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Summary: To analyse the impact of the environmental policies, we start by
reviewing the literature on the environment, technological knowledge and eco-
nomic growth. Then, we build a general equilibrium endogenous growth model
where final goods are produced either in the skilled-labour intensive Clean 
sector or in the unskilled-labour intensive Unclean sector. By solving numerical-
ly transitional dynamics towards the unique and stable steady state, we ob-
serve that environmental policies encourage scale-invariant technological-
knowledge bias. This, in turn, promotes environmental quality, the skill pre-
mium and economic growth. Moreover, the impact of population growth on the 
steady-state growth rate is higher under strong households’ environmental
conscientiousness with future generations.
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Several authors have stressed the tension between growth and the environment, 
showing that environmental degradation can create an endogenous limit to growth 
(Nancy Stokey 1998; Charles Jones 2009). Other authors have stressed that environ-
ment-friendly innovations do not stop sustainable long-run growth (Philippe Aghion 
and Peter Howitt 1998, Ch. 5). 

In this context, it was not surprising that the Kyoto Protocol, including the 
Doha Amendment proposed and adopted in 2012, had come to promote environmen-
tal policies directed to generate clean technologies. However, by assuming exogenei-
ty, the dominant literature on environmental policies has given little attention to 
technological knowledge: William Nordhaus (2007) proposes limited and gradual 
interventions, which reduce long-run growth; Nicholas Stern (2009) recommends 
extensive, permanent and immediate interventions, which involve relevant economic 
cost. 

We contribute to this literature and present more optimistic results, by devel-
oping a dynamic general equilibrium endogenous growth model. In our model, final 
goods are produced either in the Clean sector or in the Unclean sector, and they use 
labour and intermediate goods, which in turn embody innovative designs under mo-
nopolistic competition. The former sector also uses Environmental Goods and Ser-
vices (EG&S) provided by the government (e.g., A. Lans Bovenberg and Sjak 
Smulders 1996). Thus, due to EG&S, fiscal policy has an effect on growth (e.g., Ro-
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bert J. Barro 1990; Miroslav Verbič et al. 2011). Furthermore, in line with the envi-
ronmental policy in several countries, proposals to promote the Clean sector also in-
clude R&D funding (e.g., Heleen Coninck et al. 2008; Carolyn Fischer and Richard 
G. Newell 2008; Nick Johnstone, Ivan Hascic, and David Popp 2010). Due to the 
link between intermediate goods and R&D, R&D directed to improve Clean interme-
diate goods can be encouraged by either a direct subsidy or a subsidy for interme-
diate goods. Policies also have an impact on the relative demand for the different 
types of labour and thus on wage inequality. 

Numerical calculations describing dynamic equilibrium towards the stable and 
unique steady state show that relevant and permanent environmental policies affect 
the technological knowledge, which, in turn, affects positively: (i) the environmental 
quality; (ii) the relative demand for labour and thus the skill-premium – in line with 
the path in developed and developing countries, since the 1980s (e.g., Elias Dinopou-
los and Paul Segerstrom 1999; Daron Acemoglu 2009, Ch. 15); and (iii) the econom-
ic growth rate (e.g., Acemoglu 2009, Part IV). Additionally, EG&S incites an imme-
diate level effect, whereas subsidies only affect the technological-knowledge bias. 

Moreover, we also take into account the growing concern of the existing popu-
lation with future generations, reflecting a higher environmental conscientiousness, 
and we find that the impact of population growth on the steady-state growth rate is 
higher in this setting. 

The paper is organised as follows. In Section 1 we review the related litera-
ture. In Section 2 we present the model. In Section 3 we derive the steady-state equi-
librium. In Section 4 we analyse the effects of governmental intervention. In Section 
5 we conclude with some remarks. 

 
1. Literature on the Environment, Technological Knowledge 
and Economic Growth 

 

The threat of climate change produced by the growing accumulation of greenhouse 
gases (GHG) in the atmosphere, largely due to the growing consumption of fossil 
fuels, has led to an increasing amount of research on climate change policy analysis. 
A large part of the discussion is focused on the effect of various policies in the de-
velopment of alternative and more environmentally friendly productive modes. Thus, 
the Section proceeds by presenting the seminal theoretical literature (Subsection 1.1) 
and empirical literature (Subsection 1.2). 

 
1.1 Theoretical Literature 

 

Technological knowledge has become a central focus in environmental policy, since 
innovations can lower the cost and level of GHG. European Union programs on 
technological knowledge, such as the Renewable Energy White Paper and SAVE on 
energy efficiency, aim to stimulate environmentally friendly innovations. These in-
novations yield a double dividend: stimulate economic growth and generate fewer 
emissions (e.g., Herman Vollebergh and Claudia Kemfert 2005). However, for a long 
time, technological knowledge has been considered a black box in economics. 
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Rather than endogenous technological knowledge, the usual approach has 
been to use neoclassical growth models with exogenous technological knowledge. In 
particular, these models explore the implications of the exogenous technological 
knowledge path on factor prices, factor use, production and growth. Hence, most of 
the literature on environmental policy and growth has assumed exogenous technolo-
gical knowledge, and thus environmental policy exerts only temporary effects on 
growth. 

In the 1990s, new theoretical studies produced revisions of the neoclassical 
growth models allowing for technological knowledge endogeneity (e.g., Paul Romer 
1990; Gene Grossman and Elhanan Helpman 1991; Aghion and Howitt 1992). The 
new research proposed well-articulated general equilibrium growth models based on 
R&D and sought to explore the role of technological knowledge in the growth 
process. In these new theoretical works, technological knowledge is determined by 
private and public sectors within the economic system, since economic agents can 
devote resources to R&D activity, and it is assumed that technological knowledge 
has features of public good: it is non-rival and only partially non-excludable (through 
patents). 

Through endogeneity it becomes possible to analyse a wider scope of connec-
tions between environmental policy and technological knowledge. Indeed, the pro-
duction possibilities with endogenous technological knowledge depend not only on 
time, but also on past, present and/or future expected prices and policies. For exam-
ple, over longer time horizons, the models incorporating induced technological 
knowledge may project total costs of abatement substantially lower than those re-
ported by conventional models with exogenous technological knowledge (Andreas 
Löeschel 2002). 

According to Adam Jaffe, Newell, and Robert Stavins (2005), there are two 
interacting market failures related to R&D and environmental pollution. The public 
good nature of R&D requires subsidies to compensate for the difference between the 
social and private return of an investment. Negative externalities associated with the 
deterioration of environmental quality require corrective instruments such as taxes to 
restrict pollution. The role of environmental technology policy as the central point of 
the two interacting market failures is usually discussed, but the possibility of produc-
tion with cleaner technologies is ignored. 

In a model without technological-knowledge progress, pollution, as an exter-
nality from production, decreases the utility of the individuals implying that the op-
timal path for the economy is the convergence to a steady state with constant capital, 
production and consumption. With exogenous (e.g., Stokey 1998) or endogenous 
(e.g., Bovenberg and Smulders 1995) technological-knowledge progress, the possi-
bility of the optimal trajectory to grow positively even in steady state is recovered. 

Endogenous technological knowledge progress, together with the implications 
for sustainability, has shifted attention to the link between environmental policy and 
the direction of technological knowledge (e.g., Acemoglu et al. 2012). Indeed, de-
spite the complexity introduced by considering the environment in endogenous 
growth models, a new growth literature has emerged with new insights on the envi-
ronment-growth relation (e.g., André Grimaud and Luc Rougé 2003, 2008). 
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Concerning the relationship between economic growth and environmental pol-
icy, the work of Bovenberg and Smulders (1995, 1996) should be stressed. In the 
1995 study, they offer a two-sector endogenous growth model where economic activ-
ity relies on the extractive use of the natural environment, modeled as a stock of nat-
ural capital. They explore the conditions under which physical output growth is sus-
tainable and compatible with a stable quality of the natural environment. In contrast 
to most neoclassical models, where reproducible factors exhibit diminishing returns, 
they allow for constant returns to scale so that long-run growth is endogenously dri-
ven by preferences, technologies and policy. 

Bovenberg and Smulders (1995) modeled a new technological knowledge that 
enables production to occur in a less polluting way and renewable resources to be 
used more efficiently. They argued two reasons for government intervention: pollu-
tion-diminishing knowledge and environmental quality. They found that, on an op-
timal balanced growth path, revenues from pollution taxes exceed public expendi-
tures on the development of pollution-diminishing technology. They also analyse 
how a more ambitious environmental policy affects long-run equilibrium. 

Bovenberg and Smulders (1996) explore the link between a tighter environ-
mental policy and economic growth. They show that environmental policy exerts 
crucial impact on the long-run growth by inducing major technological-knowledge 
advances in abatement (environmentally friendly) technologies. Considering the en-
vironment a public consumption good, they also found that a reduced pollution level 
harms the productivity of man-made factors, depressing growth. If the environment 
acts as a public productive input, the enhanced environment quality improves prod-
uctivity, offsetting the adverse growth effect of lower pollution. 

Based on the quality-upgrading model of Aghion and Howitt (1992), Grimaud 
and Rougé (2003) showed that there are economic policy tools that allow the imple-
mentation of a balanced optimal growth path and they computed the precise levels of 
those tools. Francesco Ricci (2007) constructed a model with a continuum of goods 
differentiated in pollution intensity and concluded that the environmental taxation 
has a negative effect on a “green crowding-out effect”. Under a vintage model of 
production, Rob Hart (2008) showed that environmental taxes enhance growth and, 
with some restrictions, improve the environment. Minoru Nakada (2004) examined 
the impact of taxation on the profits and showed that environmental taxation has a 
positive impact on growth. Later, Nakada (2010) concluded that environmental tax, 
together with an income tax cut or a profits tax reduction, increases the growth rate. 

Christian Groth and Poul Schou (2007) found that neither a tax on interest in-
come nor a subsidy to capital accumulation affect the long-run growth rate; yet, poli-
cies directed towards the returns to resource protection affect growth. That is, re-
sources taxes are rather of value for long-run growth, whereas traditional capital tax-
es and subsidies only affect levels. Don Fullerton and Seung-Rae Kim (2008) re-
vealed that, relying on the absorption and the regenerative capacities of the environ-
ment, a higher pollution tax may increase growth. 

Grimaud and Rougé (2008) verified that an environmental policy has two 
main effects: it postpones the resource extraction and with it the polluting emissions 
level, and it reallocates research efforts, reducing the grey research in benefit of the 
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green one. Pietro Peretto (2009) found that an energy tax has no effect on steady-
state growth, though it has crucial transitional effects. The tax reallocates labour from 
energy to manufacturing inducing an increase in the aggregate R&D labour. Howev-
er, this productivity growth acceleration is temporary since the manufacturing in-
crease attracts entry, which creates dispersion of R&D resources across firms, offset-
ting the increase in aggregate R&D. 

Other studies on the link between environmental policy and economic growth 
could be referenced; for example: Bovenberg and Ruud A. Mooij (1997), Frank Het-
tich (1998) and Alfred Greiner (2005), who consider a pollution tax and a distorting 
income tax; Bob Zwaan et al. (2002), who analyse the effect of environmental poli-
cies on technological knowledge; Reyer Gerlagh, Snorre Kverndokk, and Knut Ro-
sendahl (2009), who stress that using R&D subsidies would enable lower carbon tax-
es. 

Turning now to the issue of modeling, we start by referencing Löeschel’s 
(2002) survey, which reveals the approaches about technological knowledge and 
energy-environment models. This survey shows that technological-knowledge 
processes are described by a substantial uncertainty due to the arrival time and per-
formance of new technologies. Volleberg and Kemfert (2005), in turn, present the 
state-of-the-art discussion of recent theoretical and empirical advances on technolo-
gical knowledge and the environment. 

Kenneth Gillingham, Newell, and William Pizer (2008) provide an overview 
of the approaches used to model technological knowledge. They show that no single 
approach appears to dominate and, relying on the purpose of the analysis, different 
approaches may be preferred. They conclude that the simplest approach is the ex-
ogenous one assuming Hicks-neutral productivity. However, it does not capture the 
potential for technological-knowledge change to proceed in an energy-saving man-
ner. An easy way to overcome such weakness is to include an energy-efficiency im-
provement parameter, which increases the energy efficiency of the economy by some 
exogenous amount each year. 

Another form of exogenous technological knowledge is the backstop technol-
ogy. Backstop technologies are carbon-free energy sources that may be already 
known, but not yet widely traded. It is usually assumed that they are available in un-
limited supply at a fixed and relatively high marginal cost (the backstop price) that 
reflects the associated R&D costs. When they mature, costs fall with technological-
knowledge progress: e.g., advanced solar power, nuclear fusion and renewable trans-
portation fuels. 

Concerning the endogenous technological-knowledge modeling, there are 
three major approaches: the (neoclassical) direct price-induced, R&D-induced and 
learning-induced. The former suggests that changes in relative prices can spur inno-
vation to cut the use of the more expensive input (e.g., energy); thus, R&D activities 
result from market conditions. The following allows for R&D investment to affect 
the direction and rate of technological knowledge; this modeling is associated with 
spillover effects (i.e., investments that benefit the investor and others). The latter re-
lies on learning concepts; here, the productive costs and/or abatement fall with the 
accumulated production experience; hence, historical events affect future possibili-
ties (e.g., Vernon Ruttan 1997). 
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Gillingham, Newell, and Pizer (2008) found that, although there is no single 
best approach to make technological knowledge endogenous, some methods appear 
better suited than others. For instance, approaches based on feedback through R&D 
activities have been fruitfully developed in more highly aggregated optimization 
models. In turn, learning-induced approaches have been mostly used in disaggregated 
energy technology and systems models. Furthermore, R&D activities typically use 
top-down models that focus on the economy as a whole rather than on detailed de-
scriptions of specific sectors. 

Learning-induced approaches typically use bottom-up models that are tech-
nology-oriented, focusing on the description and the economic performance of the 
various technologies. These models represent technological knowledge through the 
replacement of one technology by another, due to the better performance of the latter. 
Both R&D and learning curves respond to changes in relative prices and hence the 
rate and direction of technological knowledge are now sensitive to price incentives. 

R&D-induced technological knowledge is another approach used to make 
technological knowledge endogenous. The above quoted endogenous growth litera-
ture (e.g., Romer 1990; Grossman and Helpman 1991; Aghion and Howitt 1992) 
stresses the importance of the knowledge capital, that captures all information, skills, 
ideas and experience in economic growth models. In these models, innovation is 
treated as a result of explicit profit-maximizing investment in R&D, which attributes 
private and public properties to technological knowledge, providing appropriation of 
new technological knowledge and spillovers (or positive technological-knowledge 
externalities). 

Regarding the endogenous directed technological knowledge in models of 
growth and the environment, Acemoglu (2002) and Nordhaus (2002) should also be 
referenced. It is, however, Acemoglu et al. (2012) who develop the more general 
framework to perform comparative analysis for the effects of different types of poli-
cies on innovation, growth and environmental resources. These authors describe the 
structure of optimal regulation and study the implications of dirty inputs using ex-
haustible resources. They show, under substitutability between inputs, that: (i) sus-
tainable growth can be obtained with temporary taxation of dirty activities (R&D and 
production); and (ii) using exhaustible resources as an input in dirty production helps 
to increase R&D activity in the clean sector. They also show that the delay in inter-
vention involves medium-run growth costs. 

Gerlagh and Wietze Lise (2005) develop the partial equilibrium model Deme-
ter-2E for energy supply and demand with endogenous technological knowledge in-
duced by R&D and learning-by-doing. This bottom-up model follows from a carbon-
based and a non-carbon-based technology. It allows for energy source substitution, 
which is crucial for abatement of carbon dioxide emissions, as required by the Kyoto 
Protocol. Transition from one energy source to the other is endogenous and the poli-
cy is represented by a carbon tax. The model produces a transition from fossil fuel to 
carbon-free energy sources within the next two centuries, with a pattern that follows 
the gradual diffusion S-curve. 

Three recent theoretical studies should also be mentioned. John Hassler and 
Per Krusell (2012) develop a dynamic stochastic general-equilibrium model with a 
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continuum of regions that integrates the climate; in particular, the authors show that 
only taxes on oil producers can improve the climate. Mikhail Golosov et al. (2014) 
propose a dynamic stochastic general-equilibrium model with an externality through 
climate change from using fossil energy, resulting that under quite plausible assump-
tions a marginal externality damage of emissions is proportional to current Gross 
Domestic Product. Finally, Acemoglu et al. (forthcoming) develop a microeconomic 
model of endogenous growth where clean and dirty technologies compete in produc-
tion and innovation, showing that, if dirty technologies are more advanced to start 
with, the potential transition to clean technology can be difficult. 

 
1.2 Empirical Literature 

 

Concerning the empirical literature, the study by Ger Klaassen et al. (2005) focuses 
on cost-reducing innovation in wind turbines in three countries – Germany, Denmark 
and the UK. These authors study the innovation and diffusion mechanism using the 
two-factor learning curve that is a typical bottom-up approach on the progress and 
spread of new technologies. Some other works try to find how credible the learning 
curves are in describing endogenous energy technological advances (e.g., Haoran 
Pan and Jonathan Kohler 2007) and others still seek to study how learning curves for 
renewable energy technologies can be integrated into a dynamic programming model 
(e.g., Gurkan Kumbaroglu, Reinhard Madlener, and Mustafa Demirel 2006). 

Pan and Köhler (2007), using an application to the UK wind power, showed 
that the logistic curve can better depict the bottom-up technological change than the 
learning curve approach. Kumbaroglu, Madlener, and Demirel (2006) evaluated the 
investment alternatives for the Turkish electricity industry assuming that the flexibili-
ty to delay irreversible investment expenditure can notably affect the diffusion of 
different power generation technologies. 

Some other papers, such as Hans Gerbach and Till Requate (2004) analyse 
how the regulatory regime via emissions taxes or standards may affect the firms’ 
adoption of emissions abatement technology. Using panel data, Popp (2003) provides 
a study that checks the effects of introducing the tradable permit system for CO2 
emissions as part of the US Clean Air Act Amendments. Popp (2004) allowed for 
directed innovation in the energy sector and revealed, by a calibration exercise, that 
models ignoring the directed technological change effects can notably exacerbate the 
cost of environmental regulation. In turn, Popp (2006) looks at the experience of the 
US, Japan and Germany with respect to patents for CO2 and NOx abatement technol-
ogies. 

On the same empirical line, Johnstone, Hascic, and Popp (2010) examine in-
novations for renewable energy, using a panel data set comprised of 25 countries 
over 26 years. Their aim was to observe how the effectiveness of a wide variety of 
policy types, including feed-in-tariffs, production quotas and public R&D expendi-
tures varies by technology. 

There is also a very interesting study by Lise and Gideon Kruseman (2008) 
who analyse the effects of endogenous investment decisions on prices and on the 
environment in a liberalized electricity market. They use a game-theoretic recursive 
dynamic model – the dynLem – that is an extension of the Emelie model applied to 
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the European electricity market. It includes of a static part (trade, capacity and envi-
ronmental constraints) and a recursive dynamic part (the investment decision in the 
production capacity). For calibration, the authors use perfect competition, strategic 
competition (large firms exercising market power) and sequential strategic competi-
tion (Stackelberg market leader). 

It should also be emphasized the recent empirical works of Benjamin Jones 
and Benjamin Olken (2010), Matteo Lanzafame (2014), Ayodele Odusola and Bata-
tunde Abidoye (2015) and Aghion at al. (forthcoming). Jones and Olken (2010) ana-
lyse the trade effects and export performance of developing countries to climate 
change and conclude that warmer temperatures tend to dampen export performance 
of developing countries. Lanzafame (2014) investigates the effects of temperature 
and rainfall on economic growth also in Africa and the author finds evidence of both 
short- and long-run relationships between temperature and per capita income growth. 
Odusola and Abidoye (2015) examined the impact of climate change on economic 
growth in Africa and they found found a negative impact of climate change on eco-
nomic growth. Finally, Aghion at al. (forthcoming) construct new firm-level panel 
data on auto industry innovation distinguishing between “dirty” and “clean” patents 
across 80 countries over several decades, and they find a sizable impact of carbon 
taxes on the direction of innovation in the automobile industry and further provide 
evidence that clean innovation has a self-perpetuating nature feeding on its past suc-
cess. 

 
2. The Model 

 

The model developed and analysed in this section is more closely related to studies 
that address the environmental policy issue using endogenous growth models focus-
ing on the direction of technological knowledge (e.g., Acemoglu 2002; Ricci 2007; 
Acemoglu et al. 2012). 

  
2.1 Product and Factor Markets 

 

Each perfectly competitive final good n  [0, 1] is produced by the Unclean or the 
Clean sector. The former (latter) uses unskilled (skilled) intensive labour, L (H), and 
a continuum set of intermediate goods, j  [0, J] (j  ]J, 1]). Output of n, Yn, at time t 
is: 
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A > 1 is the exogenous productivity level. In the Schumpeterian tradition, in-
tegrals denote the aid of intermediate goods: each j quantity, x, is quality-adjusted; 
the quality upgrade is q > 1, and k is the top rung at t. Parameter  ]0, 1[ is the labour 
share in production. In line with Bovenberg and Smulders (1996), EG&S provided 
by the government, G > 1, creates a productivity advantage of H over L. Terms (1-n) 
and n imply that L is more productive in goods indexed by smaller ns and vice-versa. 
As it will be clear below, sector optimal choice at t is reflected in the endogenous 
threshold final good n , where the switch from the production by L to H is advanta-
geous. 
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Due to zero profit equilibrium by producers of n  [0, 1], the demand for the 
top quality of j by the producer of n is: 
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where pn and p(j) are, respectively, the prices of n and j. A higher: (i) pn increases the 
marginal revenue product of factors, encouraging firms to rent more js; (ii) 
mn (= Ln, Hn) implies more labour to use js, raising demand; and (iii) p(j) implies 
lower demand, since the demand curve for js is downward sloping. As we will see 
below, due to profit maximising by monopolist producers, p(j) is independent of j. 
From (2) and (1), the supply of n is: 
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are aggregate quality indexes, evaluating the technological knowledge in each range 
of intermediate goods, and D  QH/QL assesses the technological-knowledge bias; 
i.e., the relative productivity of the (Clean) technological knowledge used together 
with H. 

We define the aggregate output, i.e., the composite final good, as: 
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where pn(t) is the n price and we normalise the price of Y at each time t to one (nume-

raire): 1)(lnexp
1

0
 dntpn . Resources, Y, that are not consumed, C, are used in the 

production of intermediate goods, X, and in the R&D sector, R; i.e., Y = X + R + C. 
Economic viability of either substitute type of technology in (1) relies on: (i) 

prices of labour and the relative productivity, G; and (ii) prices of intermediate goods 
and the relative productivity. The prices of labour rely on the quantities H and L. In 

relative terms, the productivity-adjusted quantity of H in production at each t is L
HG . 

As for the prices of intermediate goods and productivity, they depend on comple-
mentarity with either labour type, on the technological knowledge embodied, and on 
the mark-up, which in turn relies on the elasticity of demand by the producers of final 
goods. These determinants are summed up in the aggregate quality indexes in (4), QH 
and QL. 

Just as in, for example, Acemoglu and Fabrizio Zilibotti (2001) and Oscar 
Afonso (2006, 2008), the resulting threshold final good n , determining the exclusive 
use of the Clean (or H) technology in final goods n > n  and of the Unclean (or L) 
technology for n  n , follows from profit maximisation by firms and full-
employment equilibrium in factor markets, given labour supply and technological 
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knowledge. It is a function of the determinants of economic viability of the two tech-
nologies (see the proof in the Appendix): 
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where  the threshold final good n  is small (the number of Clean final goods is large) 
when D is highly biased, H and/or EG&S are large. The threshold final good can be 
related to prices since at n  both an Unclean L-technology firm and a Clean H-
technology firm should break even. The index prices of final goods produced with H 
and L-technologies (respectively pH and pL) and the respective ratio are 
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From (7), small n  implies a small relative H final-goods price: the demand 
for each j  ]J, 1] is low, which, as will be apparent below, affects R&D direction; 
i.e., G influences the R&D direction through the price channel. 

To sum up, when either the technology is highly Clean biased (i.e., 
L

H

Q
QD   is 

high) or there is a large relative supply of H (i.e., L
H  is high) the fraction of final 

goods using the Clean technology is large and n  is small – see (6). This implies a 
low relative price of final goods produced with the Clean technology – see (7). In this 
case, by (2), the demand for Clean intermediate goods is low, which, as we will see 
below, due to the price channel discourages R&D aimed at improving their quality. 
Thus, labour levels affect the direction of R&D and thus D through the price channel. 
Indeed, the incentives to develop specific technologies are weaker when the prices of 
final goods produced with these technologies are lower due to the use of the more 
abundant labour type. This price channel shows up in various papers by, for example, 
Acemoglu (e.g., 2009), although always dominated by the market-size effect, which, 
as will be clear later on, is removed in our case. 

The equilibrium aggregate resources devoted to intermediate goods, 

  1

0

1

0
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, and the equilibrium aggregate output, Y in (5), are ex-

pressed as a function of current technological knowledge and labour levels; for ex-
ample, Y is: 
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(8)

 

Equation (8) shows that the country’s growth rate is driven by the technologi-
cal-knowledge progress and by labour growth. Due to (8), the price paid for labour 
unit, wm (m = L, H), is equal to its marginal product and the resulting skill-premium, 
W, is: 
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The relative wages W is driven by the relative demand, which is affected by 
the technological-knowledge bias, D, by the relative productivity, G, and by the la-
bour level structure, L

H . An increase in G is a static benefit, see (8), which affects W 

directly (level effect), see (9). The increase in G also affects W indirectly (dynamic 
effect): due to complementarity between inputs, the change in G affects D by the 
price channel during the transition phase (towards a new steady state). Indeed, (6), 
(7) and (9) are particularly useful in foreseeing the operation of the price channel 
from the levels of technological-knowledge and labour to the flow of resources used 
in R&D and to wage inequality. For example, when n  is high, profit opportunities in 
the production of intermediate goods used by the relative high-priced final goods 
produced with the Clean technology induce a direction of R&D in favour of high D 
and thus in favour of high W. 

 
2.2 Intermediate Goods and R&D Activities 

 

Since Y is the input in the production of j  [0, 1] and final goods are produced in 
perfect competition, the marginal cost of production of j  [0, 1] is 1. Moreover, 
considering that the government can pay an ad-valorem fraction, sx, of each firm’s 
cost, (1–sx) is the after-subsidy marginal cost. The production of j requires a start-up 
cost of researching a new design, which can only be recovered if profits at each date 
are positive for a certain time in the future. This is guaranteed by a domestic system 
of intellectual property rights, which protect the leader firm’s monopoly, while at the 
same time and at almost no cost, disseminating acquired technological knowledge to 
other firms. The profit-maximisation price of the firms yields the constant over t, 
across j and for all k mark-up 1),,(

1
1  -

xs-ptjkp , since  > sx. 

Since the leader is the one legally allowed to produce the top quality, it will 
use pricing to wipe out sales of lower quality. Relying on whether q(1–) > 1 or 
q(1–) < 1, the leader will use either the monopoly pricing 

 1
1 xsp  or the limit pric-

ing p = q(1–sx) to capture the entire market. Such as Grossman and Helpman 
(1991, Ch. 4), we assume that the limit pricing is binding. Thus, since the lowest 
price that the closest follower can charge without negative profits is (1–sx), the lead-
er can capture the whole market by selling at a price slightly below the quality ad-
vantage over the closest follower. 

We follow the Schumpeterian growth models, but we assume that leaders use 
some strategies to protect their economic rents by delaying the next successful R&D 
explored by a follower, and that further scale also entails other costs, which, together, 
enable us to abolish scale effects, as suggested by the main literature on scale effects 
since Jones (1995). The value of the leading-edge patent relies on the profit-yields 
accruing at each t to the monopolist, and on the duration of the monopoly. The dura-
tion, in turn, relies on the probability of a new innovation, which creatively destroys 
the leading-edge design, and thus is at the heart of the R&D sector (e.g., Aghion and 
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Howitt 1992). R&D outcomes are thus designs to improve indexes in (4) – e.g., 
Acemoglu 2009, Ch. 14. In line with, e.g., Afonso (2006, 2008), let ),,( tjkbp  be the 

probability of successful innovation at t (Poisson arrival rate) in the next quality of j, 
k(j, t)+1, that complements the labour type m (m = L if 0 < j  J and m = H if 
J < j  1): 

1),(1),( )(),,(),,(
1  


tmqqtjkytjkpb tjktjk  ,  (10)
 

where: 

(i) y(k, j, t) is the flow of aggregate final good resources devoted to R&D in j 
at t, which defines our framework as a lab-equipment model. 

(ii) , , is the positive learning effect of accumulated public tech-

nological knowledge from past successful R&D in j at t;  is the parameter on learn-
ing-to-past successful R&D, and a larger  means a better innovation capacity. 

(iii) ,,),(1 1

0q tjk 
    is the adverse effect in j at t caused by the increasing 

complexity of quality improvements. Hence,  corresponds to the fixed cost of R&D. 
(iv) 1)( -tm  is the adverse market-size effect at t, capturing the idea that the 

complexity of changing qualities of intermediate goods depends on the market size 
measured by m. Hence, the exponent -1 measures the use of generic costs and rent 
protecting actions to remove the scale effects and thus to isolate the price channel 
(this will be clear below). The scale increasing costs are reflected here due to coordi-
nation among agents, processing of ideas, informational, organisational, marketing 
and transportation costs (e.g., Dinopoulos and Segerstrom 1999). Moreover, since the 
rents of leader firms rely on the market size and this term also includes leader firms’ 
strategies involving technical barriers (e.g., Dinopoulos and Constantinos Syropoulos 
2007), which delay the next creative innovation to retain the respective economic 
rents, through this term we are also able to distinguish between R&D leading to crea-
tive destruction and leader firms’ strategies that slow down the creative destruction. 

The incentives of follower firms to perform R&D relies on the expected mo-
nopoly profits flow, V(k, j, t), which relies on its duration, the interest rate, r, and the 
profits at each t,  (k, j, t): 
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where Gm   for m = H, 1m  for m = L, and sx can be m-specific. The resulting V 
is: 

),,()(
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tjkpbtr

tjk
tjkV




 . (12)

 

That is, the expected income generated by successful R&D on rung k, V r, 
equals the profit flow,  , being paid out as dividends, minus the expected capital 
loss, V pb, that will occur when k is replaced. The effective discount rate is thus 
r + pb. Under free-entry R&D equilibrium, expected returns are equal to resources 
spent: 
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),,()1(),1,(),,( tjkystjkVtjkpb r ,  (13)
 

where sr is a governmental ad-valorem subsidy to R&D, which can be m-specific. 
Considering (10), (11) and (12), the equilibrium m-specific probability of a success-
ful R&D, pbm, is: 
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Thus, pbm turns out to be independent of j and k, due to the removal of scale 
effects. The positive effect of the quality rung on profits and on the learning effect is 
exactly offset by its effect on the complexity cost – see (10)-(ii), (10)-(iii) and (11) 
together. Scale effects could also arise through the market size, as has been debated 
in the R&D growth literature since Jones’ (1995) critique. To highlighting the price 
channel, the adverse effect of market size in (10)-(iv) is designed to offset the scale 
effect on profits in (11): computing IH  IL, the technological-knowledge bias D is 
strongly induced by environmental policies under the price-channel mechanism. 

From (10) and (14), the equilibrium aggregate resources devoted to R&D, 


1

0
),,()( djtjkytR , also is expressed as a function of current technological know-

ledge. However, the increased resources devoted to R&D as Qm rises does not lead to 
greater rates of successful R&D, but rather are needed to offset the difficulty of R&D 
as Qm increases. Since pbm governs the speed of technological-knowledge progress, 
equilibrium can be translated into the path of Qm (Technology-curve): 
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(15)

 
2.3 Consumers 

 

Infinitely-lived households inelastically supply L or H, and maximize inter-temporal 
utility from consumption per capita )/( HLCc  : 
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where 0  e  in order to ensure that U is bounded away from infinity if c were 

constant over time;  > 1 is the relative risk aversion coefficient;  > 0 is the subjec-
tive discount rate;  is the population, L+H, growth rate; and e  [0, 1] is the house-
holds’ level of concern with future generations, reflecting environmental conscien-
tiousness. Thus, e = 0 defines the minimum degree of environmental conscientious-
ness, whereas the opposite limiting case e = 1 describes the case with perfect envi-
ronmental conscientiousness. 

A household faces the budget constraint: 
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  )()()()()()( tTtcmtwtktrtk m   ,  (17)
 

where k is the total household’s asset holdings, with return r, in the form of owner-
ship of leaders (and not in public debt, since, by assumption, the government budget 
is always balanced); (ii) T is a lump-sum tax on the household to finance EG&S and 
subsidies. 

The (representative) household maximizes utility of per capita consumption 
(16), subject to the budget constraint (17) and to the standard no Ponzi games condi-
tion. The solution for the optimal path of household per capita consumption is (Euler 
curve): 
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In particular, from (18), c depends negatively on  if (1–e) > 0 or is indepen-
dent of  when e = 1. In turn, C relies positively on  since (1–e–) < 0. To sum up, 
the effect of population growth on consumption growth rate, /cc  or CC / , relies po-
sitively on the households’ environmental conscientiousness with future generations. 

 
3. Steady-State Equilibrium 

 

QL and QH must grow at the same rate since (i) Y has constant returns to scale in in-
puts, (ii) Y, X, R and C are multiples of QL and QH, and (iii) in steady-state aggregates 
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(19)

 

Hence, by G, sx,m and sr,m, government positively affects g*, by encouraging 
R&D: G and sx,m boost profits (11) and sr,m decreases the R&D cost, see (13). More-
over, the effect of population growth on the steady-state economic growth rate de-
pends positively on the households’ environmental conscientiousness with future 
generations. 
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4. Government Intervention 
 

As r is unique, (15) is used to analyse the effect on n  and W of the D path given by: 
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(20)

 

using the 4th-order Runge-Kutta numerical method and the baseline values in Table 
1. 
 
Table 1  Baseline Parameters and Labour Levels 
 

Parameter Value  Parameter Value  Parameter Value  Variables Value 
G 1.05   1.60   0.02  A 1.50 
 0.70   4.00  sx,m,  sr,m, T 0.00  H(t=0) 0.68 
q 3.33   1.50  , e 0.00  L(t=0) 1.00 

 

Note: Values are in line with our assumptions (G > 1,  > 0 and  > 0), Acemoglu (2009) and to calibrate *g  around 2.5% 

under (Scenario, Sc0) no governmental intervention. 
 

Source: Authors’ assumptions, based on theoretical framework and on the literature; i.e., values are in line with our assumptions 

(G > 1,  > 0 and  > 0), Acemoglu (2009) and to calibrate *g  around 2.5% under (Scenario, Sc0) no governmental intervention. 

 
Figures 1a, 1b and 1c below compare the baseline steady-state paths of D, n  

and W with those arising from a change at t = 0 where: Sc1, sx,H = 0.2; Sc2, sr,H = 0.2; 
Sc3, sx,H = 0.2 and G = 1.55; Sc4, sr,H = 0.2 and G = 1.55. Table 2 shows initial and 
final steady states.  
 

1a. D 1b. n  1c. W 

 
 

Source: Own calculation, based on our computations. 
 

 

Figure 1  Transitional Dynamics of D,  and W 

 
Thus, in line with Fischer and Newell (2008) and Acemoglu et al. (2012), 

among others, we focus on two specific facts that are related with the post-1980 skill-
biased wage inequality in developed and (newly-industrialised) developing countries: 
shift in the composition of public spending towards high-skilled Clean technological 
knowledge, through sx,H and/or sr,H and/or G. Indeed, in line with Jaffe, Newell, and 
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Stavins (2005), R&D subsidies for Clean technology, sx,H and/or sr,H, and EG&S pro-
vided by the government, G, should be used not only as substitutes, but also as com-
plements. Moreover, R&D subsidies and EG&S with environmental objectives are 
quite common, including government-sponsored research programs, joint initiatives, 
grants, and tax incentives. Policies have indeed a significant impact on a country’s 
green patenting. Major programs exist in the United States, United Kingdom, Den-
mark, Ireland, Germany, Japan, and the Netherlands (e.g., Fischer and Newell 2008; 
Johnstone, Hascic, and Popp 2010). The aim is thus to analyse the effects of changes 
in sx,H , sr,H , and G  without being confused or distracted by other effects. 

Environmental policies accentuate D: Sc1, Sc3 and Sc4 increase the size of 
profits to the producers of j  ]J, 1], and Sc2 and Sc4 decrease the cost of H-specific 
R&D. Towards the new steady state, such bias increases the supply of H-
intermediate goods, thus raising the use of the Clean sector, see (6), and lowering the 
relative P price, see (7). P drops continuously towards the steady-state, which im-
plies that D is rising, but at a falling rate. D is thus motivated by the price channel, 
since there are stronger incentives to improve high-priced goods. The effect on D is 
stronger through a direct R&D subsidy and without the level effect induced by G, 
due to the effect on P. 

The competitiveness of the Clean sector is favoured in Sc2 and Sc4; in Sc2 
mainly due to the path of D and in Sc4 owing to the level effect; the same happens 
with W, since in Sc2 and Sc4 the relative demand for H is strongly stimulated. 

 
Table 2  Initial and Final Steady-State Values 

 

Variable Initial steady-state 
values 

Steady-state value under each Scenario, Sc
Sc1 Sc2 Sc3 Sc4 

D 1.56 2.54 3.33 1.76 2.30 

n  0.49 0.43 0.39 0.43 0.39 

W 1.55 1.98 2.27 2.00 2.29 
 

Source: Own calculation, based on our computations. 

  
5. Concluding Remarks 

 

The literature related to environmental policy, technological knowledge and the re-
sulting implications to economic growth reveals that, when technological knowledge 
is endogenously determined, environmental policy becomes very important to induce 
technological knowledge progress. However, there is no consensus about the endo-
genous growth effects of environmental policies. To better apprehend these effects, 
we develop a general equilibrium endogenous growth model in which final goods are 
produced either in the intensive Clean sector or in the intensive Unclean sector. 

The former (latter) sector uses skilled (unskilled) intensive labour and a conti-
nuum set of specific quality-adjusted intermediate goods. In this scenario with com-
plementarity between inputs and substitutability between sectors, numerical calcula-
tions describing dynamic equilibrium towards the steady state show that immediate, 
significant and stable environmental policies affect the technological-knowledge bias 
through the price-channel mechanism, which, in turn, affects positively the: (i) envi-
ronmental quality; (ii) relative demand for skilled labour and thus the skill-premium; 
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and (iii) growth rate motivated by technological-knowledge progress. Moreover, En-
vironment Goods and Services motivate an immediate level effect, whereas subsidies 
only affect the technological-knowledge bias. 

Finally, we conclude that the effect of population growth on the steady-state 
economic growth rate relies positively on the households’ environmental care with 
future generations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

624 Oscar Afonso and Ana Catarina Afonso 

PANOECONOMICUS, 2015, Vol. 62, Issue 5, pp. 607-629 

References  
 

Acemoglu, Daron, and Fabrizio Zilibotti. 2001. “Productivity Differences.” Quarterly 
Journal of Economics, 116: 563-606. 

Acemoglu, Daron. 2002. “Directed Technical Change.” Review of Economic Studies, 69: 
781-810. 

Acemoglu, Daron. 2009. Introduction to Modern Economic Growth. New Jersey: Princeton 
University Press. 

Acemoglu, Daron, Philippe Aghion, Leonardo Bursztyn, and David Hemous. 2012. “The 
Environment and Directed Technical Change.” American Economic Review, 102(1): 
131-166. 

Acemoglu, Daron, Ufuk Akcigit, Douglas Hanley, and William Kerr. Forthcoming. 
“Transition to Clean Technology.” Journal of Political Economy. 

Afonso, Oscar. 2006. “Skill-Biased Technological Knowledge without Scale Effects.” 
Applied Economics, 38: 13-21. 

Afonso, Oscar. 2008. “The Impact of Government on Wage Inequality without Scale 
Effects.” Economic Modelling, 25: 351-362. 

Aghion, Philippe, and Peter Howitt. 1992. “A Model of Growth through Creative 
Destruction.” Econometrica, 60: 323-352. 

Aghion, Philippe, and Peter Howitt. 1998. Endogenous Growth Theory. Cambridge, MA: 
MIT Press. 

Aghion, Philippe, Antoin Dechezlepretre, David Hemous, Ralf Martin, and John Van 
Reenen. Forthcoming. “Carbon Taxes, Path Dependency and Directed Technical 
Change: Evidence from the Auto Industry.” Journal of Political Economy. 

Barro, Robert J. 1990. “Government Spending in a Simple Model of Endogenous Growth.” 
Journal of Political Economy, 98: 103-125. 

Bovenberg, A. Lans, and Sjak Smulders. 1995. “Environmental Quality and Pollution-
Augmenting Technical Change in a Two-Sector Endogenous Growth Model.” Journal 
of Public Economics, 57: 369-391. 

Bovenberg, A. Lans, and Sjak Smulders. 1996. “Transitional Impacts of Environmental 
Policy in an Endogenous Growth Model.” International Economics Review, 37: 861-
893. 

Bovenberg, A. Lans, and Ruud A. Mooij. 1997. “Environmental Tax Reform and 
Endogenous Growth.” Journal of Public Economics, 63: 207-237. 

Coninck, Heleen, Carolyn Fischer, Richard G. Newell, and Takahiro Ueno. 2008. 
“International Technology-Oriented Agreements to Address Climate Change.” Energy 
Policy, 36: 335-356. 

Dinopoulos, Elias, and Paul Segerstrom. 1999. “A Schumpeterian Model of Protection and 
Relative Wages.” American Economic Review, 89: 450-473. 

Dinopoulos, Elias, and Constantinos Syropoulos. 2007. “Rent Protection as a Barrier to 
Innovation and Growth.” Economic Theory, 32: 309-332. 

Fischer, Carolyn, and Richard G. Newell. 2008. “Environmental and Technology Policies 
for Climate Mitigation.” Journal of Environmental Economics and Management, 
55(2): 142-162. 

Fullerton, Don, and Seung-Rae Kim. 2008. “Environmental Investment and Policy with 
Distortionary Taxes and Endogenous Growth.” Journal of Environmental Economics 
Management, 56: 141-154. 



 

625 Endogenous Growth Effects of Environmental Policies 

PANOECONOMICUS, 2015, Vol. 62, Issue 5, pp. 607-629

Gerbach, Hans, and Till Requate. 2004. “Emission Taxes and Optimal Refunding 
Schemes.” Journal of Public Economics, 88: 713-725. 

Gerlagh, Reyer, and Wietze Lise. 2005. “Carbon Taxes: A Drop in the Ocean, or a Drop that 
Erodes the Stone? The Effect of Carbon Taxes on Technological Change.” Ecological 
Economics, 54: 241-260. 

Gerlagh, Reyer, Snorre Kverndokk, and Knut Rosendahl. 2009. “Optimal Timing of 
Climate Change Policy: Interaction between Carbon Taxes and Innovation 
Externalities.” Environmental and Resource Economics, 43: 369-390. 

Gillingham, Kenneth, Richard G. Newell, and William Pizer. 2008. “Modeling 
Endogenous Technological Change for Climate Policy Analysis.” Energy Economics, 
30: 2734-2753. 

Golosov, Mikhail, John Hassler, Per Krusell, and Aleh Tsyvinski. 2014. “Optimal Taxes 
on Fossil Fuel in General Equilibrium.” Econometrica, 82: 41-88. 

Greiner, Alfred. 2005. “Fiscal Policy in an Endogenous Growth Model with Public Capital 
and Pollution.” Japanese Economic Review, 56: 67-84. 

Grimaud, André, and Luc Rougé. 2003. “Non-Renewable Resources and Growth with 
Vertical Innovations: Optimum, Equilibrium and Economic Policies.” Journal of 
Environmental Economics Management, 45: 433-453. 

Grimaud, André, and Luc Rougé. 2008. “Environment, Directed Technical Change and 
Economic Policy.” Environmental Resource Economics, 41: 439-463. 

Grossman, Gene, and Elhanan Helpman. 1991. Innovation and Growth in the Global 
Economy. Cambridge, MA: MIT Press. 

Groth, Christian, and Poul Schou. 2007. “Growth and Non-Renewable Resources: The 
Different Roles of Capital and Resource Taxes.” Journal of Environmental Economics 
and Management, 53: 80-98. 

Hart, Rob. 2008. “The Timing of Taxes on CO2 Emissions when Technological Change Is 
Endogenous.” Journal of Environmental Economics and Management, 55: 194-212. 

Hassler, John, and Per Krusell. 2012. “Economics and Climate Change: Integrated 
Assessment in a Multi-Region World.” Journal of the European Economic 
Association, 10(5): 974-1000. 

Hettich, Frank. 1998. “Growth Effects of a Revenue-Neutral Environmental Tax Reform.” 
Journal of Economics, 67: 287-316. 

Jaffe, Adam, Richard G. Newell, and Robert Stavins. 2005. “A Tale of Two Market 
Failures: Technology and Environmental Policy.” Ecological Economics, 54: 164-174. 

Johnstone, Nick, Ivan Hascic, and David Popp. 2010. “Renewable Energy Policies and 
Technological Innovation: Evidence Based on Patent Counts.” Environmental and 
Resource Economics, 45(1): 133-155. 

Jones, Charles. 1995. “R&D-Based Models of Economic Growth.” Journal of Political 
Economy, 103: 759-784. 

Jones, Charles. 2009. “Costs of Economic Growth.” web.stanford.edu/~chadj/cost100.pdf. 
Jones, Benjamin, and Benjamin Olken. 2010. “Climate Shocks and Exports.” American 

Economic Review, 100(2): 454-459. 
Klaassen, Ger, Asami Miketa, Katarina Larsen, and Thomas Sundqvist. 2005. “The 

Impact of R&D on Innovation for Wind Energy in Denmark, Germany and the United 
Kingdom.” Ecological Economics, 54: 227-240. 



 

626 Oscar Afonso and Ana Catarina Afonso 

PANOECONOMICUS, 2015, Vol. 62, Issue 5, pp. 607-629 

Kumbaroglu, Gurkan, Reinhard Madlener, and Mustafa Demirel. 2006. “A Real Options 
Evaluation Model for the Diffusion Prospects of New Renewable Power Generation 
Technologies.” Energy Economics, 30: 1882-1908. 

Lanzafame, Matteo. 2014. “Temparature, Rainfall and Economic Growth in Africa.” 
Empirical Economics, 46(1): 1-18. 

Lise, Wietze, and Gideon Kruseman. 2008. “Long-Term Price and Environmental Effects in 
a Liberalized Electricity Market.” Energy Economics, 30: 230-248. 

Löeschel, Andreas. 2002. “Technological Change in Economic Models of Environmental 
Policy: A Survey.” Ecological Economics, 43: 105-126. 

Nakada, Minoru. 2004. “Does Environmental Policy Necessarily Discourage Growth?” 
Journal of Economics, 81: 249-275. 

Nakada, Minoru. 2010. “Environmental Tax Reform and Growth: Income Tax Cuts or 
Profits Tax Reduction.” Environmental Resource Economics, 47: 549-565. 

Nordhaus, William. 2002. “Modelling Induced Innovation in Climate Change Policy.” In 
Technological Change and the Environment, ed. Arnulf Grubler, Nebojša 
Nakićenović, and William Nordhaus, 182-209. Washington: Resources for the Future 
Press. 

Nordhaus, William. 2007. “A Review of the Stern Review on the Economics of Global 
Warming.” Journal of Economic Literature, 45: 686-702. 

Odusola, Ayodele, and Babatunde Abidoye. 2015. “Climate Change and Economic Growth 
in Africa: An Econometric Analysis.” Journal of African Economies, 24(2): 277-301. 

Pan, Haoran, and Jonathan Kohler. 2007. “Technological Change in Energy Systems: 
Learning Curves, Logistic Curves and Input-Output Coefficients.” Ecological 
Economics, 63: 749-758. 

Peretto, Pietro. 2009. “Energy Taxes and Endogenous Technological Change.” Journal of 
Environmental Economics Management, 57: 269-283. 

Popp, David. 2003. “Pollution Control Innovations and the Clean Air Act of 1990.” Journal 
of Policy Analysis and Management, 22: 641-660. 

Popp, David. 2004. “ENTICE: Endogenous Technological Change in the DICE Model of 
Global Warming.” Journal of Environmental Economics and Management, 48: 742-
768. 

Popp, David. 2006. “ENTICE-BR: The Effects of Backstop Technology R&D on Climate 
Policy Models.” Energy Economics, 28: 188-222. 

Ricci, Francesco. 2007. “Environmental Policy and Growth when Inputs Are Differentiated 
in Pollution Intensity.” Environmental Resource Economics, 38: 285-310. 

Romer, Paul. 1990. “Endogenous Technological Change.” Journal of Political Economy, 98: 
S71-S102. 

Ruttan, Vernon. 1997. “Induced Innovation, Evolutionary Theory and Path Dependence: 
Sources of Technical Change.” Economic Journal, 107: 1520-1529.  

Stern, Nicholas. 2009. A Blueprint for a Safer Planet: How to Manage Climate Change and 
Create a New Era of Progress and Prosperity. London: Bodley Head. 

Stokey, Nancy. 1998. “Are There Limits to Growth?” International Economic Review, 39: 1-
31. 

Verbič, Miroslav, Boris Majcen, Olga Ivanova, and Mitja Čok. 2011. “R&D and 
Economic Growth in Slovenia: A Dynamic General Equilibrium Approach with 
Endogenous Growth.” Panoeconomicus, 58(1): 67-89. 



 

627 Endogenous Growth Effects of Environmental Policies 

PANOECONOMICUS, 2015, Vol. 62, Issue 5, pp. 607-629

Vollebergh, Herman, and Claudia Kemfert. 2005. “The Role of Technological Change for 
a Sustainable Development.” Ecological Economics, 54: 133-147. 

Zwaan, Bob, Reyer Gerlagh, Ger Klaassen, and Leo Schrattenholzer. 2002. “Endogenous 
Technological Change in Climate Change Modelling.” Energy Economics, 24: 1-19. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

628 Oscar Afonso and Ana Catarina Afonso 

PANOECONOMICUS, 2015, Vol. 62, Issue 5, pp. 607-629 

Appendix  
 
In equilibrium, there will be a threshold final good  1,0n , such that only L (H) la-
bour will be used to produce final goods indexed by 0  n  n  ( n  < n 1). To prove 
this, let’s divide the profits of n, n, by Ln and by Hn to write the profit function per 
L- and H-labour, respectively: 
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where wm (m = L, H) is the price paid per labour unit. Since competition implies that 
in equilibrium  n=0, every final good producer has to make zero profits per em-
ployee. Subtracting (A2) by (A1), we obtain an increasing function in n: 
 

 
    .1

1 1
1

1
LHLHn

n

n

n

n wwQnQGnA
q

p
LH








 











   

 
Thus, a threshold final good  1,0n  must exist such that: 
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With n , the switch from L- to H-technology is advantageous and vice versa. 

Hence, taking into consideration both technologies separately, Yn can be expressed 
by: 
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Also, in equilibrium, each labour type must be paid its marginal productivity 

that must be equalised across all  nn ,0  for L-labour and  1,nn  for H-labour; 

thus,  
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However, for marginal productivity to be equalized,  npn 11   and npn
1  

must be constants, i.e., they must be independent of n. Defining 1
Lp =  npn 11   

and 1
Hp = npn

1 , the relative prices (price indexes ratio) of M and E final goods is: 
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Furthermore, in equilibrium, expenditures must also be equal for all final 

goods, i.e., pnYn must be constant for all n. Consequently, pnYn(L) = pnYn(H). Using 
(A3) and (A4), the relative price of the two final goods satisfies: 
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Finally, combining (A4) with (A5) we obtain n : 

 

.
)(

)(
1)(

1

2

1 



























L

HG 

tQ

tQ
tn

L

H  

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

630 Oscar Afonso and Ana Catarina Afonso 

PANOECONOMICUS, 2015, Vol. 62, Issue 5, pp. 607-629 

 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

THIS PAGE INTENTIONALLY LEFT BLANK 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


