cannot be avoided since the

productivity in the dirty sector will always be greater compared to the clean.

The government in Environmental Concerned will use an R&D subsidy to clean research and
a very small carbon tax in the optimal policy framework. AABH have shown that when

e = 10, the carbon tax is very low and applies only for a limited period. The reason for this is
that the carbon tax should correct for the environmental externality from the dirty input, but
since the switch to clean inputs happens almost immediately, this tax is unnecessary. This
result also holds in the two regions framework. Since the optimal carbon tax is very low and
only used for a limited period, there is not much difference between the subsidy case and

the optimal policy situation.

Table 1 is an overview that compares the different utility levels for the different policies
when A, = 0,80. The utility levels are the sum of the discounted utilities for the
representative consumer in all time periods. Total subsidy is the sum of R&D subsidies

needed to redirect the innovations towards the clean sector.

BAU Subsidy | Tax Optimal

Utility E - infinity | - 6,408 | - 6,607 | —6,408
Utility U -5,546 | -6,382 | -6,382 | -6,382
Total Subsidy 0,179 0,174

Table 1: The utility levels and total subsidy needed to redirect innovations when 4., = 0,80.

The utility level for the Environmental Concerned consumer will be equal in the subsidy and
optimal policy case as discussed above. The only difference is that under the optimal policy,
the subsidy needed to redirect the scientists will be a bit smaller. The utility will be higher
when a subsidy is used compared to using a carbon tax, since using a carbon tax both to
reduce emissions and to influence the direction of research, leads to excessive distortions as

shown by AABH.

The consumer in Unconcerned will be worse off when the optimal policy is implemented

compared to the BAU situation. The loss will however be much smaller than the gain of the
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Environmental Concerned consumer, since that consumer’s utility goes to minus infinity in

the BAU situation.

5.3 Discussion

The numerical analysis above depends on several assumptions. In this section | will explain
some of the assumptions | have made about the two regions framework and discuss what

happens if they change. | will also discuss the research subsidy in the AABH model.

The two regions are of equal size in the framework above. If the Environmental Concerned
region is largest, it will be easier to redirect the research since the market size effect from
the Environmental Concerned region in equation (33) will be larger. Similar it will be harder

and more costly in the opposite situation.

In the analysis | have used € = 10, which indicates a high value of substitution between the
two inputs. AABH also considers the situation when & = 3. In this situation AABH finds that
the subsidy needed to redirect innovations is larger and last longer, and that the optimal
carbon tax will be increasing (See figure 1). It is therefore reasonable to believe that if € = 3,

it will be harder and more costly to redirect the research also in the two regions framework.

The Unconcerned consumer’s utility function is independent of the environmental quality in
the two regions framework. This assumption is based on countries different environmental
concerns, and that some are located in areas that are more exposed to natural hazards. It is
reasonable that the Unconcerned consumer will put some weight on the environmental
quality as well, so this assumption is probably too strong. However, since the effect is

relatively small compared to the other region, it is omitted for simplicity.

Earlier | assumed that the Unconcerned region will not try to affect the R&D decision. Since
the consumer in Unconcerned will be worse off when the optimal policy is implemented
(compared to the BAU situation), it is possible that the Unconcerned region starts
subsidizing dirty R&D in order to neutralize the subsidy from Environmental Concerned.

However the loss will be much smaller than the gain of the Environmental Concerned
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consumer, since that consumer’s utility goes to minus infinity in the BAU situation. It will
therefore be possible for the Environmental Concerned region to compensate the
Unconcerned consumer for staying out of the R&D decision, and this is the reason why the

assumption is reasonable.

The research subsidy in AABH is financed through a lump-sum tax on the representative
household. Since there is only one consumer who represents all workers, entrepreneurs and
scientists, the consumer will both pay and receive the subsidy. The representative
consumers utility is therefore not affected by the subsidy. In reality collecting taxes is hard

and will probably cause some kind of costs and distortions.
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6 Conclusion

This thesis investigates if it is possible to redirect R&D in a multi-region world where
countries have different environmental concerns. In order to answer this question | have
extended the AABH model into two regions that are identical in size and technology, the
only difference is their environmental policy. | have looked at how the Environmental
Concerned region can avoid an environmental disaster by introducing different policy

instruments.

In order to avoid an environmental disaster, all the technology improvement must be
redirected to the clean sector. The optimal policy involves redirecting every scientist to the
clean sector immediately by the use of a subsidy for clean R&D together with a very small

carbon tax.

It is reasonable to believe that in some situations the Environmental Concerned region
cannot target all the scientists with a research subsidy. It will however still be possible to
redirect the research if the Environmental Concerned region can subsidize a majority of the
scientists. The process of redirecting technological change will take longer time and be more
costly, but eventually all the research will be redirected to the clean sector, while the activity

in the dirty sector will go to zero as time goes by.

If a research subsidy is not available, the scientist can be redirected to the clean sector by
using only a carbon tax if the productivity gap between the two sectors is not too large. If
Ago = 1, the innovations can be redirected if A, = 0,74. This policy with an emission tax
acting on its own is suboptimal to the case with the research subsidy, since it leads to

excessive distortions.

The Kyoto Protocol has been criticized for not binding developing countries to any emission
targets. Late 2015 a new climate conference is coming up in Paris, where the goal is to
achieve a new international climate agreement involving every country in the world. This
analysis shows that even if some countries choose not to contribute, it will still be possible to
redirect R&D and avoid an environmental disaster if the Environmental Concerned countries

go together and can target a majority of the scientists. This analysis also suggests that
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discussing emission targets might not be the way to go. What really needs to be done is to
increase the research on clean technologies, so they can compete with and eventually

surpass the dirty ones.
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Appendix

This is the mathematical framework used in the two regions case. The variables subscript
r € {E, U} indicates the region. Since the innovation sector is global the quality of the

machines Aj;; and the machine price pj;; will be the same in both regions.

Production and innovation:

Final good:
&1 &1 g
(41) Yir = (YVeer & +Yaer ¢ )e1,
1- 1-¢ .
(42) [pctr‘€ + Paer ]1_‘g =1,
(43) minthr,Ydtr {pctryctr + pdtrYdtr}

-1

&-1 & &
giventhat Yy, = (Yerr & + Yaer ¢ )e1,

(44) Porr (Y—f) e

Pdtr Yaer
Intermediates:
— 1-a (1 1-a a -
(45) Yitr = Ljtr fo Ajir Xjitr di,

1-a (1 1-a a s
(46) maxy; x.. {(pjtr T )L “ Sy Ajie * Xjier® di = WLy —

1 .
Jo Djie Xjier dl};
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1

®jtr—Tjtr) 1-a
(47) Xjier = (%) Ljtr Ajit -

Djit
(48) Letr + Lty = L_r»

Machine producers:

(49) maxp ;. {pjitxjitr (pjit) -y - S)xjitr (Pjit)},
P (1-s)

(50) Pjie = ——, =,

( ) =

Pjtr—Tjtr) \1-a
(51) Xjier = (ﬁ) LjtrAjit,
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(52) Tjier = (1 — @)a1-a (Do — Tjer)1-aLjpr Ajip.
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= (1 —a@)ai-a Ay |(Pjee — Tjee)1-Ljp + (Pjtu)l‘“ij]

Innovations:
1 .
(54) A]t = fO Ajit dl,
(55) Aje = (1 + VUijt)Ajt—p
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direct productivity ef fect
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Patu Lary
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price ef fect Unconcerned  market size ef fect Unconcerned

(59) Sct + Sdt < 1,

With a subsidy from Environmental Concerned:

1-2a 1 1
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Consumption and the environment:
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Environmental Concerned:

o 1
(62) Xtzo m ug(Ceg, St),
(63) limcw —au;i's) = 00, limSlO _augi,s) = ©0
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Unconcerned:
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