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Abstract 
The aim of this paper is to develop a two-sector model to explore green eco-
nomic transformation. The clean energy sector includes a novel technology 
subject to learning by doing and knowledge spillovers across firms. The dirty 
sector generates pollution, global warming and other environmental damage 
from energy used for production. Comparing investment and growth under 
decentralized, or private, decision-making with socially optimal investment 
and growth helps to identify the policies required to promote a green transition 
of the economy. In the decentralized economy, infinitely lived households 
maximize (indirect) utility and individual firms in the two sectors maximize 
profits, so that both externalities are ignored. In contrast, a social planner ac-
counts for the externalities. The result is that investment and thus growth of 
the clean energy sector under decentralized decision-making are too low, whe-
reas growth of the dirty energy sector is too high, compared to the socially 
optimal growth rates of these sectors. The implications are that policies that 
boost green R&D and innovation and impose carbon pricing are necessary. 
These results are in line with policy strategies that advocate economy-wide sup-
port for green innovation, carbon pricing and infrastructure investments for 
clean energy adoption. 
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1. Introduction 

Transition to a low-carbon or “green” economy requires considerable structural 
change. As Fankhauser et al. (2013: p. 903) note: “The creation of a green econo-
my will therefore affect not just a few sectors but the product mix and produc-
tion processes of virtually the whole economy”. However, it is not always clear 
what policies might be required to support green structural transformation. In 
the following paper, this problem is explored through developing a model of in-
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vestment and growth for a two-sector economy. 
Theoretical treatments of green economic transformation often portray it as 

reducing dependence on a “dirty” (i.e. high-carbon and more polluting) energy 
source while increasing use of a “clean” (low-carbon and less polluting) source. 
Or more succinctly, a two-sector economy becomes less reliant on a “dirty ener-
gy” as opposed to a “clean energy” sector (Acemoglu et al., 2012; Greaker et al., 
2018; Hart, 2019; Mattauch et al., 2015). However, the various modeling approach-
es to this problem often differ in their policy conclusions. For example, directed 
technical change models, such as by Acemoglu et al. (2012) and Greaker et al. 
(2018), generally conclude that policies to direct research and development (R&D) 
away from “dirty” energy towards “clean” sectors are more important compared 
to carbon and pollution pricing. In contrast, general equilibrium-inspired mod-
els, such as Hart (2019) and Mattauch et al. (2015), suggest that both policies are 
necessary for green transformation. 

The following simple two-sector model of investment and growth explores green 
economic transition under decentralized versus socially optimal decision-making. 
Both sectors display unique externalities. As the clean energy sector includes a 
novel technology, there is learning by doing and a positive knowledge spillover 
across firms. The dirty sector generates pollution, global warming and other en-
vironmental damage from energy used for production. In the decentralized econ-
omy, infinitely lived households maximize (indirect) utility and individual firms 
in the two sectors maximize profits, so that both externalities are ignored. In con-
trast, a social planner accounts for the externalities. The result is that investment 
and thus growth of the clean energy sector under decentralized decision-making 
are too low, whereas growth of the dirty energy sector is too high, compared to the 
socially optimal growth rates of these sectors. As suggested by Hart (2019) and 
Mattauch et al. (2015), the socially optimal policy response consists of both car-
bon pricing and public support for clean energy innovation. 

2. Model 

The economy comprises two sectors, one which uses a “clean” (low-carbon and 
less polluting) energy source and the other employs a “dirty” (high-carbon and 
more polluting) source. A representative individual consumes products from both 
sectors, which is modeled here as contributing to the consumer’s indirect utility. 
The aim of this section is to provide the key assumptions underlying these two 
production sectors and consumer behavior, which are then used to explore green 
economic transition under decentralized versus socially optimal decision-making 
in Section 3. 

2.1. Clean Energy (Sector 1) 

The clean energy sector is also denoted as Sector 1. Each firm i in this sector ex-
hibits neoclassical production, with positive and diminishing marginal product 
of each input and constant returns to scale. Technology is assumed to be labor 
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augmenting. Workers in each firm must become familiar with the new technol-
ogy required for clean energy, and as their knowledge of the new technology in-
creases, it augments the effectiveness of labor in production.  

Let 1iY  be the output of firm i, then: 

( )1 1 1 1 1 1, ,i i i i iY Y K A L X= ,                       (1) 

where 1iK  is capital, 1iL  is labor and 1iA  is the index of knowledge employed 
by firm i, and 1iX  is the amount of clean (low carbon) energy used by the 
firm. 

The clean energy technology employed by each firm in Sector 1 is novel and 
thus subject to learning by doing and knowledge spillovers across all firms in the 
sector. As pointed out by Rodrik (2014: p. 470), these characteristics may “exist 
in general for all kinds of new technologies, whether they are of the green or 
dirty kind”, but they are especially relevant to green technologies due to “their 
novelty, their highly experimental nature, and the substantial risks involved for 
pioneer entrepreneurs”. Learning by doing is the result of a firm’s investment so 
that an increase in each firm’s capital stock leads to a parallel increase in its stock 
of knowledge. Knowledge spillover occurs, because each firm’s knowledge is a 
public good that any other firm in Sector 1 can access at zero costs. The implica-
tions of these two assumptions is that the change in each firm’s technology 

1d diA t  corresponds to the overall learning occurring in the sector and is there-
fore proportional to the change in aggregate capital stock of the sector 1d dK t . It 
follows that 1 1iA K= . 

Although each firm uses clean energy in production, following Frankel (1962), 
it is assumed that overall use of this energy source by each firm i depends on the 
capital-intensity (capital-labor ratio) of the firm. That is, letting ( )1 1 1 1,i iK L ′Φ Φ >
0  be the contribution of clean energy to production of 1iY , then (1) can be re-
written as: 

( ) ( )1 1 1 1 1 1 1 1,i i i i iY F K K L K L= +Φ .                 (2) 

Note that an important assumption is that each firm in the clean energy sector 
is small enough to neglect its own contribution to the aggregate capital stock of 
the sector and therefore treats K1 as given in Equation (2). 

In equilibrium, all firms make the same choices (all firms are identical) so that 

1 1 1 1 1 1i i iy Y L Y L y= = =  and 1 1 1 1 1 1i i ik K L K L k= = = . It follows from (2) 
that output per worker is: 

( ) ( )1 1 1 1 1 1 1,iy y f k K kφ= = +                     (3) 

Average product of capital is therefore ( ) ( )1 1 1 1 1 1 1 1y k f K k k kφ= + , and 
using ( ) ( )1 1 1 1 1 1 1,f k K f K k k= , marginal product of capital is  

( ) ( ) ( )1 1 1 1 1 1 1 1 1y k f L L f L kφ′ ′∂ ∂ = − + . 

2.2. Dirty Energy (Sector 2) 

Sector 2 comprises all firms t using dirty (i.e. high-carbon and polluting) tech-
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nology. As in Sector 1, each firm i exhibits neoclassical production, and its energy 
use also depends on the capital-intensity (capital-labor ratio) of the firm. Tech-
nology is labor augmenting, so that effective labor input is 2 2i iA L . However, this 
is old technology that is familiar to all workers and firms in Sector 2. Consequent-
ly, the index of knowledge for this technology is the same and unchanging for 
each firm and can thus be normalized to one, i.e. 2 2 1iA A= = .  

Production for each firm i in Sector 2 is therefore defined by: 

( ) ( ) ( )2 2 2 2 2 2 2 2 2 2 2, , ,i i i i i i i iY Y K L X F K L K L= = +Φ ,          (4) 

where 2iK  is capital, 2iL  is labor, 2iX  is the amount of dirty (high carbon) 
energy used by the firm and 2 0′Φ > . All firms in Sector 2 are identical, so that 

2 2 2 2 2 2i i iy Y L Y L y= = =  and 2 2 2 2 2 2i i ik K L K L k= = = . It follows from (4) 
that output per worker is: 

( ) ( ) ( ) ( )2 2 2 2 2 2 2 2 2 2 2 2,iy y f k k y k f k kφ φ′ ′= = + ∂ ∂ = + .        (5) 

2.3. Utility 

Let per capita consumption of goods and services produced by Sector 1 be c1, and 
per capita consumption of Sector 2 be c2. Total per capita consumption is there-
fore 1 2c c c= +  and utility is defined as ( ) ( )1 2u c u c c= + . Denoting I as total 
income in the economy and N as population, per capita income is I N . If p1 and 
p2 are the vectors of prices associated with c1 and c2 respectively, then the indirect 
utility of a representative consumer is: 

( ) ( )( ) ( )1 2, ,v p p I N v I N P v y= = ,               (6) 

where P is the price index that transforms income into utility, and real per capita 
income is defined as ( )I N P y= . The latter variable is real GDP, or the per ca-
pita production of all goods and services in the economy. For example, if utility is 
expressed as CES preferences for c1 and c2 such that ( )

1

1 2u c c c
ρρ ρ = +  , then the 

indirect utility function of Equation (6) will take the explicit form  
( ) ( ) ( )( )11 1

1 2v y I N p p
ρ ρρ ρ ρ ρ −− −= + . 

3. Decentralized versus Optimal Decision-Making 

The above assumptions from Section 2 concerning production in the clean and 
dirty energy sectors as well as consumer behavior enable exploration of how green 
economic transformation might differ under decentralized as opposed to socially 
optimal decision-making. Such a comparison helps, in turn, to identify the poli-
cies required to promote a green transition of the economy. 

3.1. Decentralized Economy 

In the decentralized economy, infinitely lived households maximize (indirect) 
utility and individual firms in Sectors 1 and 2 maximize profits so that all ex-
ternalities are ignored. These externalities include the spillover of knowledge 
across firms in Sector 1 and the disutility from pollution, global warming and oth-
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er environmental damages from energy used for production in Sector 2.  
Let real GDP, or the per capita production of all goods and services in the 

economy, be 1 2y y y= + , where from (3) ( ) ( )1 1 1 1 1 1,y f k K kφ= +  and from 
(5) ( ) ( )2 2 2 2 2y f k kφ= + . If η  is the rate of discount, n is population growth 
and 1 2,δ δ  is the rate of capital depreciation in Sectors 1 and 2 respectively, then 
the maximization problem of the representative consumer is: 

( ) ( )
1 2

1 20,
max e dn t

y y
J v y y tη∞ − += +∫                   (7) 

subject to ( ) ( ) ( )1 1 1 1 1 1 1 1 1,k f k K k n k cφ δ= + − + − , ( )1 100k k=  and  
( ) ( ) ( )2 2 2 2 2 2 2 2k f k k n k cφ δ= + − + − , ( )2 200k k= . 

The problem yields the following first-order conditions: 

1 2v λ λ′ = = , 

( ) ( ) ( ) ( )( )1 1 1 1 1 1 1 1 1 1 1n n f L L f L kλ λ η λ δ φ ′ ′− + = + − − + 
 , 

( ) ( ) ( )( )2 2 2 2 2 2 2 2n n f k kλ λ η λ δ φ ′ ′− + = + − + 
 . 

The latter two expressions become:  
( ) ( ) ( )( )1 1 1 1 1 1 1 1 1 1f L L f L kλ λ η δ φ ′ ′= + − − + 

  and  
( ) ( )( )2 2 2 2 2 2 2f k kλ λ η δ φ ′ ′= + − + 

 . 

Using 1 1v y λ′′ =   and 2 2v y λ′′ =  , the decentralized growth rates for Sectors 
1 and 2 are, respectively: 

( ) ( ) ( ) ( ) ( )1 1 1 1 1 1 1 1 1 1 1 1 1 11 ,D y y f L L f L k v y vγ σ φ η δ σ′ ′ ′′ ′= = − + − + = −   ,  (8) 

( ) ( ) ( ) ( )2 2 2 2 2 2 2 2 2 2 21 ,D y y f k k v y vγ σ φ η δ σ′ ′ ′′ ′= = + − + = −   .     (9) 

3.2. Social Planner 

The social planner includes the two externalities, which are the spillovers of know-
ledge across firms in Sector 1 and the disutility from pollution, global warming 
and other environmental damages from energy used for production in Sector 2. 
Denoting the latter disutility (in absolute value terms) to the representative con-
sumer as ( )( )2 2z kφ , 0z′ > , 0z′′ < , the maximization problem of the social 
planner is: 

( ) ( ) ( )( )
1 2

1 2 2 20,
max e dn t

y y
J v y y z k tη φ

∞ − +  = + − ∫             (10) 

subject to ( ) ( ) ( )1 1 1 1 1 1 1 1 1k f L k k n k cφ δ= + − + − , ( )1 100k k=  and  
( ) ( ) ( )2 2 2 2 2 2 2 2k f k k n k cφ δ= + − + − , ( )2 200k k= . 

The social planner’s problem yields the following first-order conditions: 

1 2v λ λ′ = = , 

( ) ( )( )1 1 1 1 1 1 1f L kλ λ η δ φ ′= + − + 


1 2v λ λ′ = = , 

( ) ( )( ) ( )( ) ( )2 2 2 2 2 2 2 2 2 2 2f k k z k kλ λ η δ φ φ φ ′ ′ ′ ′= + − + + 
 . 

Using 1 1v y λ′′ =   and 2 2v y λ′′ =  , the socially optimal growth rates for Sectors 
1 and 2 respectively are: 
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( ) ( ) ( ) ( )1 1 1 1 1 1 1 1 1 1 11 ,S y y f L k v y vγ σ φ η δ σ′ ′′ ′= = + − + = −        (11) 

( ) ( ) ( )( )( )( ) ( ) ( )2 2 2 2 2 2 2 2 2 2 2

2 2

1 1 ,D y y f k z k v k

v y v

γ σ φ φ η δ

σ

 ′ ′ ′ ′= = + − − + 
′′ ′= −



  (12) 

3.3. Results and Findings 

It is clear from the above results that green economic transformation will differ in 
the decentralized as opposed to the socially planned economy. That is, investment 
and thus growth of the clean energy sector under decentralized decision-making 
is too low, whereas growth of the dirty energy sector is too high, compared to the 
socially optimal growth rates of these sectors. 

Comparing (8) and (11), 1 1
S Dγ γ> . Growth in Sector 1 under decentralized 

decision-making is too low compared to the socially optimal growth rate. Unlike 
individual producers in Sector 1, the planner recognizes that each firm’s increase 
in its capital stock adds to the aggregate capital stock of the sector and thus con-
tributes to the productivity of all clean energy firms. The social planner therefore 
sets the growth rate of the sector in accordance with the average product of cap-
ital of the sector ( )1 1f L , whereas each firm in sector 1 relates the growth rate to 
the marginal product of capital ( ) ( )1 1 1 1 1f L L f L′− . As the average product of 
capital exceeds the marginal product, the socially optimal growth rate for Sector 
1 is higher than its growth in the decentralized economy. 

Comparing (9) and (12), 2 2
S Dγ γ< . Growth in Sector 2 under decentralized 

decision-making is too high compared to the socially optimal growth rate. Whe-
reas decentralized decision-making ignores the disutility from pollution, global 
warming and other environmental damages from energy used for production in 
Sector 2, the social planner does consider such adverse impacts. Compared to the 
decentralized growth rate, the socially optimal growth rate for Sector 2 is lowered 
by the impact of this disutility ( )( )( ) ( )2 2 2 2z k v kφ φ′ ′ ′− . 

4. Policy Implications 

Overall, the results of this two-sector model of investment and growth tend to 
support the conclusions of Hart (2019) and Mattauch et al. (2015). Green struc-
tural transformation requires policies to induce greater spillover of knowledge 
across firms in Sector 1 and to curb the disutility from pollution, global warming 
and other environmental damages from energy used for production in Sector 2. 
Two broad policies could be adopted to correct each of the externalities and thus 
ensure a faster green transition, i.e. higher socially optimal growth of Sector 1 and 
lower growth of Sector 2.  

To spur more knowledge creation and thus greater spillover across firms in Sec-
tor 1, the government could subsidize clean energy research and development 
(R&D) by all clean energy firms or provide an investment tax credit for their 
purchases of capital goods, or some combination of these policies. Aghion et al. 
(2019) outline an even broader range of policies to encourage economy-wide in-
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novation to transition to clean energy.  
To internalize the pollution externality, the government could tax the carbon 

and other polluting emissions generated by fossil fuel energy use in Sector 2, or 
equivalently, administer a tradeable permit system for these emissions by pro-
ducers in the sector. It is possible that the tax revenues raised by the pollution 
pricing schemes could finance the subsidies to create more clean energy R&D or 
capital investment in Sector 1. If not, lump sum taxes on consumers should make 
up the difference. Alternatively, if tax revenues exceed revenues, the balance could 
be rebated as dividends to consumers or to recycle revenues to lessen payroll taxes, 
pay annual dividends to households, raise the minimum wage, provide payments 
or retraining for displaced workers, and reduce burdens for vulnerable house-
holds affected by the green transition (Barbier, 2020, 2023; Goulder et al., 2019; 
Klenert et al., 2018).  

Carbon pricing and other emission taxes could also promote innovation, which 
then also reduces the disutility from pollution. For example, Fried (2018) finds 
that a carbon tax induces significant innovation in green technologies. This in-
novation response in turn increases the effectiveness of the policy in reducing 
greenhouse gas emissions. As a result of the boost to innovation, the size of the 
carbon tax required to reduce emissions by 30% over 20 years is 19.2% lower. 

To foster greater adoption of clean energy, green transition strategies often 
propose a combination of policies for low-carbon innovations and emissions 
taxes, as well as complementary infrastructure investments. For example, during 
the COVID-19 pandemic, several proposals called for widespread fossil fuel and 
carbon pricing policy reforms, public support for green R&D, smart grids, elec-
trical vehicle charging networks, and other long-term investments to “green” eco-
nomic recovery and speed up a low-carbontransition (Barbier, 2020, 2023; Hep-
burn et al., 2020; O’Callaghan et al., 2022).  

To summarize, the main implication to emerge from the model developed here 
is that a strategy to promote green economic transformation should include both 
policies to direct research and development (R&D) away from “dirty” energy to-
wards “clean” sectors and policies to impose carbon and pollution pricing. This 
is supported by theoretical and empirical research suggesting that carbon pricing 
and green R&D support are the right tools for a low-carbon transition (Blan-
chard et al., 2023). Complementary infrastructure investments to speed up 
economy-wide adoption of clean energy and compensation to vulnerable house-
holds adversely impacted by green transformation may also be necessary. 

5. Conclusion 

A simple two-sector model of investment and growth under decentralized com-
pared to socially optimal decision-making enables exploration of the conditions 
that lead to a green economic transformation. This transition is characterized by 
less reliance of the economy on a “dirty” (i.e. high-carbon and more polluting) 
energy sector as opposed to a “clean” (low-carbon and less polluting) energy 
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sector.  
The main result of the model indicates that, left to private decision-making, 

growth will be too low in the clean energy sector and too high in the dirty energy 
sector. The socially optimal policy response consists of permanent carbon and 
other environmental taxes as well as an R&D subsidy and other support for clean 
energy innovation. This accords with findings from general equilibrium-inspired 
models of green structural transformation (Hart, 2019; Mattauch et al., 2015) 
and also with post-pandemic strategies for green economic recovery (Barbier, 2020, 
2023; Hepburn et al., 2020; O’Callaghan et al., 2022). 
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