
Bimonte, Giovanna; Romano, Maria Grazia; Russolillo, Maria

Article

Green innovation and competition: R&D incentives in
a circular economy

Games

Provided in Cooperation with:
MDPI – Multidisciplinary Digital Publishing Institute, Basel

Suggested Citation: Bimonte, Giovanna; Romano, Maria Grazia; Russolillo, Maria (2021) :
Green innovation and competition: R&D incentives in a circular economy, Games, ISSN
2073-4336, MDPI, Basel, Vol. 12, Iss. 3, pp. 1-13,
https://doi.org/10.3390/g12030068

This Version is available at:
https://hdl.handle.net/10419/257550

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dürfen die Dokumente nicht für öffentliche oder kommerzielle
Zwecke vervielfältigen, öffentlich ausstellen, öffentlich zugänglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfügung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewährten Nutzungsrechte.

Terms of use:

Documents in EconStor may be saved and copied for your
personal and scholarly purposes.

You are not to copy documents for public or commercial
purposes, to exhibit the documents publicly, to make them
publicly available on the internet, or to distribute or otherwise
use the documents in public.

If the documents have been made available under an Open
Content Licence (especially Creative Commons Licences), you
may exercise further usage rights as specified in the indicated
licence.

  https://creativecommons.org/licenses/by/4.0/

https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.3390/g12030068%0A
https://hdl.handle.net/10419/257550
https://creativecommons.org/licenses/by/4.0/
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/


games

Article

Green Innovation and Competition: R&D Incentives in a
Circular Economy

Giovanna Bimonte 1 , Maria Grazia Romano 1,2 and Maria Russolillo 1,3,*

����������
�������

Citation: Bimonte, G.; Romano,

M.G.; Russolillo, M. Green Innovation

and Competition: R&D Incentives in

a Circular Economy. Games 2021, 12,

68. https://doi.org/10.3390/

g12030068

Academic Editors: Ulrich Berger and

Alessandro Tavoni

Received: 18 June 2021

Accepted: 8 September 2021

Published: 16 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Economics and Statistics, University of Salerno, Via Giovanni Paolo II, 132,
I-84084 Fisciano, Italy; gbimonte@unisa.it (G.B.); maromano@unisa.it (M.G.R.)

2 Department of Economics and Statistics and CSEF, University of Naples Federico II, Via Cintia,
Monte S. Angelo, I-80126 Napoli, Italy

3 Faculty of Actuarial Science and Insurance, Bayes Business School, City University, 106 Bunhill Row,
London EC1Y 8TZ, UK

* Correspondence: mrussolillo@unisa.it

Abstract: The present paper provides theoretical insights regarding the determinants of firms’
incentives to invest in a Circular Economy. The analysis relies on a Cournot model disaggregating the
disposal cost in the production function. In a non-simultaneous sequential game, two risk-neutral
firms are endowed with a green innovation project that, if successful, would reduce the overall
production costs and implement a Circular Economy. Firms are plagued by asymmetric information
about the exact value of the other firm’s innovation. In this setting, the R&D investment in a Circular
Economy, by affecting the distribution of production and disposal costs, influences the production
decisions of both the innovating and the rival firms. The sign of the impact depends on the firms’
strategy in the product market. Furthermore, the analysis points out that cooperation in R&D of firms
competing in the product market reinforces incentives to invest in green innovation. This suggests
that governments aimed to advance a Circular Economy should encourage firms’ cooperation.

Keywords: circular economy; cournot oligopoly; R&D investment spillovers; green innovation

1. Introduction

In this contribution, we provide theoretical insights regarding the determinants of
firms’ incentives to invest in Circular Economy. The Circular Economy (CE) is an extensive
rethink of the industrial processes introducing new connections between production,
consumption, and resources (Frosch and Gallopoulos [1]). Conceived during the 1970s
and 1980s and promoted during the 1990s, the concept of CE is based on the transition
from linear economic models based on take, make, use and waste towards circular models
that minimise, recover, recycle, and reuse materials, water, and energy (Geissdoerfer et al. [2];
OECD [3]; Kirchherr et al. [4]). The transition is pursued throughout two crucial steps. One
step involves the decoupling of the economic growth from the extraction and consumption
of constrained natural resources, like fossil fuels or hard-to-recycle metals and minerals.
The other step reshapes the life cycle of products by keeping resources in the overall
productive system as long as possible, with the aim to use the essential inputs, have
minimal wastes and to turn waste into wealth. Industrial ecology promotes resources
minimisation, encourages the adoption of cleaner technologies, and emphasises the benefits
of recycling residual waste materials, which become more than just rubbish (Jacobsen [5];
Andersen [6–8]).

Schumpeter [9,10] asserts that innovation is the main force for economic development
and CE represents an important means to reduce environmental impact while supporting
sustainable economic growth (Millar et al. [11]). A promising line of research seeks to iden-
tify the most efficient use of resources for economic sustainability and growth by companies
and firms. However, only a few of theoretical and empirical studies have addressed the is-
sue of incentives to invest in Research and Development for green innovation (green R&D)
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of firms competing in the product market. Green innovation refers to all types of innovation
that incorporate environmental responsibility (Meidute-Kavaliauskiene et al. [12]).

Cella and Etro [13], study competition between firms involved in R&D activities and
analyse the incentive-compatible contracts for managers under hidden productivity. In
another theoretical paper the same authors find a positive correlation between number
of firms and effort differentials (Cella and Etro [14]). They explain the weak but positive
relation between competition and incentive mechanisms highlighted in several empirical
studies (Hubbard and Palia [15]; Cuñat and Guadalupe [16]; Bloom and Van Reenen [17]).

Lambertini et al. [18], explore the relationship between competition and innovation
aimed at reducing polluting emissions. They find an inverted-U relationship between
firm’s green innovation and competition (as in Aghion [19]), driven by the presence of
R&D spillover in the Cournot oligopolistic market.

Another strand of literature that has flourished in recent years studies how the
corporate governance structure affects innovation, emphasising that the internal gov-
ernance mechanism may be a key factor in business innovation. Tylecote and Visintin [20],
show that the corporate governance is one of the main determinants for innovation and
technological change. More recent empirical papers, focusing on the relationship be-
tween governance mechanisms and managers’ innovation decisions, point out a signifi-
cant impact of both ownership structure and shareholder identity on innovation efforts
and outcomes (Tribo et al. [21]; Wu [22]; Latham and Braun [23]; Belloc [24]; Block [25];
Balsmeier et al. [26]; Zhang et al. [27]; Tsao et al. [28]). Garrido-Prada et al. [29], find that
the knowledge generated by public environmental and energy R&D positively affects
SMEs’ implementation of CE activities, but its effect on the level of investment is negative.

To the best of our knowledge, there is no paper investigating the incentives to invest
in CE of firms operating in oligopolistic product markets. For example, Cella and Etro [14],
consider an economic framework where manager’s effort can reduce production costs, and
in Lambertini et al. [18], the green innovation concerns the lowering of emissions. However,
the main goal of investments in CE is to lessen the environmental footprint of production
by retaining resources as long as possible in the productive system.

To make a step in this direction, we study a Cournot duopoly in which each competing
firm first does R&D in CE and then chooses the production level. If successful, the R&D
activity results in a green innovation, which reduces production costs by making the
innovator able to use, in the production process, recycled resources from the competitor’s
production waste. (It has to be highlighted that in our model each firm decides to use the
competitor’s waste rather than its waste because of its different technical characteristics.
For sake of simplicity we consider that innovation does not allow the firm to recycle or
reuse its own waste, but our (qualitative) results would be robust with respect to the
introduction of of such an assumption.) In addition, the innovation produced by each firm
also generates a positive spillover on the rival’s disposal costs. (Our analysis relies on a
Cournot model disaggregating the disposal cost in the production equation.)

The main novelty of our model concerns the distribution of the overall production
costs of each firm which is endogenously influenced by the R&D investment of both
competing firms. Moreover, the level of R&D investment positively affects the probability
of success and is publicly observed, while the R&D outcome is private information of
the innovating firm. As a result, each firm forms its expectations about both its disposal
cost and the production costs incurred by its competitor, based on the observable R&D
investment. This implies that the investment in green R&D affects the production decisions
of both the innovating and the rival firm. The sign of the impact depends on the firms’
strategy in the product market. In particular, the impact of the R&D investment on the
output of the R&D-taking firm is a positive if the rival’s firm is sufficiently aggressive in the
product market—i.e., it produces large quantities—and negative otherwise. Conversely, the
impact on the output of the rival’s firm is negative if it plays very aggressively and positive
otherwise. Finally, we show that cooperation in R&D of firms competing in the product
market reinforces incentives to invest in green innovation. Hence, in order to incentive the
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CE implementation, policy makers can not only increase the public investment in green
R&D, as suggested by Garrido-Prada et al. [29], but also encourage firms’ cooperation.

The remainder of the paper is organised as follows: Section 2 sets up the model, in
Section 3 we illustrate the equilibrium outcome of the product market game. In Section 4,
we investigate the R&D stage of the game, under the two alternative assumptions that firms
act noncooperatively and cooperatively in the R&D game. Finally, Section 5 concludes. All
proofs are in the Appendix A.

2. The Model

Players and Environment: Consider a single period economy where two risk-neutral
firms, A and B, face Cournot competition in the product market. The inverse market
demands are defined by:

PA(qA, qB) = D− qA − θqB, for firm A,

PB(qA, qB) = D− θqA − qB, for firm B

where Pi(·) and qi, with i = A, B, denote the price of the good and the quantity sold by
firm i, respectively. As standard, θ denotes the intensity of product differentiation, with
0 ≤ θ ≤ 1, and it is a measure of competitive pressure.

The cost function for firm i, with i = A, B, is denoted by Ci(qi). We suppose that it is
additive with respect to two components, one strictly related to the production process,
β(qi), assumed linear in qi, and another related to the disposal process, αi(qi), assumed
increasing and convex in qi. Then, Ci(qi) = β(qi) + αi(qi).

Green R&D: Firms are endowed with a green innovation project that, if successful,
would reduce the production costs. Hence, before undertaking production, each firm
decides the level of investment in green innovation, whose outcome is uncertain.

Green innovation makes the innovator able to use in the production process recycled
resources from the competitor’s production waste, by reducing its marginal production
cost. Moreover, the innovation process of each firm gives rise to a positive technological
spillover on the expected profit of its competitor, by reducing the disposal costs.

Innovation can either be successful or unsuccessful with respective probabilities µi and
1− µi, where µi represents the intensity of firm i’s R&D. This implies that a more intensive
R&D investment (higher µi) is more likely to generate a successful green innovation and
thus lower production costs for both firms.

In the case of innovation failure, the standard production cost is β(qi) = c0 + c1qi,
with c0 > 0 and 0 < c1 < 1, and the disposal cost, is αi(qi) = αiz(qi), where z(qi) is
the production waste, which we assume increasing in the quantity, and αi > 0 is the
marginal disposal cost. Hence, in this case, the production costs are described by the
following function:

Ci(qi) = β(qi) + αi(qi) = c0 + c1qi + αiz(qi).

A successful innovation allows firm i to use in the production process a fraction
σi ∈ (0, 1) of the production waste of the competitor, z(q−i), by reducing its marginal
production cost of δ(σiz(q−i)), where δ(·) < 1 is an increasing positive function and
measures the innovation productivity. In the case of successful innovation of firm i,
indeed, its standard production cost becomes β(qi) = c0 + [c1 − δ(σiz(q−i))]qi. More-
over, in the case of successful innovation of firm −i, the disposal cost of firm i becomes
αi(qi) = αi(1− σ−i)z(qi). Hence, in this case the production cost of firm i is described by
the following function:

Ci(qi) = c0 + [c1 − δ(σiz(q−i))]qi + αi(1− σ−i)z(qi).
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To summarize, the cost function of firm i, with i = A, B, becomes:

Ci(qi, q−i, γ̃i, γ̃−i) = c0 + [c1 − γ̃iδ(σiz(q−i))]qi + αi(1− γ̃−iσ−i)z(qi).

We interpret γ̃i as being the uncertain outcome of the cost-reducing R&D activity
carried out by firm i. Formally, γ̃i is a random variable belonging to {0, 1}, where γ̃i = 1
corresponds to successful green innovation and thus to a greater material reuse and
recycling and γ̃i = 0 corresponds to unsuccessful green innovation. As above mentioned,
the probability of γ̃i = 1 is µi. Therefore, the distribution function of γ̃i is endogenous and
depends on the intensity of green innovation investment.

To simplify the analysis, we assume that both z(·) and δ(·) are linear and denote by
z ∈ (0, 1) the waste per unit of output and by δ ∈ (0, 1) the constant marginal productivity
of innovation.

In addition, a successful innovation of any firm also brings forth a direct effect on
its competitor’s profit. Indeed, when firm i recycles the production waste of firm −i, its
marginal disposal cost reduces of σiα−i. Hence, the parameter σi captures positive R&D
spillover that the innovation produced by firm i generates on firm −i’s disposal costs. (In
our model, in order to capture the spillover effects which characterise CE, we assume that
each firm prefers to use competitors’ waste. The justification is in the parameter σi which
takes into account the positive spillover effect R&D on the competitor’s disposal cost).

It is useful to highlight that while standard models consider Ci(qi) = c0 + c1qi, in
our model we disentangle the production cost by considering apart from the standard
cost related to the production cost, also a further component, αiz(qi), strictly linked to the
disposal process.

We assume that while the extent of R&D activities (µi) is publicly observed, their
outcome γi is not: only the innovator has private information on the exact value of their
innovation, whereas the rival firm must base its estimate of the green innovation value
on the observable R&D investment µi. Moreover, we assume that the R&D expenditure is
included in the fixed cost, c0 and does depend on the level investment.

Green R&D is the main novelty of our model and deserves a digression. Spence [30],
first pointed out that in a market where firms compete in R&D, there is a significant
disincentive for private investment in product development. This disincentive manifests
itself through two distinct channels. First, innovative firms limit their investment in product
R&D if they perceive a low probability of make exclusive use of the results of their R&D
efforts, i.e., if new technological knowledge spills over to competitors. Second, if firms can
use the spilled knowledge, they will do so at the expense of their own R&D. Hence, firms
operating in technological and scientific environments with a high level of spillover put
less effort into innovation. However, in our CE model, firms do not compete in R&D, i.e.,
cooperative research efforts bring together competitors, D’aspermont & Jackemin [31] and
Brander & Spencer [32]. This implies that there is no disincentive effect and the investment
is higher than under R&D competition. Moreover, we assume that a successful investment
corresponds to a higher use of waste materials. The idea of using competitors’ waste
materials is closely linked to the concept of CE: simply using one’s own waste materials
increases innovator’s efficiency, using competitors’ waste materials induces a reduction in
disposal costs and increases total welfare.

Timing and equilibrium concept: The timing is as follows: at time t = 0, each firm
i, with i = A, B, decides the investment level in green innovation, µi. Both µA and µB are
publicly observed. At time t = 1, the R&D outcomes γ̃A and γ̃B realize. Firm i privately
observes γ̃i, with i = A, B. At time t = 2, product market competition takes place in a
standard fashion.

The equilibrium concept will be Bayes–Nash equilibrium and the choice of R&D
intensity will be derived backward.
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3. The Equilibrium in the Product Market

In this section, we characterise the equilibrium outcome of the product market game
described in the previous section for any pair of R&D investment, µA and µB. Indeed, in
our setting, the observable R&D choice of each firm affects the competing firm’s expectation
about both the innovator’s production strength and their own disposal cost. Thus, at the
second stage, the production strategy of each firm depends on the intensity of the R&D
investments, µA and µB.

Formally, at time t = 0 firm i, with i = A, B, anticipating the impact of R&D on the
product market outcome, chooses its level of R&D investment µi which maximises its
expected profit:

Πi = µiΠ
i
+ (1− µi)Πi,

where Πi and Πi are the firm’s profits conditional on γ̃i = 1 and γ̃i = 0, respectively, and
µi is its R&D investment. At time t = 1, the R&D outcomes realise and each firm observes
the achievement of its own investment. Finally, at time t = 2 firm i, with i = A, B, chooses
the optimal production level, given the realised γ̃i ∈ {0, 1}.

If γ̃i = 1, the optimisation problem of firm i is to choose qi which maximises the
expected profit:

Πi
= µ−i{(D− qi − θq−i)qi − [c0 + (c1 − δσiα−i(zq−i))qi + (1− σ−i)αi(zqi)]}+
(1− µ−i){(D− qi − θq−i)qi − [c0 + (c1 − δσiα−i(zq−i))qi + αi(zqi)]}.

Since firm i does not observe the outcome of the R&D investment of firm −i, its
expected profit depends on the R&D investment of the competitor in the product market,
µ−i. Let us denote with E−i ≡ µ−iq−i + (1− µ−i)q−i the expected production of firm −i.
With a simple algebraic calculus, the expected profit simplifies to:

Πi
= −(qi)2 − c0 + qi[di

1 + di
2µ−i − (θ − δd−i

2 )E−i],

where di
1 ≡ D− c1 − αiz and di

2 ≡ σ−iαiz.
If γ̃i = 0, the optimisation problem of firm i is to choose qi which maximises the

expected profit:

Πi = µ−i[(D− qi − θq−i)qi − (c0 + c1qi + (1− σ−i)αi(zqi))]+

(1− µ−i)[(D− qi − θq−i)qi − (c0 + c1qi + αi(zqi))],

which with a simple algebraic calculus simplifies to:

Πi = −(qi)2 − c0 + qi[di
1 + di

2µ−i − θE−i].

The first order conditions for firm i’s optimisation problem are:{
−2qi + di

1 + di
2µ−i − (θ − δd−i

2 )E−i = 0
−2qi + di

1 + di
2µ−i − θE−i = 0.

(1)

Assume θ > δdi
2 for any i = A, B. The production rules, qi(µA, µB) and qi(µA, µB),

which associate to any pair of R&D investments, µA and µB, the optimal quantities chosen in
the Cournot–Nash equilibrium, can be obtained by combining the first order conditions of
both firms. Next propositions characterise the optimal expected quantities rule, Ei(µA, µB).
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Proposition 1. For any pair of R&D investment, µA and µB, the optimal expected quantity of
firm i, with i = A, B, is

Ei(µA, µB) =
2
(

di
1 + di

2µ−i − 1
2

(
θ − δd−i

2 µi

)(
d−i

1 + d−i
2 µi

))
4−

(
θ − δd−i

2 µi

)(
θ − δdi

2µ−i
) .

Proof in Appendix A.

Corollary 1. The impact of the marginal disposal cost αi on the optimal expected production level,
Ei(µA, µB), is negative for any innovation level, µi > 0.

Proof in the Appendix A.
Proposition 1 and Corollary 1 describe the optimal expected production as a function

of the R&D expenditures and show that an increase in the disposal cost αi reduces the
optimal quantity produced by firm i both in the case of successful innovation and in the
event of innovation failure.

The next proposition describes the effect that the investment in R&D has on the
expected production. Relative to this, it is interesting to notice that the investment in the
green R&D activity positively affects the expected marginal profit of both the innovating
and the competing firm, denoted by i and −i, respectively. The former increases because a
higher probability of success in the innovation process implies lower expected marginal
costs. This results in a greater level of expected production, all other variables being equal.
Moreover, the magnitude of this effect depends on E−i(µA, µB). Indeed, the availability of
environmentally friendly inputs that, in the event of success, firm i can use in its production
process depends on the production waste of firm −i, which is positively correlated with
the production level. The second increases because the R&D investment of firm i also
lowers the rival’s cost. Indeed, recycling production waste in the circular economy reduces
the expected marginal disposal costs of firm −i, which becomes more aggressive in the
product market. The R&D spillover effect has a negative impact on the optimal production
level of firm i. Indeed, since θ > δd−i

2 µi by assumption, the standard negative price effect
of a more aggressive strategy of firm −i, which depends on the competitive pressure, θ, is
larger than the positive green effect, measured by the expected productivity of the green
technology, δd−i

2 µi. Hence, the cost reduction direct effect of innovation always goes in the
opposite direction of the spillover effect.

Proposition 2. There exist ψi > 0 and ψ−i > 0, with ψi < ψ−i, such that (i) dEi(µA ,µB)
dµi

< 0 if

and only if D− c1 < ψi, and (ii) dE−i(µA ,µB)
dµi

< 0 if and only if D− c1 > ψ−i.

Proof in Appendix A.
The first point of Proposition 2 states that a higher expenditure in green innovation

gives the R&D-taking firm, i, disincentives to produce if the expected production level of
the rival’s firm, −i, is small enough, that is, if D − c1 is below a threshold level ψi. The
second point states that it gives the rival’s firm disincentives to produce if its production
level is large enough, that is, if D− c1 is above a threshold level ψ−i greater than ψi.

To gain intuition about this result, consider the Cournot expected reaction functions.
The expected reaction functions can be easily obtained by combining the first order condi-
tions (1): {

EA =
dA

1 +dA
2 µB−(θ−µAδσAαB)EB

2

EB =
dB

1 +dB
2 µA−(θ−µBδσBαA)EA

2 .
(2)

A greater investment in the green R&D activity of firm A leads both firms to be
more aggressive in the products market. Indeed, if µA increases, the innovator’s expected
reaction function gets steeper in the EB − EA plane, due to the lower expected marginal



Games 2021, 12, 68 7 of 13

costs, and the rival’s expected reaction function moves parallel upwards, due to the
lower expected disposal costs. Keeping the rival’s strategy constant, firm A’s higher
investment in R&D would result in an increase of EA(µA, µB) and a simultaneous reduction
of EB(µA, µB). However, the shift in firm B’s reaction function has a negative impact on
EA(µA, µB) and a positive impact on EB(µA, µB). The final effect on the innovator’s
expected production is negative if EB(µA, µB) is small enough, that is, D− c1 is lower than
the threshold ψA, whilst the final effect on the rival’s expected production is negative if
EB(µA, µB) is sufficiently large, that is, D− c1 is higher than the threshold ψB. Hence, for
low values of D− c1, a greater R&D investment of firm A leads to a decrease in EA(µA, µB)
and an increase in EB(µA, µB), for intermediate values of D− c1, it implies an increase in
both EA(µA, µB) and EB(µA, µB), and for high values of D− c1, it determines an increase
in EA(µA, µB) and a decrease in EB(µA, µB).

The rational for this result is correlated to the CE concept: the reduction of the
innovator’s expected marginal costs is linked to the use of recycled row materials obtained
from the rival’s production waste. The larger the production level of firm B, the greater
the fraction of production waste that firm A can recycle and use in the production process.
This implies that if EB(µA, µB) is low (D− c1 < ψA), the reduction in the production costs
is tiny and the positive direct R&D effect on EA(µA, µB) is small. In this case, the negative
effect connected to the more aggressive strategy chosen by the rival prevails, and then
EA(µA, µB) decreases and EB(µA, µB) increases. The opposite occurs if EB(µA, µB) is high
(D− c1 > ψB). For intermediate values of EB(µA, µB) (ψA ≤ D− c1 ≤ ψB), the reduction
in production costs is significant enough to cause an increase in EA(µA, µB). However, this
increase is not such as to induce the rival firm to reduce its production.

To simplify the analysis, we assume that firms are symmetric and thus α ≡ αi and
σ ≡ σi for any i = A, B, d1 ≡ D − c1 − α and d2 ≡ σα. Under this assumption, the
Cournot–Nash equilibrium of the market game is:{

qi(µA, µB) = qi(µi, µ−i) +
δd2
2 E−i(µA, µB)

qi(µA, µB) =
d1+d2µ−i−θE−i(µA ,µB)

2

with E−i(µA, µB) =
2(d1+d2µi)−(θ−d2δµ−i)(d1+d2µ−i)
(4−θ2+δd2(θ(µi+µ−i)−δd2µiµ−i))

and i ∈ {A, B}.
In the next section, we shall analyse two different R&D games. In the first game

firms act noncooperatively in choosing their R&D green investment. In the second one,
cooperation takes place at the R&D stage, although firms remain rivals in the marketplace.

4. The Optimal R&D Strategy
4.1. The Noncooperative Game

In this section, we study the R&D stage of the game, under the assumption that firms
act noncooperatively. To this aim we assume that at time t = 0 firm i, with i = A, B,
anticipating the impact of R&D on the product market outcome, chooses the level of R&D
investment, µi, which maximises its expected profit for any level of investment, µ−i, chosen
by its competitor:

max
µi∈[0, 1]

Πi(µA, µB) ≡ µiΠ
i
(µA, µB) + (1− µi)Πi(µA, µB),

where {
Πi

(µA, µB) ≡ Πi
(qi(µA, µB), E−i(µA, µB))

Πi(µA, µB) ≡ Πi(qi(µA, µB), E−i(µA, µB))

are firm i’s profits conditional on γ̃i = 1 and γ̃i = 0, respectively.
From the envelope theorem, the R&D marginal value is:
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dΠi(µA, µB)

dµi
= Πi

(µA, µB)−Πi(µA, µB)+

+

(
µi

dΠi
((µA, µB)

dE−i(µA, µB)
+ (1− µi)

dΠi((µA, µB)

dE−i(µA, µB)

)
dE−i(µA, µB)

dµi

(3)

From the first order conditions (1), Πi
((µA, µB) = (qi(µA, µB))

2 and Πi(µA, µB) =

(qi(µA, µB))
2. Moreover, dΠi

((µA ,µB)
dE−i(µA ,µB)

= −(θ− δd2)qi(µA, µB) and dΠi((µA ,µB)
dE−i(µA ,µB)

= −θqi(µA, µB).
By substituting in Equation (3) and rearranging terms, we get

dΠi(µA, µB)

dµi
= (qi(µA, µB))

2 − (qi(µA, µB))
2︸ ︷︷ ︸

Direct effect (+)

+

+

 −θEi(µA, µB)
d(E−i(µA, µB))

dµi︸ ︷︷ ︸
Strategic effect (±)

+ µiqi(µA, µB)δd2
d(E−i(µA, µB))

dµi︸ ︷︷ ︸
Green effect (±)


The direct effect of a higher R&D investment on the firm’s expected profit is always

positive since it increases the likelihood of a successful innovation and it is the more signifi-
cant the greater the difference between the quantity produced in each state. The indirect
effect goes through the impact that the probability of success in the green innovation, µi,
has on the expected output of the competitor, i.e., dE−i(µA ,µB)

dµi
, and can be decomposed in

strategic and green effect. The strategic effect is negative if the expected production of firm
−i increases in the R&D investment of firm i, and positive otherwise. Indeed, if the green
innovation of firm i has a positive impact on the expected productivity of its competitor,
then a higher R&D investment, µi, induces firm −i to behave more aggressively in the
product market. This drives product prices up and weakens the incentives for firm i to
make large R&D investments since it reduces the marginal benefit of innovation. On the
other hand, the green effect goes in the opposite direction: it is positive if the competitor’s
expected production increases in µi, and negative otherwise. Indeed, higher expected pro-
duction of firm−i implies a more significant reduction in the expected marginal production
costs of firm i. Finally, the strategic effect always prevails on the green one since θ > δd2 by
assumption and Ei(µA, µB) > µiqi(µA, µB) by definition of expected production.

In the symmetric equilibrium, µA = µB = µ and the optimal quantities for any µ are

qA(µ, µ) = qB(µ, µ) = q(µ) ≡ (d1 + d2µ)(2 + δd2(1− µ))

2(2− δd2µ + θ)

qA(µ, µ) = qB(µ, µ) = q(µ) ≡ (d1 + d2µ)(2− δd2µ)

2(2− δd2µ + θ)
.

Moreover, E(µ) = d1+d2µ
2−δd2µ+θ and d(E−i(µA ,µB))

dµi
evaluated at µA = µB = µ is positive if

D− c1 < ψS
−i, with ψS

−i ≡
4

θ−αδµσ +(αδ(1−µσ)+2)
δ . In this case, the incentives to innovate can

be rewritten as:

dΠi

dµi
(µ, µ) = (q(µ))2 − (q(µ))2 − (θE(µ)− µq(µ)δd2)

dE−i
dµi

(µ, µ).

The incentives to innovate for each firm depend on the positive direct impact of R&D
on the innovator’s expected profit and on the indirect effect, given by the algebraic sum of
the strategic and the green effect, whose sign is influenced by the impact of R&D on the
rival’s expected production. In particular, since the strategic effect in the product market is
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always stronger than the green effect in the circular economy, in the symmetric equilibrium
the final indirect effect is positive if D− c1 > ψS

−i and negative otherwise.

4.2. The Cooperative Game

In this section, we introduce cooperation in the R&D game, the second stage remains
noncooperative. At the first stage the firms maximise the joint profits, as a function of µA
and µB:

max
(µA , µB)∈[0, 1]2

Π̂(µA, µB) ≡ ΠA(µA, µB) + ΠB(µA, µB).

From the envelope theorem, the marginal value of the R&D investment in firm i, is:

dΠ̂(µA, µB)

dµi
= ∑

j={A,B}

dΠj(µA, µB)

dµi
=

=(qi(µA, µB))
2 − (qi(µi, µ−i))

2︸ ︷︷ ︸
Direct effect (+)

+

− θ

[
EA(µA, µB)

d(EB(µA, µB))

dµi
+ EB(µA, µB)

d(EA(µA, µB))

dµi

]
︸ ︷︷ ︸

Strategic effect (±)

+

+ δσα

[
µAqA(µA, µB)

d(EB(µA, µB))

dµi
+ µBqB(µA, µB)

d(EA(µA, µB)))

dµi

]
︸ ︷︷ ︸

Green effect (±)

.

According to Proposition 2, d(EA(µA ,µB))
dµi

and d(EB(µA ,µB))
dµi

are both positive when
ψi ≤ D− c1 ≤ ψ−i and have discordant sign otherwise. Considering the symmetric equilib-
rium, µA = µB = µ and the marginal value of the R&D investment can be rewritten as:

dΠ̂
dµi

(µ, µ) = (q(µ))2 − (q(µ))2 − (θE(µ)− δσαµq(µ))
d(EB + EA)

dµi
(µ, µ), (4)

where d(Ei(µA ,µB))
dµi

evaluated at µA = µB = µ is positive if D − c1 > ψS
i , with

ψS
i ≡ ψS

−i −
(2−(θ−αδµσ))(2+(θ−αδµσ))2

2δ(θ−αδµσ)
. Moreover, since under the symmetric assumption

d(EB+EA)
dµi

is always strictly positive, then the final indirect effect of innovation on the
firm’s expected profit is negative for all possible levels of D − c1. This implies that in
the cooperative setting the incentives to innovate are greater than in the noncooperative
framework if d(EA(µA ,µB))

dµi
and d(EB(µA ,µB))

dµi
evaluated at µA = µB = µ have discordant

sign and d(Ei(µA ,µB))
dµi

< 0. As a result, the cooperative symmetric equilibrium involves

higher investment in green R&D whenever D− c1 is lower than ψS
i and lower investment

otherwise, as summarized in the next proposition.

Proposition 3. In the symmetric equilibrium, the optimal R&D investment is higher in the
cooperative game than in the noncooperative game if and only if D− c1 < ψS

i .

Proposition 3 points out that the green incentives are higher when firms cooperate
on R&D investments only if D− c1 is low enough. Since the threshold ψS

i is higher the
positive effect of each firm’s innovation on the disposal costs of the rival firm is greater.
For large spillover in the costs the amount of R&D is higher in the cooperative than in
the noncooperative equilibrium. This result is due to the fact that firms cooperating can
capture more of the surplus created by their joint research activities and this induces higher
green investments. Hence, a cooperative behaviour in a CE can play a positive role in



Games 2021, 12, 68 10 of 13

markets where firms are characterised by R&D activities generating important spillover
effects throughout both production and disposal costs.

5. Conclusions

The CE embodies policies and strategies for more efficient consumption of energy,
materials and water, limiting waste flowing into the environment. Firms in the CE aim to
synergically achieve common economic and environmental benefits by using resources
effectively and efficiently. A greater CE can improve the productivity, reduce waste and im-
prove efficiency in the production of goods, and diversify and expand the resource base of
the economy. This paper fits in this literature by studying, in a product market competition
framework, a firm’s decision to engage in R&D activities. In a non-simultaneous sequential
play, we consider two risk-neutral firms, plagued by asymmetric information, endowed
with a green innovation project that, if successful, would reduce the production costs.
Hence, before undertaking production, each firm must decide on the level of investment in
green innovation, the outcome of which is uncertain. The key assumption of the analysis
is that the competitors are unable to observe the outcome of the R&D process, whilst the
intensity of R&D activity affects the rivals perception of the firm’s strength. We formally
analyse a two-stage game in a market in which, in a first stage, the observable R&D choice
of each firm affects the competing firm’s expectation about both the innovator’s production
strength and their own disposal cost. In a second stage, the production strategy of each firm
depends on the intensity of the R&D investments. The main contributions to the existing
literature can be synthesised as follows. Firstly, we find that the impact of the marginal
disposal cost on the optimal expected production level is negative for any innovation
level. In other terms, we show that an increase in the disposal cost reduces the optimal
quantity produced by the innovator both in the case of successful innovation and in the
event of innovation failure. The second result concerns the effect that the investment in
green R&D has on the expected production. Relative to this, it is interesting to notice that
the investment in the green R&D activity positively affects the expected marginal profit
of both the innovating and the competing firm. The latest results concern the optimal
R&D strategy to adopt in the case of noncooperative and cooperative game. In the first
case, we find that the incentives to innovate for each firm depend on the positive direct
impact of R&D on the innovator’s expected profit and on the indirect effect, given by
the algebraic sum of the strategic and the green effect, whose sign is influenced by the
impact of R&D on the rival’s expected production. Specifically, we show that in the CE the
strategic effect in the product market is always stronger than the green effect. When we
introduce cooperation in the R&D game, the second stage remaining noncooperative, we
find that for large spillovers in the costs the amount of R&D is higher in the cooperative
equilibrium than in the non-cooperative one. This effect may be due to the fact that when
firms cooperate they catch more of the surplus generated by their joint research activities
and this induces higher green investments. Hence, a cooperative behaviour in a CE can
play a positive role in markets where firms are characterised by R&D activities generating
important spillovers effects throughout both production and disposal costs. Therefore,
strong efforts in the CE are economically feasible if competitors pool and create resources
and demand through R&D necessary for product innovation. In these cases, competition
will not be restricted, as the CE should not lead to the elimination of competition in terms
of product or process differentiation, technological innovation or market entry. Further
developments will address the assessment of how incentives to innovate change as the
number of firms and spillovers changes.

Many papers in the literature focus on first-mover advantages. First-mover advantages
are defined in terms of the ability of pioneer firms to earn positive economic returns. In a
multi-stage model, many first-mover advantages arise endogenously. In the first stage a
certain asymmetry is generated, which allows one firm to have an advantage over the other
players. A firm may possess some unique resources or technological leadership. The firm
can therefore exploit this advantage, which may last over several periods. In particular,
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the first-mover may gain an advantage through sustainable leadership in technology.
The leader may have advantages derived from the “learning” or “experience” curve,
where costs decrease with cumulative production, or be successful in patent or R&D
competitions, where advances in product or process technology are a function of the R&D
expenditures themselves. A future development of this research will, therefore, be to
consider a multi-period model and analyse the consequences of a first-mover advantage on
the optimal level of innovation. In a model with uncertainty about R&D investment, where
competitors cannot observe the outcome of the R&D process, the first-mover advantage will
be attenuated. It will be very interesting to analyse how cooperation may be an incentive
not to exploit a first-mover position due to the positive spillover effects of R&D activities
on both production and disposal costs.
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Appendix A. Proof of the Results

Proof of Proposition 1. Assume that the stability condition (SC):

ΨD ≡
∂2E(ΠA)

∂E2
A

∂2E(ΠB)

∂E2
B
− ∂2E(ΠA)

∂EA∂EB

∂2E(ΠB)

∂EA∂EB
> 0

is satisfied. Solving (2) we get:

Ei(µA, µB) =
2
(

di
1 + di

2µ−i − 1
2

(
θ − δd−i

2 µi

)(
d−i

1 + d−i
2 µi

))
4−

(
θ − δd−i

2 µi

)(
θ − δdi

2µ−i
) (A1)

Proof of Corollary 1. Define fN(αi) ≡ di
1 + di

2µ−i − 1
2

(
θ − δd−i

2 µi

)(
d−i

1 + d−i
2 µi

)
and

fD(αi) ≡ ΨD
2 . Substituting in (A1) we obtain:

Ei(µA, µB) =
fN(αi)

fD(αi)
,

with fN(αi) > 0 since Πi
> Πi > 0 and fD(αi) > 0 by the stability condition (SC).

Notice that
∂Eµi (q

i(µi , µ−i))

∂αi
∝ ∂ fN(αi)

∂αi
fD(αi)−

∂ fD(αi)
∂αi

fN(αi). Since

∂ fN(αi)

∂αi
= −1

2
(1− σ−iµ−i) < 0

∂ fD(αi)

∂αi
=

1
2

δ(θ − δσiµiα−i)σ−iµ−i > 0⇐⇒ θ > δσiµiα−i

then, ∂Ei(µA ,µB)
∂αi

< 0 if θ ≥ δσiµiα−i and it has an ambiguous sign otherwise.
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Proof of Proposition 2. To simplify notation, define ki = (θ − µiδd−i
2 ) and ai = d−i

1 +

d−i
2 µi, with i = {A, B}. Substituting in (2) we get:{

−2EA + aB − kAEB = 0
−2EB + aA − kBEA = 0.

(A2)

Assume that the stability condition (SC) is satisfied. Differentiating with respect to µi, with
i ∈ {A, B}, we get

(
−2 −ki
−k−i −2

)( ∂Ei
∂µi

∂E−i
∂µi

)
= −

(
E−iδd−i

2
d−i

2

)
which implies

∂Ei
∂µi

=
d−i

2
ΨD

(2δE−i − ki)

and

∂E−i
∂µi

=
d−i

2
ΨD

(2− δk−iE−i)

Since d−i
2

ΨD
> 0, ∂Ei

∂µi
∝ (2δE−i − ki) and ∂E−i

∂µi
∝ (2− δk−iE−i). Since ki > 0 for any i = {A, B}

by assumption, ∂Ei
∂µi

< 0 if and only if E−i <
ki
2δ , and ∂E−i

∂µi
< 0 if and only if E−i >

2
δk−i

.

Substituting E−i =
2(a−i− 1

2 aik−i)
4−k−iki

and ai = D− c1 − α−i + σiα−iµi, simplification and
terms collection yield:

E−i <
ki
2δ
⇐⇒ 2δ(2(D− c1 − αi + σ−iαiµ−i)− (D− c1 − α−i + σiα−iµi)k−i)− ki(4− k−iki) < 0,

which is true if and only if D− c1 < ψi, with ψi ≡
ki(4−kik−i)+2δ(2αi(1−σ−iµ−i)−α−i(1−σiµi)k−i)

2δ(2−k−i)
.

Similarly,

E−i >
2

δk−i

⇐⇒
2(4− k−iki)− δ(2(D− c1 − αi + σ−iαiµ−i)− (D− c1 − α−i + σiα−iµi)k−i)k−i < 0,

which is true if and only if D− c1 > ψ−i, with ψ−i ≡ ψi +
(4−kik−i)

2

2δ(2−k−i)k−i
.
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