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Abstract

This study introduces endogenous resource-substituting innovation into a variety-expanding en-

dogenous growth model with polluting non-renewable resources. The resulting task-based framework

highlights the trade-off between resource-using variety-expanding innovation and resource-substituting

innovation. We examine how subsidies for these two types of innovation affect economic growth and

welfare, and how environmental policies that slow resource extraction and mitigate pollution shape

these effects. Subsidies for new-variety R&D promote growth through faster variety expansion but

reduce it through greater reliance on resource extraction, reflected in a lower share of firms adopt-

ing resource-substituting production methods and higher resource intensity in aggregate production.

Subsidies for resource-substituting innovation have the opposite effects. Calibrating the model, we

find that raising subsidies for new-variety R&D is more likely to improve welfare in resource-rich

economies, whereas raising subsidies for resource-substituting innovation is more likely to improve wel-

fare in resource-poor economies. We also find that more stringent environmental policies that conserve

resources and mitigate pollution strengthen the welfare gains from subsidies for resource-substituting

innovation, while weakening those from new-variety R&D subsidies.
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1 Introduction

Reducing fossil-fuel use and curbing greenhouse-gas emissions are widely recognized as major challenges

in addressing climate change and ensuring the long-run sustainability of living standards (e.g., IPCC, 2014).

While a large literature emphasizes market-based policies such as carbon taxes, emissions-trading schemes,

fossil-fuel taxes, and subsidy reforms that discourage the extraction and consumption of polluting non-

renewable resources, many governments increasingly support the development of resource-substituting

technologies (e.g., Nordhaus, 2021). By improving resource efficiency, replacing resource inputs with

alternative inputs, or providing new production methods, such technologies reduce dependence on scarce

natural resources. Unlike environmental taxes, support for resource-substituting innovation can often

be justified simultaneously on environmental, industrial, and innovation-policy grounds (e.g., Hasna et

al., 2023). As a result, understanding the role of resource-substituting innovation in achieving both

environmental sustainability and long-run economic growth has become increasingly important.

However, different forms of innovation may have very different implications for resource dependence.

Many growth-enhancing technologies initially emerge as production methods that rely on material re-

sources, while subsequent innovation often reduces resource requirements through efficiency improvements

or input substitution. For example, the diffusion of automobiles, petrochemical products, semiconductor

technologies, and digital infrastructure was accompanied by substantial increases in the use of energy,

minerals, and other material inputs. Over time, further innovation reduced the resource intensity of these

technologies through efficiency improvements and the development of substitute inputs. Consequently,

governments face a fundamental policy trade-off between supporting the creation of new varieties that

drive long-run growth and promoting resource-substituting innovation that reduces resource dependence.

This paper develops a variety-expanding endogenous growth model with polluting non-renewable re-

sources in which skilled labor can be allocated either to new-variety innovation or to resource-substituting

technology development. Each new intermediate-good variety is initially developed as a resource-using

production technology, while subsequent resource-substituting innovation enables the same variety to be

produced without material resources. Building on the task-based framework of Zeira (1998) and Ace-
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moglu and Restrepo (2018b), we interpret resource-substituting innovation broadly as the development

of resource-dependence-reducing technologies, ranging from resource-saving innovations that improve re-

source efficiency or replace resource-intensive inputs with alternative inputs to backstop technologies that

ultimately eliminate dependence on exhaustible resources.1 Within this framework, we examine how subsi-

dies for these two forms of innovation affect economic growth, resource dependence, pollution, and welfare,

and how environmental policies that slow resource extraction shape these effects.

The resulting task-based framework highlights a fundamental trade-off between resource-using variety-

expanding innovation and resource-substituting innovation. Subsidies for new-variety R&D promote

growth through faster variety expansion but reduce growth through a greater reliance on resource ex-

traction, reflected in a lower share of firms adopting resource-substituting production methods and a

higher resource intensity of aggregate production. Subsidies for resource-substituting innovation have the

opposite effects. Calibrating the model, we find that raising subsidies for new-variety R&D is more likely to

improve welfare in resource-rich economies, whereas raising subsidies for resource-substituting innovation

is more likely to improve welfare in resource-poor economies. The intuition is that each policy tends to

shift the production structure toward a level of resource intensity that is better aligned with the economy’s

resource endowment, thereby improving consumption and welfare.

We further show that more stringent environmental policies, which conserve resources and mitigate

pollution, strengthen the welfare gains from subsidies for resource-substituting innovation while weakening

those from subsidies for new-variety R&D. The reason is that stringent environmental policies already

generate higher economic growth by alleviating resource scarcity. As a result, they reduce both the

additional growth benefits associated with higher subsidies for new-variety R&D and the additional growth

costs associated with higher subsidies for resource-substituting innovation.

Finally, we find that accounting explicitly for transitional dynamics improves the welfare effects of an

increase in the subsidy rate for new-variety R&D, while reducing those of an increase in the subsidy rate

for resource-substituting innovation. A higher subsidy rate for new-variety R&D raises expected future

resource demand by increasing the future resource intensity of production. This encourages resource owners

1Resource-saving technologies reduce resource use through efficiency improvements and task-level substitutions, whereas
backstop technologies provide system-level substitutes that can ultimately eliminate dependence on a particular resource.
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to postpone extraction, thereby reducing the present discounted value of pollution damages. By contrast,

a higher subsidy rate for resource-substituting innovation lowers expected future resource demand, induces

earlier resource extraction, and increases the present discounted value of pollution damages.

This paper relates to three main strands of the literature. First, it contributes to the literature on

endogenous growth models with exhaustible resources and backstop technologies (e.g., Di Vita, 2001,

2004; Valente, 2011; van der Meijden and Smulders, 2017, 2018).2 Among these studies, our paper is most

closely related to van der Meijden and Smulders (2017, 2018), who employ R&D-based growth models

to examine how resource-substituting technologies, such as backstop technologies, affect the direction

of R&D and long-run economic growth. van der Meijden and Smulders (2017) show how the cost of

backstop technologies and agents’ expectations affect innovators’ R&D choices and fossil-fuel suppliers’

extraction decisions, thereby determining whether fossil fuels are eventually phased out. van der Meijden

and Smulders (2018) use a variety-expanding growth model to analyze the dynamics of innovation and

growth during the transition from fossil fuels to backstop technologies. In contrast, we do not take the

availability of resource-substituting technologies as given. Building on the task-based framework of Zeira

(1998) and Acemoglu and Restrepo (2018b), we explicitly model their endogenous creation through R&D

investment.3 We then examine how the allocation of innovative effort between new-variety innovation

and resource-substituting innovation, together with environmental policy and innovation subsidies, shapes

economic growth, resource dependence, and welfare.

Second, this paper relates to the literature on dynamic models of recycling and the Green Paradox

that consider renewable backstops as substitutes for non-renewable resources (e.g., Lafforgue and Rougé,

2019; van der Ploeg and Withagen, 2012, 2015).4 Lafforgue and Rougé (2019) show how R&D-driven

improvements in recycling technology can transform recycled waste into a substitute for non-renewable

resources and eventually lead to a fully recycling economy. van der Ploeg and Withagen (2012) show

2Di Vita (2001, 2004) considers waste-recycling technologies as substitutes for non-renewable resources. Valente (2011)
explores the optimal timing of the transition from fossil fuels to backstop technologies in a variety-expanding growth model.

3Outside the R&D-based growth literature, Dasgupta and Heal (1974) and Dasgupta and Stiglitz (1981) allow for the
stochastic arrival of a backstop technology. Kamien and Schwartz (1978) endogenize the invention process through R&D,
while Tsur and Zemel (2003, 2011) analyze R&D-driven transitions from fossil fuels to backstop technologies. See the
Introduction of van der Meijden and Smulders (2017) for a survey.

4See, for example, van der Ploeg and Withagen (2015) for a survey of the Green Paradox literature.
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that, in the absence of a carbon tax, the anticipation of a cheaper renewable backstop increases current

CO2 emissions. Like these studies, we are interested in resource-substituting innovation and in how

expectations about future resource-substituting technologies affect fossil-fuel suppliers’ incentives. Unlike

them, however, we study these issues within an R&D-based endogenous growth framework, focusing on

the trade-off between resource-using variety-expanding innovation and resource-substituting innovation

and its implications for long-run growth.

Third, this paper relates to the literature on automation and economic growth that employs the task-

based framework (e.g., Zeira, 1998; Acemoglu and Restrepo, 2018a, 2018b; Hemous and Olsen, 2022; Chu

et al., 2023). Acemoglu and Restrepo (2018a) emphasize that the task-based approach has an important

advantage over traditional capital-augmenting and labor-augmenting frameworks in capturing the substi-

tution of machines for labor across an expanding range of tasks. Analogously, our framework captures the

gradual substitution of material-resource inputs by resource-substituting technologies across an expanding

range of production tasks, not only in the energy sector but also throughout the upstream and downstream

stages of the production process. In this sense, our paper is complementary to studies that examine back-

stop technologies in the energy sector (e.g., van der Meijden and Smulders, 2017, 2018) and through waste

recycling and resource recovery (e.g., Di Vita, 2001, 2004; Lafforgue and Rougé, 2019). Furthermore, our

modeling of resource-substituting innovation is closely related to the treatment of automation technology

development in Hemous and Olsen (2022) and Chu et al. (2023). Unlike these studies, however, we focus

on the trade-off between resource-using variety-expanding innovation and resource-substituting innovation

and on its implications for economic growth, resource dependence, and welfare.

The remainder of the paper is organized as follows. Section 2 presents the basic model. Section

3 characterizes the steady-state equilibrium and examines the growth and welfare effects of two R&D

subsidy policies. Section 4 presents numerical simulations and compares the steady-state and transitional

effects of these policies, with particular attention to the role of environmental policy. Section 5 concludes.
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2 Model

Building on the task-based framework of Zeira (1998) and Acemoglu and Restrepo (2018b), we in-

troduce endogenous resource-substituting innovation into a variety-expanding endogenous growth model

with polluting non-renewable resources. We consider a sequence of resource-using variety innovation and

subsequent resource-substituting innovation. Each new intermediate-good variety is initially developed

through R&D as a production technology that relies on material resources. Subsequent investment in

resource-substituting innovation enables the same intermediate good to be produced without material

resources.

More generally, we interpret resource-substituting innovation as the development of resource-dependence-

reducing technologies. This broad concept encompasses both resource-saving technologies and backstop

technologies. While resource-saving technologies reduce resource requirements through efficiency improve-

ments and task-level substitution, backstop technologies reduce or eliminate dependence on scarce resources

through system-wide substitution. The distinction is therefore one of degree and scope rather than cat-

egory, reflecting different levels of resource substitution. In this sense, backstop technology development

can be viewed as the limiting case of resource-substituting innovation in our task-based framework.

2.1 Resource-Extracting Firm

Natural resources are non-renewable. The resource stock St is depleted through the extraction of

resources Mt for production, so that the law of motion for the resource stock is given by

Ṡt = −Mt. (1)

We assume that resource extraction is costless. A competitive price-taking resource-extracting firm max-

imizes the present value of intertemporal profits,

∫ ∞

0

pm,tMte
−

∫ t
0
rududt,
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where pm,t denotes the resource price and rt denotes the interest rate, subject to (1). This yields the

familiar Hotelling rule:

ṗm,t
pm,t

= rt. (2)

As usual, the transversality condition implies that limt→∞ St = 0 and
∫∞
0
Mtdt = S0.

The use of resources in production, Mt, generates a proportional flow of pollution. The pollution stock

evolves according to the following law of motion:

Żt = ηMt − δZt, (3)

where η > 0 denotes the pollution flow per unit of resource use, and δ ∈ (0, 1) denotes the depreciation

rate of the pollution stock. This formulation is standard in models describing the dynamics of carbon

accumulation (e.g., Grimaud and Rouge, 2014), where the carbon stock increases with the flow ηMt, such

as CO2 emissions, and decreases through natural removals, δZt. Given Z0 = 0,5 the pollution stock at

time t is given by

Zt = η

∫ t

0

Mτe
−δ(t−τ)dτ.

2.2 Final Good

Competitive firms produce a final good using the following Cobb–Douglas aggregator over a continuum

of nt differentiated intermediate goods:6

yt = At exp

(
1

nt

∫ nt

0

lnxt(i) di

)
, At = Anκt , (4)

5To maintain the tractability of the model, we normalize the initial value Z0 to zero and assume that the depreciation
rate of the pollution stock, δ, is constant.

6Following Grossman and Helpman (1991), we adopt a Cobb–Douglas aggregator, which ensures that all operating firms
earn the same monopoly profit. In contrast, under a CES aggregator, profits would differ depending on whether a firm
has adopted resource-substituting technology. Although this distinction does not affect our main results, it complicates the
analysis of the trade-off between investment in new-variety innovation and resource-substituting technology development,
thereby necessitating a substantially more complex analytical framework.
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where xt(i) denotes the quantity of intermediate good i ∈ [0, nt]. Following Romer (1990), we introduce the

productivity parameters A > 0 and κ > 1, and assume that total factor productivity, At, depends positively

on the stock of existing blueprints, nt. The parameter κ captures the positive productivity externalities

arising from both the cumulative outcomes of past research and the learning-by-doing effects generated

by the expansion of input varieties. Owing to these intertemporal and intratemporal knowledge spillovers,

output in the final-good sector increases with the number of intermediate inputs. The conditional demand

function for intermediate good xt(i) is given by

xt(i) =
yt

ntpt(i)
, (5)

where pt(i) denotes the price of intermediate good xt(i).

2.3 Intermediate Goods

There is a continuum of intermediate goods of measure nt, indexed by i ∈ [0, nt]. Each intermediate

good is produced by a monopolist that holds the exclusive right to its production. In this economy, each

new variety of intermediate goods is initially developed through R&D as a production technology that

requires material resources. Subsequent investment in resource-substituting innovation enables the same

intermediate good to be produced without material resources, using low-skilled labor instead.

Accordingly, at time t, there are two types of intermediate-good firms (j ∈ {M,R}): nM,t firms that use

material resources as inputs (j = M), and nR,t firms that have adopted resource-substituting technology

and produce using low-skilled labor instead of material resources (j = R). These satisfy nM,t+nR,t = nt.

We refer to the former as resource-using firms and the latter as resource-substituting firms. Let θt ∈ (0, 1)

denote the share of resource-substituting firms, θt ≡ nR,t
nt

, so that the share of resource-using firms is 1−θt.
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2.3.1 Material-Resource-Using Firms

If a firm has not yet adopted backstop technology, production requires material-resource inputs, and

the production function is given by

xt(i) =
1

aM
mt(i), (6)

where aM > 0 is a productivity parameter and mt(i) denotes the amount of raw materials used by firm i.

The profit of intermediate-good firm i that uses material resources as production inputs is given by

πM,t(i) = [pt(i)− aM (1 + ιt)pm,t]xt(i),

where pm,t denotes the price of material resources and ιt is a unit ad valorem tax (or subsidy) on resource

use, introduced to address the distortion arising from firms’ failure to internalize the negative externalities

associated with the use of polluting non-renewable resources. Although the tax is levied on resource use,

Mt, rather than on the pollution flow, ηMt, the qualitative implications are unchanged because the two are

linearly related. For notational convenience, we define τt ≡ 1+ ιt.
7 If τt ≤ 1 (i.e., ιt ≤ 0), the government

subsidizes resource use, whereas if τt > 1 (i.e., ιt > 0), the government taxes resource use.

Moreover, following Daubanes and Grimaud (2010), we restrict our analysis to the case in which the

resource tax evolves at a constant growth rate and does not decline too rapidly over time. Specifically, we

assume that8

gτ,t ≡
τ̇t
τt

= gτ > −ρ, ∀t ∈ [0,∞).

Therefore, the environmental tax is given by τt = τ0e
gτ t. In the literature on non-renewable resources,

it is well recognized that controlling pollution generated by resource extraction generally requires a time-

varying resource tax policy (e.g., Grimaud and Rougé 2005, 2014; Daubanes and Grimaud 2010; Pittel

7In what follows, we use the multiplicative tax factor τt rather than the ad valorem tax rate ιt.
8To satisfy the transversality condition

∫∞
0 Mtdt = S0, the steady-state equilibrium must satisfy gM,t = −(ρ+ gτ ) < 0.
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and Bretschger 2010; Tabata 2026). To capture this feature in a tractable manner, theoretical models

often adopt the above tax specification. It is also well known that, under this specification, a lower tax

growth rate gτ reduces the future resource price faced by intermediate-good firms, τtpm,t, relative to

the path that would prevail in the absence of the policy change. As a result, future resource demand

increases, whereas current resource demand decreases. This effect induces resource-producing firms to

slow the pace of resource extraction, thereby mitigating the negative externality associated with pollution.

Accordingly, since a lower tax growth rate gτ corresponds to a stricter environmental policy that slows

resource extraction and reduces pollution, we focus on its effects in the analysis below.

Given the Cobb–Douglas aggregator in (4), the unconstrained monopoly price would be infinite. We

therefore follow Goh and Olivier (2002) and impose a price-regulation policy under which the markup ratio

cannot exceed µ > 1, so that pt(i) ≤ µaMτtpm,t.
9 Profit maximization then implies pt(i) = µaMτtpm,t ≡

pM,t, which yields

xt(i) =
yt

ntpM,t
≡ xM,t, (7)

and

πM,t(i) =
µ− 1

µ

yt
nt

≡ πM,t. (8)

Since only material-resource-using firms use raw materials, the market-clearing condition for raw materials

at time t is

aMxM,tnM,t =Mt. (9)

9Goh and Olivier (2002) consider an environment in which each intermediate-goods sector contains many potential com-
petitors capable of producing the same product, albeit less efficiently than the patent-holding monopolistic firm. They
interpret µ > 1 as a patent-breadth parameter that determines monopoly power by specifying the range of technologies
covered by patent protection.
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2.3.2 Resource-Substituting-Technology-Using Firms

If a firm has adopted resource-substituting technology, production uses low-skilled labor, and the

production function is given by

xt(i) =
1

aR
lt(i), (10)

where aR > 0 is a productivity parameter and lt(i) denotes the amount of low-skilled labor employed by

firm i. The profit of intermediate-good firm i that has adopted resource-substituting technology is given

by

πR,t(i) = [pt(i)− aRwl,t]xt(i),

where wl,t denotes the wage rate of low-skilled labor. As before, we impose a price-regulation policy under

which pt(i) ≤ µaRwl,t. Profit maximization then implies pt(i) = µaRwl,t ≡ pR,t, which yields

xt(i) =
yt

ntpR,t
≡ xR,t, (11)

and

πR,t(i) =
µ− 1

µ

yt
nt

≡ πR,t. (12)

Since only resource-substituting-technology-using firms employ low-skilled labor, the market-clearing

condition for low-skilled labor at time t is

aRxR,tnR,t = L, (13)

where L is the fixed supply of low-skilled labor provided by households.

10



2.4 Resource-Substituting Technology Adoption

Firms that currently employ material-resource-using technology can adopt resource-substituting tech-

nology and switch from material resources to low-skilled labor as their production input by acquiring

the corresponding patents, provided that entrepreneurs successfully develop resource-substituting technol-

ogy for the corresponding intermediate good. More precisely, adoption occurs when the newly developed

resource-substituting technology yields a lower marginal cost than the existing resource-based technology;

that is,

aRwl,t ≤ aMτtpm,t. (14)

Following Chu et al. (2023), we focus on the case in which the newly developed resource-substituting

technology is sufficiently efficient that condition (14) always holds in equilibrium. As a result, entrepreneurs

have sufficiently strong incentives to invest in resource-substituting technology development. In the steady-

state equilibrium, as shown in Appendix A, the resource price pm,t grows at the interest rate r according

to the Hotelling rule in equation (2), while the resource tax grows at the rate gτ and the low-skilled wage

wl,t grows at the output growth rate gy = r − ρ. Therefore, condition (14) is satisfied for a wide range

of parameter values, provided that the tax growth rate satisfies the restriction gτ > −ρ discussed above.

This result further implies that there exists a broad region of the parameter space in which condition (14)

also holds along the transition path, particularly when the economy is sufficiently close to its steady-state

equilibrium.

It is worth noting that the technology-adoption framework developed above can alternatively be in-

terpreted as a task-based framework, following Acemoglu and Restrepo (2018b) and Hemous and Olsen

(2022). Under this interpretation, final-good production requires nt distinct tasks. For each task, the

final-good producer chooses the cost-minimizing production technology, determining whether the task is

performed using a material-resource-based technology or resource-substituting technology. Since the equi-

librium allocation in our model likewise assigns each task to the cost-minimizing technology, all of the

results derived below remain unchanged under this alternative task-based interpretation.
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However, incorporating an explicit technology-choice problem for final-good producers and analyzing

entrepreneurs’ investment decisions in new intermediate-good varieties and resource-substituting technol-

ogy within such a framework would require a modeling structure that departs from the standard textbook

R&D-based growth model. Although feasible, doing so would substantially increase the complexity of the

model for reasons that are largely unrelated to the paper’s main mechanisms and results. We therefore

adopt the present framework in the interest of analytical tractability and expositional clarity.

2.5 Innovation in New Varieties and Resource-Substituting Technology De-

velopment

2.5.1 No-Arbitrage Conditions

Equations (8) and (12) imply that πM,t(i) = πM,t and πR,t(i) = πR,t for all firms of a given type.

Therefore, firm values are also identical within each group, i.e., vM,t(i) = vM,t and vR,t(i) = vR,t.

The no-arbitrage condition that determines the value of a material-resource-using intermediate-good

firm, vM,t, is given by

rt =
πM,t + v̇M,t − αtvM,t

vM,t
, (15)

which states that the rate of return on holding the firm is equal to the interest rate. The return consists of

monopoly profit πM,t, capital gain v̇M,t, and the expected capital loss αtvM,t, where αt denotes the arrival

rate of resource-substituting innovation, as explained below.

Similarly, the no-arbitrage condition that determines the value of a resource-substituting firm, vR,t, is

rt =
πR,t + v̇R,t

vR,t
, (16)

which states that the rate of return on holding the firm is also equal to the interest rate. The return

consists of monopoly profit πR,t and capital gain v̇R,t.
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2.5.2 Innovation in New Varieties

Competitive entrepreneurs employ high-skilled labor hn,t to develop blueprints for new varieties of

intermediate goods whose production processes use material resources as inputs. The R&D process is

subject to uncertainty. Over a short time interval dt, each entrepreneur succeeds in inventing a blueprint

for a new intermediate-good variety with probability λtdt. As in Romer (1990), we assume that the

number of potential entrepreneurs engaged in the invention of new intermediate-good varieties is equal to

the current number of blueprints, nt. This variable serves as a proxy for the stock of cumulative knowledge

that has not yet become obsolete. Accordingly, the stock of product varieties (i.e., the stock of knowledge)

evolves according to

ṅt = λtnt, ⇔ gn,t =
ṅt
nt

= λt, (17)

where gn,t denotes the growth rate of the number of intermediate-good varieties.

The Poisson arrival rate of innovation, λt, is given by

λt = φthn,t. (18)

To capture two sources of R&D externalities commonly discussed in the literature, we assume that φt =

φnψt h̄
ψ−1
n,t , where h̄n,t ≡ Hn,t

nt
and Hn,t ≡ hn,tnt. Here, φ > 0 is an innovation-productivity parameter. The

term nt captures the positive externality arising from knowledge spillovers that increase each entrepreneur’s

probability of successful innovation. Since Hn,t denotes aggregate high-skilled labor employed in new-

variety R&D, h̄n,t represents the average amount of high-skilled labor per R&D firm. A higher level of

h̄n,t indicates greater overlap in research activities across entrepreneurs, which gives rise to duplication

in research effort and reduces the social return to R&D. Thus, the parameter ψ ∈ (0, 1) captures an

intratemporal duplication externality, as in Jones and Williams (2000), and determines the degree of

decreasing returns to scale in R&D at the aggregate level. In equilibrium, since h̄n,t = hn,t, the aggregate

arrival rate of innovation is given by λt = φHψ
n,t.
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Given the value of a newly created intermediate-good firm, vM,t, the expected profit of an entrepreneur

is λtvM,t−(1−s)wh,thn,t. In a symmetric equilibrium, the free-entry condition for R&D aimed at creating

new intermediate-good varieties is

λtvM,t = (1− s)wh,thn,t, ⇔ φntvM,t = (1− s)wh,tH
1−ψ
n,t , (19)

where s ∈ [0, 1) is the subsidy rate for R&D directed toward the creation of new intermediate-good

varieties, and wh,t is the wage rate of high-skilled labor.

2.5.3 Resource-Substituting Technology Development

Competitive entrepreneurs also employ high-skilled labor hR,t to develop resource-substituting tech-

nology for firms that still rely on material resources as production inputs. As before, the outcome of

this investment is subject to uncertainty. Over a short time interval dt, each entrepreneur succeeds in

developing resource-substituting technology with probability αtdt. Naturally, the number of new resource-

substituting technologies developed at time t is constrained by the number of firms that have not yet

adopted resource-substituting technology. To capture this in a parsimonious way, following Aghion and

Howitt (2009), we assume that the number of potential entrepreneurs engaged in resource-substituting

technology development is equal to the number of firms that have not yet adopted it, nM,t.
10

This specification implies that the evolution of the number of resource-substituting firms is given by

ṅR,t = αtnM,t, ⇔ gnR,t =
ṅR,t
nR,t

= αt
1− θt
θt

, (20)

where gnR,t denotes the growth rate of the number of intermediate-good varieties produced using resource-

substituting technology.

10More precisely, following the R&D specification of the Schumpeterian growth model of Aghion and Howitt (2009), we
assume that each intermediate-good sector that has not yet adopted resource-substituting technology is matched with a
single entrepreneur who undertakes R&D to develop resource-substituting technology for that intermediate good.
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The Poisson arrival rate of resource-substituting innovation, αt, is given by

αt = ϕthR,t. (21)

To capture the effects of knowledge spillovers and duplication in R&D activities, we assume that

ϕt = ϕnψt (1 − θt)h̄
ψ−1
R,t , where h̄R,t ≡ HR,t

nt
, HR,t ≡ hR,tnM,t. Here, ϕ > 0 is a productivity parameter

for resource-substituting technology development. As before, nt captures the positive externality arising

from knowledge spillovers that increase each entrepreneur’s probability of successful innovation. The term

h̄R,t captures duplication in research activities across entrepreneurs, which gives rise to duplication in

research effort and reduces the social return to R&D. Accordingly, ψ ∈ (0, 1) determines the degree of

decreasing returns to scale in resource-substituting innovation at the aggregate level. The endogenous

variable θt ∈ (0, 1) denotes the fraction of firms that use resource-substituting technology at time t. The

term (1 − θt) captures the idea that a larger mass of firms still relying on material resources implies

greater scope for the adoption of resource-substituting technology, thereby increasing each entrepreneur’s

probability of successful innovation. In equilibrium, since h̄R,t = hR,t(1− θt), the aggregate arrival rate of

resource-substituting innovation is given by αt = ϕHψ
R,t.

Given the value vR,t created by a successful resource-substituting innovation, the expected profit of

an entrepreneur is αtvR,t − (1 − σ)wh,thR,t. In a symmetric equilibrium, the free-entry condition for

resource-substituting technology development is

αtvR,t = (1− σ)wh,thR,t ⇔ ϕ(1− θt)ntvR,t = (1− σ)wh,tH
1−ψ
R,t , (22)

where σ ∈ [0, 1) is the subsidy rate for resource-substituting technology development.

Finally, since high-skilled labor is employed either in R&D aimed at creating new varieties or in

resource-substituting technology development, the market-clearing condition for high-skilled labor at time

t is

Hn,t +HR,t = 1, (23)
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where the total supply of high-skilled labor provided by households is normalized to unity.

2.6 Households

The representative household has the following utility function:

U =

∫ ∞

0

e−ρt (ln ct − ωZt) dt, (24)

where ρ > 0 is the subjective discount rate, ct denotes consumption, ω > 0 is the pollution externality

parameter, and Zt is the stock of pollution. For ease of comparison, we adopt the pollution specification

used by Grimaud and Rouge (2014).

The household holds equity in resource-extracting firms and intermediate-good firms, supplies L units

of low-skilled labor and one unit of high-skilled labor, and chooses consumption and saving to maximize

utility subject to the following asset accumulation equation:

ȧt = rtat + pm,tMt + (1− τL,t) (wh,t + wl,tL) + Tt − ct, (25)

where at denotes the value of assets (i.e., shares in intermediate-good firms), rt is the interest rate, pm,tMt

represents resource revenue from ownership of resource-extracting firms, wh,t is the wage rate of high-

skilled labor, wl,t is the wage rate of low-skilled labor, τL,t is the labor-income tax rate used to finance

subsidies for R&D in both new-variety innovation and resource-substituting technology development, and

Tt is the lump-sum tax or transfer determined by environmental tax policies.

From standard dynamic optimization, the Euler equation is given by

ċt
ct

= rt − ρ. (26)
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2.7 Government

The government implements two balanced-budget policies: one to subsidize R&D in new-variety inno-

vation and resource-substituting technology development, and another involving environmental taxation.11

The budget constraint associated with subsidies for new-variety innovation and resource-substituting

technology development is given by

τL,t (wh,t + wl,tL) = swh,tHn,t + σwh,tHR,t. (27)

Since s ∈ [0, 1) and σ ∈ [0, 1), households pay a labor-income tax to finance these R&D subsidies.

The budget constraint associated with environmental taxation is given by

(τt − 1)pm,tMt = Tt, (28)

where τt = τ0e
gτ t. If the government subsidizes resource use in production at time t (i.e., τt ≤ 1),

households pay a lump-sum tax to finance the subsidy (i.e., Tt ≤ 0). Conversely, if the government taxes

resource use in production at time t (i.e., τt > 1), households receive a lump-sum transfer financed by

environmental tax revenues (i.e., Tt > 0).12 Although it would be more natural for the government to

issue public debt and use environmental tax revenues collected at one point in time to finance resource-use

subsidies or lump-sum transfers at another point in time, introducing public debt would substantially

complicate the dynamic analysis of the model. Therefore, to maintain tractability, we assume that the

environmental-tax policy satisfies a balanced-budget condition at each point in time.

11Assuming two independent balanced-budget policies greatly simplifies the analysis and enables us to isolate and compare
the effects of subsidies for new-variety innovation and resource-substituting technology development while accounting for the
interaction between these subsidies and environmental policy.

12For example, suppose that the present value of transfers to households is non-negative at time 0; that is, TR0 ≡∫∞
0 Tτ e

−
∫ τ
0 ru du dτ ≥ 0, and that the environmental tax becomes less stringent over time (i.e., gτ < 0). In this case,

resource use is initially taxed, generating revenue that is rebated to households through lump-sum transfers. As the tax rate
gradually declines, the policy eventually turns into a subsidy for resource use, which must be financed through lump-sum
taxation of households in later periods.
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2.8 Equilibrium Conditions and Aggregate Economy

The final-goods market clears according to yt = ct. The asset-market-clearing condition is given by

at = vR,tnR,t + vM,tnM,t. Using (17), (20), and θt ≡ nR,t/nt, the evolution of θt is given by

θ̇t = αt(1− θt)− λtθt, (29)

which indicates that the share of resource-substituting firms, θt, can be interpreted as a stock that depre-

ciates as new varieties are introduced. In particular, since the growth rate of product varieties is given by

gn,t = λt, a higher intensity of resource-substituting innovation, αt(1− θt), is required to increase θt when

it is already high.

From (7), (9), (11), (13), pM,t = µaMτtpm,t, and pR,t = µaRwl,t, the shares of income accruing to

material resources and low-skilled labor are

τtpm,tMt =
(1− θt)yt

µ
, (30)

and

wl,tL =
θtyt
µ
, (31)

respectively, while the remaining share, (µ−1)/µ, accrues to monopolistic profits, which in turn determine

the demand for high-skilled labor through (19) and (22).

Given the level of resource extraction,Mt =
(1−θt)yt
µτtpm,t

, and using the Hotelling rule in (2), the assumption

gτ,t = gτ , and the Euler equation ẏt/yt = rt − ρ, the growth rate of resource extraction is given by

gM,t ≡
Ṁt

Mt
= −

[
θt

1− θt
gθ,t + ρ+ gτ

]
≡ −ĝM,t, (32)

where gθ,t ≡ θ̇t/θt. Ceteris paribus, an increase in the share of resource-substituting firms (i.e., gθ,t > 0)

increases the rate of decline in resource extraction, ĝM,t, because the prospect of lower future resource
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demand induces resource-producing firms to bring extraction forward, thereby increasing current extraction

and accelerating resource depletion.13

The transversality condition implies that the initial level of resource extraction, M0, is determined so

as to satisfy the resource-exhaustion condition. Consequently, the path of resource extraction is given by

M0 =
S0∫∞

0
e−

∫ t
0
ĝM,u du dt

, Mt =M0e
−

∫ t
0
ĝM,u du. (33)

Note that the rate of decline in resource extraction, ĝM,t, and, in particular, the growth rate of the

resource tax, gτ , affect not only the path of resource extraction but also its initial level, M0. Since

∂
∂gτ

[
e−

∫ t
0
ĝM,u du

]
< 0, a lower tax-growth rate, gτ , reduces the initial level of resource extraction, M0,

while increasing resource extraction in later periods. This more gradual extraction path preserves the

resource stock and thereby mitigates the environmental externality associated with resource use, as shown

below. Equation (33) also shows that changes in the initial tax level, τ0, affect neither resource allocation

nor the extraction path, implying that τ0 is dynamically neutral (e.g., Grimaud and Rougé, 2005, 2014;

Daubanes and Grimaud, 2010; Pittel and Bretschger, 2010; Tabata, 2026).14 Therefore, the analysis that

follows focuses on variations in the tax-growth rate, gτ , rather than on the initial tax level, τ0.

Moreover, substituting (6), (9), (10), and (13) into (4) yields the following Cobb–Douglas aggregate

production function:

yt = Anκ−1
t

(
Mt

aM (1− θt)

)1−θt ( L

aRθt

)θt
, (34)

where θt determines the relative intensities of material-resource and labor inputs in aggregate production.

Thus, the output growth rate is given by

gy,t =
ẏt
yt

= (κ− 1)gn,t + θt ln

(
L/(aRθt)

Mt/[aM (1− θt)]

)
gθ,t − (1− θt)ĝM,t. (35)

13This effect, whereby policies that promote alternatives to fossil fuels increase current fossil-fuel extraction and use, is
known as the “Green Paradox” (e.g., Sinn, 2008; van der Ploeg and Withagen, 2015; van der Meijden and Smulders, 2017).

14This result is well known in the literature. A higher initial tax level permanently reduces resource demand by a constant
factor, but it does not affect the intertemporal arbitrage condition faced by resource-producing firms. Consequently, changes
in τ0 have no effect on either resource allocation or the extraction path.
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The output growth rate, gy,t, is driven by (i) new-variety growth, gn,t, (ii) changes in the composition

of production through θt, and (iii) variations in the rate of resource extraction, ĝM,t. A higher rate of

decline in resource extraction, ĝM,t, reduces output growth, while a larger share of resource-substituting

firms, θt, mitigates this negative effect through channel (iii). The effect of θt on gy,t through channel (ii),

however, depends on whether L
aRθt

> Mt

aM (1−θt) holds.15

3 Steady-State Equilibrium

This section derives the steady-state equilibrium in which the share of resource-substituting firms, θt,

remains constant over time, and examines the effects of subsidies for R&D in new varieties and resource-

substituting technology development, as well as environmental taxation, on long-run economic growth and

welfare.

3.1 Steady-State Properties

To examine the dynamic properties of the model, we define VR,t ≡ yt
vR,tnR,t

and VM,t ≡ yt
vM,tnM,t

.

Appendix B shows that the model’s dynamics are fully characterized by the evolution of θt, VR,t, and

VM,t. Moreover, given an initial value θ0, numerical analysis shows that the economy follows a saddle-path

trajectory that converges monotonically to a unique steady-state equilibrium under plausible parameter

values. In what follows, we omit the time subscript t for variables that are constant in the steady state.

Since VM,t, VR,t, and θt are constant in the steady state, we have
v̇M,t
vM,t

=
v̇R,t
vR,t

= gy − gn. Substituting

these expressions into (15) and (16), and using (8), (12), the Euler equation ẏt/yt = r − ρ, and gn = λ,

we obtain the balanced-growth values of vM,t and vR,t as

vM,t =
πM,t

ρ+ λ+ α
=
µ− 1

µ

yt
nt

1

ρ+ φHψ
n + ϕHψ

R

, (36)

15Since the initial tax level, τ0, does not affect the path of resource extraction, it does not affect the output growth rate,
gy,t, either.
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vR,t =
πR,t
ρ+ λ

=
µ− 1

µ

yt
nt

1

ρ+ φHψ
n

, (37)

where we have used (18) and (21) to derive these expressions.

Substituting (36) and (37) into (19) and (22) yields

φ

ϕ(1− θ)

ρ+ λ

ρ+ α+ λ
=

1− s

1− σ

(
Hn

HR

)1−ψ

.

From (29), noting that θ = α
λ+α in the steady state, this condition can be rewritten as

1− σ

1− s

[
φ

ϕ
+

(
1−Hn

Hn

)ψ]
=

(
Hn

1−Hn

)1−ψ

+

(
Hn

1−Hn

)1−2ψ
ϕ

ρ/Hψ
n + φ

. (38)

Equation (38) determines the steady-state equilibrium level of skilled labor, Hn, allocated to new-variety

innovation. As shown in Appendix C, if we assume ψ ≤ ρ+ϕ
ρ+2ϕ ∈

(
1
2 , 1

)
, then the right-hand side of (38)

is increasing in Hn, whereas the left-hand side is decreasing in Hn. Therefore, as illustrated in Figure 1,

there exists a unique steady-state equilibrium allocation of skilled labor between new-variety innovation,

Hn, and resource-substituting technology development, HR = 1−Hn.

[Figure 1 about here.]

Moreover, since the left-hand side of (38) increases with s but decreases with σ, the steady-state allo-

cation of high-skilled labor to new-variety innovation, Hn(s, σ), is increasing in the subsidy rate for variety

R&D, s, and decreasing in the subsidy rate for resource-substituting technology development, σ. Con-

versely, the steady-state allocation of high-skilled labor to resource-substituting technology development,

HR(s, σ), is increasing in σ and decreasing in s.
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As shown in Appendix C, the environmental-policy parameters, (τ0, gτ ), do not affect the dynamics of

θt, VR,t, or VM,t. Consequently, they do not affect the allocations of high-skilled labor, Hn,t and HR,t, or

the resulting variety growth rate, gn,t, either in the steady-state equilibrium or along the transition path.

Therefore, the resource-tax growth rate, gτ , affects economic growth, gy,t, only through its impact on the

rate of resource extraction, ĝM,t, as explained above.

3.2 Economic Growth

From (17), the steady-state variety growth rate is given by

gn(s, σ) = λ = φ [Hn(s, σ)]
ψ
, (39)

which is increasing in s and decreasing in σ.

From (29), the steady-state share of resource-substituting firms is

θ(s, σ) =
α

λ+ α
=

ϕ [HR(s, σ)]
ψ

φ [Hn(s, σ)]
ψ
+ ϕ [HR(s, σ)]

ψ
, (40)

which is increasing in σ and decreasing in s.

From (32) and (35), and noting that gθ,t = 0 in the steady state, the steady-state output growth rate

is given by

gy(s, σ, gτ ) = (κ− 1)gn(s, σ)− [1− θ(s, σ)] (ρ+ gτ ), (41)

where ρ+ gτ denotes the steady-state rate of decline in resource extraction (i.e., ĝM = ρ+ gτ ), capturing

the negative effect of resource scarcity on economic growth. In what follows, we assume that the parameter

condition (κ− 1)φ > ρ+ gτ holds, which ensures that gy > 0 when Hn = 1.
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Differentiating gy(s, σ, gτ ) with respect to s and σ yields

∂gy
∂s

= (κ− 1)
∂gn
∂s︸︷︷︸
(+)

+
∂θ

∂s︸︷︷︸
(−)

(ρ+ gτ ), (42)

∂gy
∂σ

= (κ− 1)
∂gn
∂σ︸︷︷︸
(−)

+
∂θ

∂σ︸︷︷︸
(+)

(ρ+ gτ ). (43)

Equation (42) implies that a higher subsidy rate for variety R&D, s, raises output growth gy through

faster variety growth gn, but lowers it by reducing θ, thereby increasing the weight of resource extraction in

the growth equation. Conversely, equation (43) implies that a higher subsidy rate for resource-substituting

technology development, σ, lowers gy through reduced variety growth, but raises it by increasing θ, thereby

mitigating the negative impact of resource extraction on economic growth.

Moreover, differentiating gy(s, σ, gτ ) with respect to gτ yields

∂gy
∂gτ

= −(1− θ) < 0. (44)

Equation (44) implies that a lower resource-tax growth rate, gτ , increases output growth, gy, by

reducing the rate of decline in resource extraction, ρ+ gτ , and thereby alleviating resource scarcity.

Proposition 1 summarizes these results.

Proposition 1. Consider the steady-state equilibrium.

(i) An increase in the subsidy rate for variety R&D, s, raises the variety growth rate, gn, and reduces

the share of resource-substituting firms, θ.

(ii) An increase in the subsidy rate for resource-substituting technology development, σ, raises θ and

reduces gn.

(iii) The effects of s and σ on the steady-state output growth rate, gy, are ambiguous. A higher s increases
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gy through faster variety growth but reduces it through greater reliance on material-resource-based

production. Conversely, a higher σ reduces gy through slower variety growth but increases it by

mitigating the negative impact of resource extraction.

(iv) A lower resource-tax growth rate, gτ , increases output growth, gy, by reducing the rate of decline in

resource extraction, ρ + gτ , thereby alleviating the negative effect of resource scarcity on economic

growth.

3.3 Welfare

We now examine the effects of subsidies for new-variety innovation, s, resource-substituting technology

development, σ, and the resource-tax growth rate, gτ , on steady-state welfare.16

As shown in Appendix D, the lifetime utility of a representative household is given by

ρU = ln c0 +
gy
ρ

− ωρΩz, (45)

where

c0 = Anκ−1
0

[
(ρ+ gτ )S0

aM (1− θ)

]1−θ [
L

aRθ

]θ
,

Ωz ≡
∫ ∞

0

e−ρtZt dt =
ηS0(ρ+ gτ )

(δ + ρ)(2ρ+ gτ )
,

and Ωz denotes aggregate pollution, defined as the present discounted value of pollution damages. Since

the rate of decline in resource extraction is constant in the steady-state equilibrium, i.e., ĝM = ρ + gτ ,

steady-state aggregate pollution, Ωz, is independent of s and σ. In contrast, since ∂Ωz
∂gτ

= ρηS0

(δ+ρ)(2ρ+gτ )2
> 0,

a lower resource-tax growth rate, gτ , reduces steady-state aggregate pollution, Ωz, because it slows the pace

16Since the initial tax level, τ0, affects neither the path of resource extraction nor the output growth rate, gy,t, it has no effect
on the lifetime utility of the representative household. This reflects the well-known rent-tax property of natural-resource
taxation. However, once the representative-household assumption is relaxed, the distribution of resource rents between
resource owners and the government depends on the level of τ0 and on the government’s redistribution policy. Consequently,
changes in τ0 may have important distributional implications even though they do not affect aggregate efficiency (e.g., Tabata,
2026).
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of resource extraction, thereby reducing cumulative pollution and mitigating the associated environmental

externality.

We first examine the effects of s and σ on steady-state welfare, U . Differentiating U with respect to s

and σ yields

ρ
dU

ds
= ln

[
L/(aRθ)

(ρ+ gτ )S0/[aM (1− θ)]

]
∂θ

∂s︸︷︷︸
(−)︸ ︷︷ ︸

1
c0

∂c0
∂θ

∂θ
∂s

+
1

ρ

(κ− 1)
∂gn
∂s︸︷︷︸
(+)

+
∂θ

∂s︸︷︷︸
(−)

(ρ+ gτ )


︸ ︷︷ ︸

∂gy
∂s

, (46)

ρ
dU

dσ
= ln

[
L/(aRθ)

(ρ+ gτ )S0/[aM (1− θ)]

]
∂θ

∂σ︸︷︷︸
(+)︸ ︷︷ ︸

1
c0

∂c0
∂θ

∂θ
∂σ

+
1

ρ

(κ− 1)
∂gn
∂σ︸︷︷︸
(−)

+
∂θ

∂σ︸︷︷︸
(+)

(ρ+ gτ )


︸ ︷︷ ︸

∂gy
∂σ

, (47)

The first terms in (46) and (47) capture the effects of the subsidy rate for variety R&D, s, and the

subsidy rate for resource-substituting technology development, σ, on welfare through the initial level of

consumption, c0. The sign of these terms depends on whether L
aRθ

> (ρ+gτ )S0

aM (1−θ) holds.

Suppose that L
aRθ

> (ρ+gτ )S0

aM (1−θ) , implying a relatively resource-poor economy. Then, the first term

in (46) is negative, whereas the first term in (47) is positive. This is because, in such an economy, a

higher subsidy rate for variety R&D, s, increases resource intensity and thereby reduces the initial level of

consumption, whereas a higher subsidy rate for resource-substituting technology development, σ, reduces

resource intensity and thereby increases the initial level of consumption.

Conversely, suppose that L
aRθ

< (ρ+gτ )S0

aM (1−θ) , implying a relatively resource-rich economy. Then, the first

term in (46) is positive, whereas the first term in (47) is negative. This is because, in such an economy,

a higher s increases resource intensity and thereby increases the initial level of consumption, whereas a

higher σ reduces resource intensity and thereby decreases the initial level of consumption. These results
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highlight that the welfare effects of subsidies operating through the initial level of consumption, c0, depend

crucially on both the relative abundance of resources and the existing resource intensity of the economy,

as reflected in θ.

The second terms in (46) and (47) capture the effects of the subsidy rates for variety R&D, s, and

resource-substituting technology development, σ, on welfare through the output growth rate, gy. As

analyzed in Section 3.2, since the effects of s and σ on the steady-state output growth rate are ambiguous,

the signs of the second terms are also generally ambiguous.

In particular, a higher s affects output growth through two opposing channels. On the one hand, it

increases gy by stimulating variety growth, which enhances productivity through the expansion of input

variety. On the other hand, it reduces gy by lowering the share of resource-substituting firms, θ, thereby

increasing dependence on material resources and amplifying the negative impact of resource extraction.

The net effect of s on welfare through the growth channel depends on the relative strength of these opposing

effects.

Similarly, a higher σ also operates through two opposing channels. On the one hand, it reduces gy by

diverting skilled labor away from variety innovation and toward resource-substituting innovation, thereby

slowing variety growth. On the other hand, it increases gy by raising the share of resource-substituting

firms, θ, which reduces dependence on material resources and mitigates the negative impact of resource

extraction.

Overall, the effects of subsidies for new-variety innovation, s, and resource-substituting technology

development, σ, on steady-state welfare are generally ambiguous. They depend on the relative abundance

of the initial natural-resource stock, S0, compared with the supply of low-skilled labor, L, as well as on

the existing resource intensity of the economy, 1 − θ, which is itself determined by the relative efficiency

of variety innovation and resource-substituting technology development.

We next examine the effect of gτ on steady-state welfare, U . Differentiating U with respect to gτ yields
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ρ
dU

dgτ
=

1− θ

ρ+ gτ︸ ︷︷ ︸
1
c0

∂c0
∂gτ

− 1− θ

ρ︸ ︷︷ ︸
− ∂gy
∂gτ

−ωρ ρηS0

(δ + ρ)(2ρ+ gτ )2︸ ︷︷ ︸
∂Ωz
∂gτ

, (48)

Since ∂c0
∂gτ

> 0,
∂gy
∂gτ

< 0 and ∂Ωz
∂gτ

> 0, the first term in (48) is positive, whereas the second and third

terms are negative. Consequently, the effect of the resource-tax growth rate, gτ , on steady-state welfare

is ambiguous. Intuitively, a lower gτ reduces the initial level of resource extraction, M0 = (ρ+ gτ )S0, and

thus the initial level of consumption, c0, lowering welfare. At the same time, it increases output growth,

gy, and reduces aggregate pollution, Ωz, both of which improve welfare. Therefore, the overall welfare

effect of gτ depends on the relative strength of these opposing effects.

To further examine the growth and welfare effects of subsidies for new-variety innovation, s, and

resource-substituting technology development, σ, as well as the role of environmental policy in shaping

these effects, the next section presents a numerical analysis of the model.

4 Numerical Analysis

To gain further insight into the growth and welfare effects of subsidies for new-variety innovation

and resource-substituting technology development, as well as the role of environmental policy in shaping

these effects, this section presents numerical simulations of the model. Given the stylized nature of the

framework, the simulations are intended to complement the theoretical analysis rather than identify precise

optimal subsidy rates. Section 4.1 describes the parameterization, Section 4.2 examines steady-state effects,

and Section 4.3 analyzes transitional effects.

[Table 1 about here.]
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4.1 Model Parameterization

Table 1 summarizes the parameter values used in the calibration. Following Chu et al. (2023), we

set the discount rate to ρ = 0.05 and normalize the productivity parameter in the final-good sector

(A), the productivity parameters in the resource-using and resource-substituting sectors (aM and aR), the

pollution-awareness parameter (ω), the pollution flow per unit of resource use (η), and the initial number of

intermediate goods (n0) to unity. To compare economies with different resource endowments, we consider

both a relatively resource-rich economy (S0 = 4) and a relatively resource-poor economy (S0 = 1). We

also vary the initial endowment of natural resources from 0.3 to 4 to assess the robustness of the welfare

implications of R&D subsidy policies. The price-regulation (patent-breadth) parameter, µ, is set to 1.3,

implying a markup consistent with the estimates reported by Britton et al. (2000) and Gaĺı et al. (2007).

The supply of low-skilled labor is set to L = 3.4215 so that the benchmark skill premium, measured

by wh/wl, equals 1.5. Combining (19), (31), and (36) yields the steady-state skill premium17

wh
wl

=
φ(µ− 1)L

(1− s)H1−ψ
n

1

θ(ρ+ λ+ α)
.

This calibration is consistent with the average earnings premium of tertiary-educated workers relative to

individuals with upper-secondary education across OECD countries (OECD, 2025).

The parameter κ captures the positive productivity externalities associated with the expansion of input

varieties. Its closest empirical counterpart is the elasticity of productivity with respect to variety estimated

by Broda et al. (2006), which ranges from 1.05 to 1.20. However, because these estimates are derived from

international trade data, they do not fully capture the productivity externalities from variety expansion

considered in this paper. Following Brunnschweiler et al. (2021), we adopt a conservative calibration and

set the benchmark value of κ at the lower bound of the empirical range, namely κ = 1.05.

There is no consensus in the empirical literature regarding the contribution of natural resources to

17Along the transition path, defining VM,t ≡ yt/(vM,tnM,t), the skill premium is given by

wh,t

wl,t
=

φ(µ− 1)L

(1− s)H1−ψ
n,t

1

θt(1− θt)VM,t
.
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production. Estimates of the output elasticity of energy alone range from approximately 0.03 to 0.20

(see Stern, 2011, for a survey), illustrating the considerable uncertainty surrounding the productive role

of natural resources. While many energy and climate-economy models assume values between 0.05 and

0.10, Stern (2000) and Kümmel et al. (2002) argue that the output elasticity of energy substantially

exceeds its cost share. Given that the present theoretical framework is intended to capture not only

resource-poor economies but also resource-rich economies, we calibrate the productivity parameter for

resource-substituting technology development, ϕ, and the innovation-productivity parameter, φ, such that

benchmark steady-state resource intensity, 1 − θ = λ
λ+α , equals 0.2 and the steady-state output growth

rate, gy = (κ − 1)gn − (1 − θ)ρ = 0.02, matches the long-run growth rate of U.S. per capita GDP. This

calibration yields ϕ = 2.7045 and φ = 1.31.

Although many countries have raised fossil-fuel and emissions taxes, environmentally related tax rev-

enues have remained relatively stable over the past two decades. According to OECD (2024), the average

ratio of such revenues to GDP in OECD countries declined from 1.81% in 2000 to 1.5% in 2020. Com-

plex tax structures and offsetting subsidies often neutralize the effect of higher tax rates. Based on this

discussion and our ad valorem tax framework, we set the benchmark resource-tax growth rate to gτ = 0

and consider values ranging from −0.03 to 0, focusing on declining tax-growth-rate paths as commonly

assumed in the literature.

According to IPCC (2014), only about half of carbon emissions accumulate in the atmosphere. While

taking this empirical evidence into account, we adopt a more conservative calibration. Specifically, we

normalize the pollution flow per unit of resource use to η = 1 and set the pollution depreciation rate

to δ = 0.02. Under this specification, aggregate pollution corresponds to approximately 71.43% of the

hypothetical pollution stock that would prevail in the absence of pollution depreciation.18 This calibration

is also consistent with the parameter restriction ρ+ gτ ≥ δ imposed in Appendix D.

Given that the United States and many other OECD countries do not differentiate R&D support

between new-variety innovation and resource-substituting technology development, we consider symmetric

18From (45), setting δ = gτ = 0 yields Ωz |δ=gτ=0 = ηS0
2ρ

.

Since ρ = 0.05 and δ = 0.02, it follows that Ωz
Ωz |δ=gτ=0

= ρ
ρ+δ

≃ 0.7143.
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subsidies as a natural benchmark and set s = σ. According to the OECD R&D Tax Incentives Database,

the implied R&D tax subsidy rate for OECD countries in 2020 was approximately 20% for small firms and

17% for large firms. Based on these figures, we set s = σ = 0.2.

4.2 Steady State

This subsection examines the growth and welfare effects of subsidies for new-variety innovation and

resource-substituting technology development in the steady-state equilibrium. Section 4.2.1 analyzes the

effects of changes in the subsidy rate for variety R&D, s, whereas Section 4.2.2 examines the corresponding

effects of changes in the subsidy rate for resource-substituting technology development, σ. As implied by

equations (46) and (47), the welfare effects of R&D subsidy policies depend on the initial endowment

of natural resources, S0. We therefore consider both a relatively resource-rich economy (S0 = 4) and a

relatively resource-poor economy (S0 = 1).

4.2.1 Effects of Subsidies for New-Variety Innovation

Figure 2 illustrates the steady-state effects of changes in the subsidy rate for variety R&D, s, from 0

to 0.5 under different values of the resource-tax growth rate, gτ . Panels (a)–(h) show the variety growth

rate, gn; the share of resource-substituting firms, θ; the output growth rate, gy; the skill premium, wh/wl;

aggregate pollution in resource-rich economies, Ωz (S0 = 4); welfare gains in resource-rich economies, ∆U

(S0 = 4); aggregate pollution in resource-poor economies, Ωz (S0 = 1); and welfare gains in resource-poor

economies, ∆U (S0 = 1), respectively. Solid lines represent the benchmark case (gτ = 0), while dashed

and dash-dotted lines correspond to gτ = −0.015 and gτ = −0.03, respectively. A lower gτ implies a more

stringent environmental policy, as it slows resource extraction and reduces pollution.

As implied by equation (45), differences in the initial endowment of natural resources, S0, affect welfare

in resource-rich and resource-poor economies through differences in the initial level of consumption, c0,

and aggregate pollution, Ωz. However, all other equilibrium macroeconomic variables take the same values

in the two economies. The welfare gains reported in Figures 2(f) and 2(h) are measured in consumption-

equivalent terms, that is, as the equivalent percentage increase in initial consumption resulting from a
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change in the subsidy rate for new-variety innovation, s, from its benchmark value of 0.2.19

[Figure 2 about here.]

Consistent with Proposition 1(i), a higher subsidy rate for variety R&D, s, raises the variety growth

rate, gn (Figure 2(a)) and lowers the share of resource-substituting firms, θ (Figure 2(b)). Under our

benchmark parameter values, the existing share of resource-substituting firms, θ, is already high, implying

that the economy’s resource intensity is relatively low. As a result, the positive effect of s on gy through

faster variety growth dominates its negative effect on gy through the greater reliance on resource-based

production associated with a lower θ. Consequently, as shown in Figure 2(c), a higher subsidy rate for

variety R&D raises the output growth rate, gy.

A higher subsidy rate for variety R&D, s, also increases the demand for high-skilled labor relative to that

for low-skilled labor, thereby raising the skill premium, wh/wl, through conditions (19) and (22) (Figure

2(d)). As explained above, the rate of decline in resource extraction is independent of s in the steady-state

equilibrium, i.e., ĝM = ρ+gτ . Therefore, steady-state aggregate pollution, Ωz, is independent of s (Figures

2(e) and 2(g)). Nevertheless, the level of aggregate pollution is higher in resource-rich economies (S0 = 4)

than in resource-poor economies (S0 = 1), since equation (45) implies that Ωz increases with the initial

resource endowment, S0.

Figures 2(f) and 2(h) show that the effect of s on welfare gains, ∆U , differs markedly between resource-

rich and resource-poor economies. In resource-rich economies (S0 = 4), a marginal increase in the subsidy

rate for variety R&D, s, above its benchmark value of 0.2 raises welfare. Under the benchmark environ-

mental policy (gτ = 0), welfare gains reach a maximum at approximately s = 0.4, after which further

increases in s reduce welfare gains. By contrast, in resource-poor economies (S0 = 1), a marginal increase

in s lowers welfare, and the associated welfare loss becomes larger as s increases. As shown in equation

(46), the effect of s on welfare through the initial level of consumption, c0, is positive when
L
aRθ

< (ρ+gτ )S0

aM (1−θ) ,

19Welfare gains in Figures 2–3, 5–6, and 8–9 are measured in consumption-equivalent terms. For each value of s or σ, we
first compute the corresponding welfare level, Us or Uσ . We then determine the level of initial consumption that, holding gy
and Ωz fixed at their benchmark values under s = σ = 0.2, yields the same welfare level. The reported welfare gain is the
percentage difference between this consumption level and its benchmark value under s = σ = 0.2.
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a condition more likely to hold in resource-rich than in resource-poor economies. Consequently, a marginal

increase in s raises welfare in resource-rich economies. By contrast, in resource-poor economies, the nega-

tive effect of s through c0 dominates its positive effect through the higher output growth rate, gy, implying

that welfare falls as s increases.

Figure 2 further shows that the resource-tax growth rate, gτ , does not affect the steady-state values

of gn, θ, or wh/wl, since the environmental-policy parameters, (τ0, gτ ), leave the dynamics of θt, VR,t,

and VM,t unchanged. Consistent with Proposition 1(iv), a lower resource-tax growth rate, gτ , increases

output growth, gy (Figure 2(c)), and reduces aggregate pollution, Ωz (Figures 2(e) and 2(g)), by lowering

the rate of decline in resource extraction, ρ + gτ , thereby alleviating resource scarcity and its associated

environmental externality. Moreover, Figures 2(f) and 2(h) show that, as gτ declines and environmental

policy becomes more stringent, the welfare gains from a higher subsidy rate for variety R&D diminish in

resource-rich economies (S0 = 4), while the corresponding welfare losses become larger in resource-poor

economies (S0 = 1). Intuitively, a lower gτ already delivers higher output growth, reducing the additional

growth benefits generated by a higher s. Furthermore, because the condition L
aRθ

< (ρ+gτ )S0

aM (1−θ) is less likely

to hold when gτ is lower, the positive effect of s on welfare through the initial level of consumption, c0,

also becomes weaker. Consequently, in resource-rich economies, the welfare-maximizing subsidy rate for

variety R&D decreases as gτ falls.

4.2.2 Effects of Subsidies for Resource-Substituting Technology Development

Figure 3 illustrates the effects of changes in the subsidy rate for resource-substituting technology

development, σ, in both resource-rich (S0 = 4) and resource-poor (S0 = 1) economies. The welfare gains

reported in Figures 3(f) and 3(h) are also measured in consumption-equivalent terms, following the same

methodology as in Figures 2(f) and 2(h).

[Figure 3 about here.]

Consistent with Proposition 1(ii), a higher subsidy rate for resource-substituting technology develop-
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ment, σ, lowers the variety growth rate, gn (Figure 3(a)) and increases the share of resource-substituting

firms, θ (Figure 3(b)). Under our benchmark parameter values, the negative effect of slower variety growth

dominates the positive effect of lower resource dependence. Consequently, a higher σ lowers the output

growth rate, gy (Figure 3(c)).

While a higher subsidy rate for resource-substituting technology development, σ, increases the demand

for both high- and low-skilled labor by promoting the adoption of resource-substituting technology, the

effect on low-skilled wages is modest because the economy is already relatively labor-intensive under our

benchmark parameter values. Consequently, the skill premium, wh/wl, rises (Figure 3(d)). Moreover,

since the rate of decline in resource extraction is independent of σ in the steady-state equilibrium, i.e.,

ĝM = ρ + gτ , aggregate pollution, Ωz, is likewise unaffected by σ (Figures 3(e) and 3(g)). However,

aggregate pollution is higher in resource-rich economies (S0 = 4) than in resource-poor economies (S0 = 1),

reflecting their larger initial endowment of natural resources.

Figures 3(f) and 3(h) show that the effect of σ on welfare gains, ∆U , differs substantially between

resource-rich and resource-poor economies. Its implications are the reverse of those of the variety-R&D

subsidy, s: a higher σ tends to lower welfare in resource-rich economies but raise welfare in resource-poor

economies. Within the range of σ values considered in our sensitivity analysis, welfare falls monotonically

with σ in resource-rich economies, whereas it rises monotonically in resource-poor economies. As shown in

equation (47), the effect of σ on welfare through the initial level of consumption, c0, is positive when
L
aRθ

>

(ρ+gτ )S0

aM (1−θ) , a condition more likely to hold in resource-poor than in resource-rich economies. Consequently,

the negative consumption effect dominates in resource-rich economies, so that welfare falls as σ increases.

By contrast, in resource-poor economies, the positive effect through c0 outweighs the negative effect

through the lower output growth rate, gy, implying that welfare gains increase with σ.

Figure 3 also shows that the resource-tax growth rate, gτ , does not affect the steady-state values of

gn, θ, or wh/wl, because the environmental-policy parameters, (τ0, gτ ), do not affect the dynamics of θt,

VR,t, or VM,t. Consistent with Proposition 1(iv), a lower gτ increases output growth, gy (Figure 3(c)),

and reduces aggregate pollution, Ωz (Figures 3(e) and 3(g)), by lowering the rate of decline in resource

extraction, ρ + gτ . Figures 3(f) and 3(h) further show that, as gτ declines and environmental policy
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becomes more stringent, the welfare loss from a higher subsidy rate for resource-substituting technology

development becomes smaller in resource-rich economies (S0 = 4), while the corresponding welfare gains

become larger in resource-poor economies (S0 = 1). Intuitively, a lower gτ already delivers higher output

growth, reducing the additional growth losses associated with a higher σ. Furthermore, because the

condition L
aRθ

> (ρ+gτ )S0

aM (1−θ) is more likely to hold when gτ is lower, the positive effect of σ on welfare

through the initial level of consumption, c0, also becomes larger. Consequently, welfare losses decline in

resource-rich economies, whereas welfare gains increase in resource-poor economies.

4.3 Transitional Dynamics

In this subsection, we use the relaxation algorithm of Trimborn et al. (2008) to analyze the transitional

dynamics following changes in R&D subsidy policies. We compare the steady-state and transitional effects

of these policies and examine how environmental policy shapes their implications. Section 4.3.1 examines

the effects of an increase in the subsidy rate for variety R&D, s, whereas Section 4.3.2 considers an increase

in the subsidy rate for resource-substituting technology development, σ.

4.3.1 Dynamic Effects of the Variety R&D Subsidy

Figure 4 illustrates the transitional effects of raising the subsidy rate for variety R&D, s, from 0.2 to 0.4

in resource-rich economies (S0 = 4) under the benchmark environmental policy (gτ = 0). Panels (a)–(g)

show the dynamics of the variety growth rate, gn,t, the share of resource-substituting firms, θt, the output

growth rate, gy,t, the skill premium, wh,t/wl,t, the log level of consumption, log(ct), the growth rate of

resource extraction, gM,t, and the level of resource extraction, Mt, respectively. Solid lines represent the

transitional dynamics, while dashed and dash-dotted lines denote the Old BGP (s = 0.2) and New BGP

(s = 0.4), respectively. Note that the steady-state values ofMt and gM,t are identical under the two BGPs,

since the rate of decline in resource extraction is independent of s in the steady state, i.e., ĝM = ρ+ gτ .

[Figure 4 about here.]
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A higher subsidy rate for variety R&D, s, raises the variety growth rate, gn,t (Figure 4(a)), with the

initial increase exceeding the long-run increase. As shown in Figure 4(b), the share of resource-substituting

firms, θt—and hence the labor intensity of the economy—gradually declines toward its lower steady-

state level under the New BGP (s = 0.4). This reallocates high-skilled labor toward new-variety R&D,

contributing to the overshooting of gn,t and the initial decline in the skill premium, wh,t/wl,t (Figure 4(d)).

However, the gradual decline in labor intensity decreases the relative demand for low-skilled labor, causing

the skill premium to rise over time. Consequently, the skill premium under the New BGP eventually

exceeds that under the Old BGP. Moreover, the anticipated decline in θt, implying higher future resource

intensity, increases expected future resource demand. Anticipating this change, resource-extracting firms

postpone extraction, slowing the pace of resource extraction during the transition (Figure 4(f)). As a

result, current resource extraction, Mt, falls below its steady-state level, while future extraction slightly

exceeds it (Figure 4(g)).

As shown in equation (35), the output growth rate, gy,t, is driven by (i) product-variety growth, gn,t,

(ii) changes in production composition through θt, and (iii) variations in the rate of resource extraction,

ĝM,t. Following the increase in the subsidy rate for variety R&D, gn,t rises (Figure 4(a)), while θt declines

(Figure 4(b)). At the same time, the anticipated increase in future resource demand induces resource-

extracting firms to postpone extraction, lowering the rate of decline in resource extraction, ĝM,t (Figure

4(f)). The increase in gn,t raises output growth through channel (i). In a resource-rich economy (S0 = 4),

where L
aRθ

< Mt

aM (1−θ) , is likely to hold, the decline in θt also raises output growth through channel (ii).

In addition, the lower rate of decline in resource extraction raises output growth through channel (iii). At

the same time, the decline in θt increases reliance on resource-based production, exerting a negative effect

through channel (iii). As shown in Figure 4(c), the positive effects dominate this negative effect, so that

gy,t increases. Moreover, the initial increase in gy,t exceeds its long-run increase, reflecting the temporary

overshooting of gn,t shown in Figure 4(a).

Figure 4(e) shows that the log level of consumption gradually converges to its New-BGP level (s = 0.4).

The New-BGP consumption path is steeper than the Old-BGP path (s = 0.2) because output growth is

higher under the New BGP. However, its initial consumption level is lower due to households’ optimal
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intertemporal allocation of resources. The transition path initially lies above the New-BGP path, reflecting

higher lifetime income generated by temporarily higher output growth during the transition, a shift toward

a more resource-conserving extraction path, and the gradual shift in the production structure toward

greater resource intensity. Since output growth rapidly converges to its New-BGP value (Figure 4(c)),

the slope of the consumption path quickly converges as well. Thereafter, the log level of consumption

gradually converges to its New-BGP level.

As shown in Figures 4(f) and 4(g), the subsidy rate for variety R&D, s, affects the transition paths of

resource extraction and, therefore, aggregate pollution, Ωz. Moreover, because key endogenous variables

such as gy,t and θt evolve differently during the transition than in the steady state, the welfare effects of

changes in s may differ from those implied by the steady-state analysis. Figure 5 compares the transitional

and steady-state effects of s on aggregate pollution, Ωz, and welfare gains, ∆U , under the benchmark

environmental policy (gτ = 0) for different initial resource endowments, S0. Solid and dashed lines

represent the transitional and steady-state effects, respectively. For S0 = 4, the dashed lines in Figures

5(a) and 5(b) reproduce the results represented by the solid lines in Figures 2(e) and 2(f), respectively.

Likewise, for S0 = 1, the dashed lines in Figures 5(c) and 5(d) reproduce the results represented by the

solid lines in Figures 2(g) and 2(h), respectively.

[Figure 5 about here.]

Since Figure 4 examines the resource-rich case (S0 = 4), we begin with the corresponding results

in Figures 5(a) and 5(b). Figure 5(a) shows that, once transitional dynamics are taken into account,

a marginal increase in the subsidy rate for variety R&D, s, above its benchmark value of 0.2 reduces

aggregate pollution, Ωz. As shown in Figure 4(g), the decline in θt increases expected future resource

demand, inducing resource-extracting firms to postpone extraction. Consequently, resource extraction is

shifted from the present to the future, lowering the present discounted value of pollution damages. Similar

results hold for all values of S0 considered in Figure 5 (Figures 5(a), 5(c), and 5(e)).

Figure 5(b) further shows that accounting for transitional dynamics amplifies the welfare gains from
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an increase in the subsidy rate for variety R&D, s, relative to the steady-state prediction. This result

is driven by two factors. First, the consumption path initially lies above the New-BGP path because

temporarily higher output growth, a more resource-conserving extraction path, and a shift in production

toward greater resource intensity increase lifetime income (Figure 4(e)). Second, aggregate pollution, Ωz,

is lower than in the corresponding steady-state equilibrium (Figure 5(a)). Figure 5(d) further shows that,

once transitional dynamics are taken into account, an increase in the subsidy rate for variety R&D, s,

improves welfare even in resource-poor economies (S0 = 1), where the steady-state analysis predicts that

a higher subsidy rate would reduce welfare. However, as shown in Figure 5(f) for the more resource-poor

economy with S0 = 0.3, the qualitative steady-state result remains unchanged even when transitional

dynamics are taken into account. In this economy, a marginal increase in the subsidy rate for variety

R&D, s, continues to reduce welfare. Even so, the magnitude of the welfare loss becomes smaller once

transitional dynamics are taken into account, as higher initial consumption and lower aggregate pollution

both contribute positively to welfare.

[Figure 6 about here.]

Finally, Figure 6 illustrates how the transitional welfare effects of the subsidy rate for variety R&D,

s, vary with the resource-tax growth rate, gτ . The solid lines represent the benchmark case (gτ = 0) and

reproduce the solid lines in Figures 5(b), 5(d), and 5(f), while the dashed and dash-dotted lines correspond

to gτ = −0.015 and gτ = −0.03, respectively. Consistent with the steady-state welfare effects of s shown

in Figures 2(f) and 2(h), Figures 6(a)–6(c) show that, even when transitional dynamics are taken into

account, a decline in gτ and the resulting increase in environmental-policy stringency reduce the welfare

gains from a higher subsidy rate for variety R&D in resource-rich economies (S0 = 4) and resource-poor

economies (S0 = 1), while increasing the corresponding welfare losses in more resource-poor economies

(S0 = 0.3). Intuitively, in addition to the two channels identified in the steady-state analysis, a lower gτ

provides resource-extracting firms with a stronger incentive to postpone extraction by increasing expected

future resource demand. As a result, the additional postponement of resource extraction induced by a

37



marginal increase in s becomes smaller, reducing the associated decline in pollution and the resulting

welfare gains. Consequently, the welfare-enhancing effect of s through transitional dynamics becomes

weaker.

Summarizing these numerical results for changes in the subsidy rate for variety R&D, s, we obtain the

following proposition.

Proposition 2. The numerical simulations yield the following results.

(i) An increase in the subsidy rate for variety R&D, s, is more likely to improve welfare in resource-rich

economies than in resource-poor economies.

(ii) Accounting for transitional dynamics makes an increase in the subsidy rate for variety R&D, s, more

welfare-enhancing because it raises consumption through temporarily higher output growth, a more

resource-conserving extraction path, and a shift in production toward greater resource intensity,

while also reducing the present discounted value of pollution damages.

(iii) A decline in the resource-tax growth rate, gτ , and the resulting increase in environmental-policy

stringency reduce the welfare-enhancing effect of the subsidy rate for variety R&D, s, because they

already provide higher output growth and a more resource-conserving extraction path, thereby re-

ducing the additional growth, consumption, and environmental benefits generated by a marginal

increase in s.

4.3.2 Dynamic Effects of Resource-Substituting Technology Development Subsidy

Figure 7 illustrates the transitional effects of increasing the subsidy rate for resource-substituting

technology development, σ, from 0.2 to 0.4 in resource-poor economies (S0 = 1) under the benchmark

environmental policy (gτ = 0). As in Figure 4, solid lines represent the transitional dynamics, while dashed

and dash-dotted lines denote the Old BGP (σ = 0.2) and New BGP (σ = 0.4), respectively. Consistent

with the steady-state analysis, the values of Mt and gM,t are unchanged across the two BGPs because the

rate of decline in resource extraction is independent of σ, i.e., ĝM = ρ+ gτ .
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[Figure 7 about here.]

A higher subsidy rate for resource-substituting technology development, σ, decreases the variety growth

rate, gn,t (Figure 7(a)), with the initial decline exceeding the long-run decrease. As shown in Figure 7(b),

the share of resource-substituting firms, θt—and hence the labor intensity of the economy—gradually

increases toward its higher steady-state level under the New BGP (σ = 0.4). This reallocates high-skilled

labor toward resource-substituting technology development, contributing to the initial decline in gn,t and

the initial surge in the skill premium, wh,t/wl,t (Figure 7(d)). However, the gradual increase in labor

intensity raises the relative demand for low-skilled labor, causing the skill premium to decline over time.

Consequently, the skill premium gradually converges to its New-BGP level, which remains above that under

the Old BGP. Note that, although increases in both s and σ raise the skill premium in the long run, their

short-run effects differ. An increase in σ initially raises the skill premium, whereas an increase in s initially

lowers it, owing to the different transitional responses of VM,t and VR,t. Moreover, the anticipated increase

in θt, implying lower future resource intensity, reduces expected future resource demand. Anticipating this

change, resource-extracting firms accelerate resource extraction, thereby increasing the pace of extraction

during the transition (Figure 7(f)). As a result, current resource extraction, Mt, exceeds its steady-state

level, while future extraction falls slightly below it (Figure 7(g)).

From equation (35), the output growth rate, gy,t, is driven by (i) product-variety growth, gn,t, (ii)

changes in production composition through θt, and (iii) variations in the rate of resource extraction, ĝM,t.

Following the increase in the subsidy rate for resource-substituting technology development, σ, the variety

growth rate, gn,t, declines (Figure 7(a)), while θt rises (Figure 7(b)). At the same time, the anticipated

decline in future resource demand induces resource-extracting firms to accelerate extraction, increasing the

rate of decline in resource extraction, ĝM,t (Figure 7(f)). The decline in gn,t reduces output growth through

channel (i). In addition, the higher rate of decline in resource extraction lowers output growth through

channel (iii). By contrast, in a resource-poor economy (S0 = 1), where L
aRθ

> Mt

aM (1−θ) , is likely to hold,

the increase in θt raises output growth through channel (ii). Moreover, the increase in θt reduces reliance

on resource-based production, exerting a positive effect through channel (iii). As shown in Figure 7(c),
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the two negative effects dominate the two positive effects, so that gy,t declines. The initial decline in gy,t

reflects both the sharp fall in gn,t through channel (i) (Figure 7(a)) and the increase in the rate of decline

in resource extraction, ĝM,t, through channel (iii) (Figure 7(f)). Thereafter, gy,t gradually converges to its

New-BGP level as the positive effect of a higher θt diminishes as θt approaches its steady-state value.

Figure 7(e) shows that the log level of consumption gradually converges to its New-BGP level (σ = 0.4).

The New-BGP consumption path is flatter than the Old-BGP path (σ = 0.2) because output growth is

lower under the New BGP. However, its initial consumption level is higher due to households’ optimal

intertemporal allocation of resources. The transition path initially lies below the New-BGP path, reflecting

the reduction in lifetime income associated with the shift toward a more resource-intensive extraction path

and the gradual shift in the production structure toward greater labor intensity. Since output growth

steadily converges to its New-BGP value (Figure 7(c)), the slope of the consumption path also converges

steadily. Thereafter, the log level of consumption gradually converges to its New-BGP level.

Figure 8 compares the transitional and steady-state effects of σ on aggregate pollution, Ωz, and welfare,

U , under the benchmark environmental policy (gτ = 0) for different initial resource endowments, S0. Solid

and dashed lines represent the transitional and steady-state effects, respectively. For S0 = 4, the dashed

lines in Figures 8(a) and 8(b) reproduce the results represented by the solid lines in Figures 3(e) and 3(f),

while for S0 = 1, those in Figures 8(c) and 8(d) reproduce the results represented by the solid lines in

Figures 3(g) and 3(h).

[Figure 8 about here.]

Since Figure 7 examines the resource-poor case (S0 = 1), we begin with Figures 8(c) and 8(d). Figure

8(c) shows that, once transitional dynamics are taken into account, a marginal increase in the subsidy rate

for resource-substituting technology development, σ, above its benchmark value of 0.2 increases aggregate

pollution, Ωz, opposite to the effect of a higher subsidy rate for variety R&D, s, shown in Figures 5(a),

5(c), and 5(e). As shown in Figure 7(g), the increase in θt reduces expected future resource demand,

inducing resource-extracting firms to accelerate extraction. Consequently, resource extraction is higher
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in the initial periods and lower in later periods than along the steady-state path, increasing the present

discounted value of pollution damages. Similar results hold for all values of S0 considered in Figure 8

(Figures 8(a), 8(c), and 8(e)).

Figure 8(d) further shows that, once transitional dynamics are taken into account, an increase in the

subsidy rate for resource-substituting technology development, σ, reduces welfare even in resource-poor

economies (S0 = 1), where the steady-state analysis predicts that a higher subsidy rate would increase

welfare. Thus, accounting for transitional dynamics reverses the steady-state welfare implication. Two

factors drive this result. First, the consumption path initially lies below the New-BGP path because a

more resource-intensive extraction path and a shift in production toward greater labor intensity reduce

lifetime income (Figure 7(e)). Second, aggregate pollution, Ωz, is higher than in the corresponding steady-

state equilibrium (Figure 8(c)). However, as shown in Figure 8(f) for the more resource-poor economy with

S0 = 0.3, the qualitative steady-state result remains unchanged even when transitional dynamics are taken

into account. In this economy, a marginal increase in the subsidy rate for resource-substituting technology

development, σ, continues to improve welfare. Even so, the magnitude of the welfare gain becomes smaller

once transitional dynamics are taken into account, as lower initial consumption and higher aggregate

pollution both reduce welfare.

[Figure 9 about here.]

Finally, Figure 9 illustrates how the transitional welfare effects of the subsidy rate for resource-

substituting technology development, σ, vary with the resource-tax growth rate, gτ . The solid lines

represent the benchmark case (gτ = 0) and reproduce the solid lines in Figures 8(b), 8(d), and 8(f), while

the dashed and dash-dotted lines correspond to gτ = −0.015 and gτ = −0.03, respectively. Consistent with

the steady-state welfare effects of σ shown in Figures 3(f) and 3(h), Figures 9(a)–9(c) show that, even when

transitional dynamics are taken into account, a decline in gτ and the resulting increase in environmental-

policy stringency reduce the welfare losses from a higher subsidy rate for resource-substituting technology

development, σ, in resource-rich economies (S0 = 4) and resource-poor economies (S0 = 1), while increas-
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ing the corresponding welfare gains in more resource-poor economies (S0 = 0.3). Intuitively, in addition to

the two channels identified in the steady-state analysis, a lower gτ provides resource-extracting firms with a

stronger incentive to postpone extraction by increasing expected future resource demand. As a result, the

additional pollution generated by a marginal increase in σ becomes smaller, reducing its adverse welfare

effects. Consequently, the welfare implications of a higher σ become more favorable when environmental

policy is more stringent.

Summarizing these numerical results for changes in the subsidy rate for resource-substituting technology

development, σ, we obtain the following proposition.

Proposition 3. The numerical simulations yield the following results.

(i) An increase in the subsidy rate for resource-substituting technology development, σ, is more likely

to improve welfare in resource-poor economies than in resource-rich economies.

(ii) Accounting for transitional dynamics worsens the welfare implications of an increase in the subsidy

rate for resource-substituting technology development, σ, because it lowers consumption through

a more resource-intensive extraction path and a shift in production toward greater labor intensity,

while also increasing the present discounted value of pollution damages.

(iii) A decline in the resource-tax growth rate, gτ , and the resulting increase in environmental-policy strin-

gency increase the welfare-enhancing effect of the subsidy rate for resource-substituting technology

development, σ, because they already provide higher output growth and a more resource-conserving

extraction path, thereby reducing the additional growth, consumption, and environmental costs

associated with a marginal increase in σ.

5 Concluding Remarks

This paper has introduced endogenous resource-substituting technology development into a variety-

expanding endogenous growth model with polluting non-renewable resources. The analysis has highlighted

a trade-off between new-variety innovation and resource-substituting technology development. We have
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shown that subsidies for new-variety R&D promote growth but increase resource dependence, whereas

subsidies for resource-substituting technology development have the opposite effects. We have further

demonstrated that the welfare effects of these policies depend on natural-resource endowments and envi-

ronmental policy. In particular, subsidies for new-variety innovation are more likely to improve welfare

in resource-rich economies, whereas subsidies for resource-substituting technology development are more

beneficial in resource-poor economies. Moreover, stricter environmental policies strengthen the welfare

gains from subsidies for resource-substituting technology development and weaken those from subsidies

for new-variety R&D. These findings suggest that innovation and environmental policies should be de-

signed jointly, taking into account resource endowments and the interactions among technological change,

resource use, and pollution.

To keep the analysis tractable and to highlight the key economic mechanisms, we have employed a

stylized R&D-based growth model with several simplifying assumptions. While these assumptions facil-

itate analytical transparency and yield intuitive insights, they also impose certain limitations. Before

concluding, we briefly discuss these limitations and suggest several directions for future research.

First, we focus on the case where the resource tax follows the simple path τt = τ0e
gτ t, and do not

analyze the optimal combination of environmental taxation and R&D subsidies. In general, however,

the first-best Pigouvian tax may exhibit a more complex time profile. An important direction for future

research is to characterize the socially optimal allocation and the optimal joint design of environmental

and innovation policies within the present framework. In particular, analyzing optimal R&D subsidies

under both first-best and second-best environmental-policy regimes would provide further insights into

the interaction between innovation and environmental policies.

Second, the paper does not consider differences across tasks in the feasibility of adopting resource-

substituting technologies. While this assumption helps highlight the trade-off between new-variety inno-

vation and resource-substituting technology development, future research could incorporate task hetero-

geneity to provide a richer characterization of the transition from resource-based production to resource-

substituting technologies and its implications for growth, resource dependence, and welfare.

Third, for analytical simplicity, we consider a closed-economy framework and abstract from trans-
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boundary pollution. Since the differences in the welfare effects of R&D policies between resource-rich and

resource-poor economies partly depend on this assumption, extending the model to a multi-country setting

would be a promising direction for future research. In particular, it would be interesting to examine the

welfare implications and optimal design of R&D policies under alternative trade regimes and to explore

how international pollution spillovers affect the interaction among innovation, resource use, and welfare.

Finally, our numerical results should be interpreted with caution. The finding that subsidies for new-

variety R&D promote growth and improve welfare over a broad range of initial resource endowments

depends on the benchmark parameterization, which assumes a high share of resource-substituting firms

and relatively low resource intensity. Moreover, for analytical tractability, the model assumes that all new

varieties of intermediate goods are initially produced using resource-intensive technologies, a simplifying

assumption for which direct empirical support is limited. As a result, the calibration relies on specific

parameter assumptions, and the numerical simulations should be viewed primarily as illustrations of the

model’s theoretical mechanisms rather than as precise quantitative policy recommendations. Examining

the robustness of the results under alternative assumptions and calibrations remains an important avenue

for future research.

Appendix

A Appendix A

In the steady-state equilibrium, since θt is constant and yt = ct, it follows from (26) and (31) that the

low-skilled wage wl,t grows at the output growth rate, gy = r − ρ. Meanwhile, the resource price pm,t

grows at the interest rate r according to the Hotelling rule in equation (2). Because the resource tax grows

at the constant rate gτ,t = gτ > −ρ, the after-tax resource price, τtpm,t, grows faster than the low-skilled

wage. Consequently, condition (14) holds for a broad range of parameter values.
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B Appendix B

This appendix describes the dynamics of the economy. Using (8), (12), (15), and (16), together

with the definitions VR,t ≡ yt
vR,tnR,t

and VM,t ≡ yt
vM,tnM,t

, we obtain
v̇R,t
vR,t

= rt − µ−1
µ VR,tθt,

v̇M,t
vM,t

=

rt + αt − µ−1
µ VM,t(1− θt).

Combining the above equations with (17), (20), and (26) yields

V̇R,t =

[
−ρ+ µ− 1

µ
VR,tθt − αt

1− θt
θt

]
VR,t, (A1)

V̇M,t =

[
−ρ+ µ− 1

µ
VM,t(1− θt)−

λt
1− θt

]
VM,t. (A2)

Using the free-entry conditions (19) and (22) together with the definitions of VM,t and VR,t, we obtain

φ

ϕ

θt
(1− θt)2

VR,t
VM,t

=
1− s

1− σ

(
Hn,t

1−Hn,t

)1−ψ

⇔ Hn,t =

[
(1−σ)φ
(1−s)ϕ

θt
(1−θt)2

VR,t
VM,t

] 1
1−ψ

1 +
[
(1−σ)φ
(1−s)ϕ

θt
(1−θt)2

VR,t
VM,t

] 1
1−ψ

, (A3)

Equation (A3) shows that Hn,t can be expressed as a function of θt, VM,t, and VR,t, that is, Hn,t =

Hn(θt, VM,t, VR,t). Noting that λt = φHψ
n,t and αt = ϕ(1 −Hn,t)

ψ, both λt and αt can also be expressed

as functions of θt, VM,t, and VR,t.

Hence, the dynamic properties of the model are fully characterized by the evolution of θt, VR,t, and

VM,t using (29), (A1), (A2), and (A3). By linearizing the system around the steady state and examining

the eigenvalues of the Jacobian matrix, we can characterize the local dynamics of the model. Since θt

is the state variable, whereas VR,t and VM,t are jump variables, given an initial value θ0 =
nR,0
n0

, if one

eigenvalue is negative and the other two are positive, the system exhibits saddle-path stability.

Numerical analysis under the benchmark parameter values shows that the eigenvalues are −5.6132,

0.37179, and 3.0349. Therefore, the steady state is saddle-path stable, and the economy converges mono-

tonically to a unique steady-state equilibrium under plausible parameter values.
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C Appendix C

By differentiating the right-hand side of (38) with respect to Hn, we obtain

∂RHS

∂Hn
=

1

(1−Hn)2

(
1−Hn

Hn

)ψ [
ψρϕ(1−Hn)

1+ψ

(ρ+ φHψ
n )2

+ 1− ψ − (2ψ − 1)
ϕ(1−Hn)

ψ

ρ+ φHψ
n

]
. (A4)

Now suppose that

1− ψ − (2ψ − 1)
ϕ(1−Hn)

ψ

ρ+ φHψ
n

> 1− ψ − ϕ(2ψ − 1)

ρ
> 0,

or equivalently, ψ ≤ ρ+ϕ
ρ+2ϕ . Then, it follows that

∂RHS
∂Hn

> 0. Thus, the condition ψ ≤ ρ+ϕ
ρ+2ϕ is sufficient for

the right-hand side of (38) to be increasing in Hn.

D Appendix D

Since ct = yt, we have ct = c0e
gyt. Substituting this into

∫∞
0
e−ρt ln ct dt and rearranging yields

1
ρ ln c0 + 1

ρ2 gy. Since ĝM = ρ + gτ , it follows that Mτ = M0e
−(ρ+gτ )τ . Using (33), we obtain Mτ =

(ρ+ gτ )S0e
−(ρ+gτ )τ . Assuming ĝM = ρ+ gτ ≥ δ, substituting this into Zt = η

∫ t
0
Mτe

−δ(t−τ)dτ yields

Zt = η(ρ+ gτ )S0
e−δt − e−ρt

ρ+ gτ − δ
, (A5)

Substituting (A5) into Ωz ≡
∫∞
0
e−ρtZt dt yields Ωz =

ηS0(ρ+gτ )
(δ+ρ)(2ρ+gτ )

.
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Table 1: Benchmark Parameter Values

Parameter Description Value

ρ Discount rate 0.05
A Productivity level in the final-good sector 1
aM Productivity parameter in the material-resource-using sector 1
aR Productivity parameter in the resource-substituting sector 1
ω Pollution awareness parameter 1
η Pollution per unit of resource use 1
n0 Initial number of varieties 1
S0 Initial resource stock 1 or 4
µ Patent-breadth parameter 1.3
L Supply of low-skilled labor 3.4215
κ Productivity externalities from input-variety expansion 1.05
ϕ Resource-substituting technology development productivity parameter 2.7045
φ Variety-innovation productivity parameter 1.31
gτ Resource-tax growth rate 0
δ Pollution depreciation rate 0.02
s Subsidy rate for variety R&D 0.2
σ Subsidy rate for resource-substituting technology development 0.2
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Figure 1: Steady-State Equilibrium Allocation of Skilled Labor to Variety R&D

Notes: An increase in the subsidy rate for variety R&D (s) shifts the LHS curve upward, whereas an increase in the subsidy
rate for resource-substituting technology development (σ) shifts the LHS curve downward.
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Figure 3: Effects of the Resource-Substituting Technology Development Subsidy Rate (σ)
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