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Abstract
This paper examines how corporate cross-ownership in a polluting fossil fuel oligopoly affects the value of a clean energy 
substitute with a given capacity in different environmental scenarios. When environmental damages are large enough, an 
increased cross-ownership among polluting firms reduces the gains from investment in the clean energy sector. However, 
if environmental damages are small enough, a non-marginal increase in cross-ownership may increase the value of a clean 
technology. The main intuition behind this result is that an increased cross-ownership results in a decrease of environmental 
damages due to an overall decrease of quantity of energy supplied by the polluting firms, and therefore, if environmental 
damages are large enough, there will be substantial gains from reduced pollution damages associated with it, thus decreas-
ing the need for clean energy. However, if environmental damages are small enough, the welfare loss from a less intensified 
competition due to increased cross-ownership outweighs the possible benefits of reduced pollution, thereby increasing the 
value of a clean technology. Our qualitative conclusions hold true under different demand specifications.
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1  Introduction

The past few decades have witnessed a phenomenal growth of 
passive private equity investments between rival firms within 
the same industry, whereby they engage in cross-shareholdings 
and participate in various forms of co-operation.1 These activi-
ties create the so-called cross-ownership structure that has char-
acterized the complex economic ties and deep-rooted corporate 
relations among competing firms across nearly every sector. 
Notable examples include the global automobile industries [1, 
2], the Dutch financial sector [3], the Nordic power market [4], 
the Italian national banking sector [5], the pay-TV markets in 

Norway and Sweden [6] and the nonrenewable resource sector 
[7].

Viewing cross-ownership as “partial mergers”, previous 
studies have focused mainly on the potential anticompetitive 
effects induced by cross-ownership [3, 8–15]. From a com-
petition perspective, firms’ partial internalization of previous 
rivalry due to cross-ownership decreases competition and 
thus is highly unlikely to be considered as welfare-improving 
unless there are substantial cost-savings associated with this 
activity. However, this presumption may not hold true in 
the case of a polluting oligopolistic industry when there is 
a negative externality involved. The reason is that a higher 
level of cross-ownership among the polluting oligopolists 
results in an overall lower output and thereby reduces the 
amount of externality generated, so from an environmen-
tal perspective, the increased cross-ownership may not 
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necessarily be undesirable! In light of these opposing effects 
of cross-ownership and given the extensive cross-ownership 
activity in the oil sector [7],2 which contributes significantly 
to local and global deterioration of the environment, this 
paper examines how cross-ownership in a polluting oligop-
oly affects the value of a clean energy substitute with a given 
capacity in different environmental scenarios.

Renewable and clean energy investment is an important 
policy tool that can be leveraged to prevent catastrophic and 
irreversible damages to the climate and the environment. 
Major polluting countries have been ramping up their clean 
energy efforts to meet the goals of the 2015 Paris climate 
agreement and have pledged to reaching a net-zero carbon 
emissions target by the middle of the century. These govern-
ments are providing strong regulatory support to reduce the 
global carbon footprint, forging a clear path for transition 
to a cleaner energy mix. However, despite the accelerating 
worldwide investments in renewable energy technologies 
and the falling costs of clean technology, a total independ-
ent supply from clean energy to satisfy the growing demand 
is nearly impossible, or at least unrealistic in the near future. 
Traditional polluting sources such as oil will continue to 
play a major role in energy supply. But given the cross-
ownership links between rival fossil fuel producers, their 
incentive to compete tends to decrease with the heightened 
ownership stakes as one firm’s gain may come at the loss of 
the other firms in which it has financial interests. As such, 
the industry output from the polluting source decreases, 
lowering the associated pollution and possibly decreasing 
the need for clean energy. We seek to understand how an 
increased cross-ownership among the polluting fossil fuel 
producers may impact the welfare gains from investment in 
a given source of renewable energy.

A substantial and still-growing body of literature is inves-
tigating the impact of clean energy sources and the transi-
tion to clean energy, but most researchers focus mainly on 
the impact of environmental policies in the presence of a 
clean technology. For instance, the availability of a backstop 
clean technology can play an important role in the outcome 
of the implementation of popular environmental policies 
and incentives (see e.g., [16, 17]). Allowing for a backstop 

technology that at some point becomes available to replace 
conventional energy sources without assuming that the back-
stop capacity is unbounded, [18] examine the impact of two 
popular second-best policies: a subsidy for clean energy and 
an expansion of clean energy capacity. They show that both 
policy measures may result in an increase of emissions, but 
the former always enhances social welfare while the latter 
only does so if the cost of adding capacity remains small 
enough.

In this paper, we also assume that a clean technology 
is available but with a limited capacity, and energy is sup-
plied by both a polluting source and a clean source. We do 
not examine the impact of different environmental poli-
cies, but rather we investigate the societal value of having 
a clean energy with a given capacity available and how it 
is impacted by changes in market structure. This paper is 
the first to determine how changes in current ownership 
structure among the polluting oligopolists impact the value, 
in terms of social welfare, of a clean energy source with a 
fixed given capacity. A companion paper by [7] examines 
the impact of cross-ownership in a resource oligopoly but 
does not include the possibility of a backstop technology - 
assumed readily available and demanded by the market - a 
key component of this analysis. This paper is also related to 
[19, 20], who examine the interaction of cross-ownership 
and environmental policies such as a tax on pollution and 
emission standards.3 Whereas they consider the case of an 
international duopoly and examine the strategic interactions 
at the environmental policy stage, we consider an oligopoly 
model and introduce a clean technology that can (partially) 
substitute for the polluting source. Our model and frame-
work can be used as a stepping stone to then set up a meta-
model in future research that will characterize the capacity 
of clean energy (as an equilibrium or an optimal choice) in a 
preliminary phase. We focus on how the complex interaction 
of changes in cross-ownership affects the market equilibrium 
as well as environmental damages in the presence of a back-
stop technology, and in a first analysis we opt to examine this 
question within a static framework.

Specifically, we consider an energy market with two sources 
of supply: a polluting fossil fuel oligopoly and a renewable sec-
tor. The polluting oligopolists compete in quantity with a sub-
group of the firms owning a share in each other’s profits. We 
follow much of the literature on cross-ownership and consider 
a k-symmetric cross-ownership structure that has been adopted 
in [7]. For simplicity, we assume that renewable energy can be 
competitively supplied with a given capacity R at a constant 
marginal cost assumed at nil but with a significant fixed cost. 
We evaluate the social welfare under the Cournot equilibrium 

3  See Sect. 3.5 in [31] for an extension of [19, 20] to the case of a 
differentiated polluting oligopoly.

2  According to a report by Water Street Partners based on the source 
from Rystad Energy, https://​www.​water​stree​tpart​ners.​net/​blog/​the-​
web-​of-​partn​ershi​ps-​betwe​en-​bp-​chevr​on-​eni-​exxon​mobil-​shell-​and-​
total, intriguingly large amounts of joint-ventures exist among the top 
six multinational oil companies, i.e., ExxonMobile, British Petroleum 
(BP), Royal Dutch Shell, Chervon, Total and Eni in the production 
stage, let alone other stages such as exploration, refining, distribut-
ing and retailing. Other notable examples include: BP holds a 19.75% 
stake in the Russian oil giant Rosneft; the Mexican state-owned 
petroleum company Pemex holds a 9.3% stake in the Spanish oil giant 
Repsol; China’s state-owned Sinopec holds a 30% stake in Petrogal 
Brasil, and 40% in Repsol YPF Brasil, respectively.

https://www.waterstreetpartners.net/blog/the-web-of-partnerships-between-bp-chevron-eni-exxonmobil-shell-and-total
https://www.waterstreetpartners.net/blog/the-web-of-partnerships-between-bp-chevron-eni-exxonmobil-shell-and-total
https://www.waterstreetpartners.net/blog/the-web-of-partnerships-between-bp-chevron-eni-exxonmobil-shell-and-total
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with cross-ownership, taking into account both local and 
global environmental damages, and determine the change in 
welfare between the case where a quantity R of clean energy 
is available and a benchmark case where energy is solely sup-
plied by the polluting oligopolists. This change in welfare can 
be interpreted as the value to society of investing a clean source 
of energy with capacity R. Our main findings show that an 
increased cross-ownership between rival firms reduces the 
gains from investing in such a clean source of energy if and 
only if environmental damages are large enough. However, as 
environmental damages become smaller, the value of a clean 
technology may actually go up. The main intuition behind this 
result is that an increased cross-ownership results in a decrease 
of environmental damages due to an overall decrease of quan-
tity of energy supplied by the polluting firms, and therefore, 
if environmental damages are large enough, there will be sub-
stantial gains from reduced pollution damages associated with 
it, thus decreasing the need for clean energy. But if environ-
mental damages are small, the welfare loss from a less intensi-
fied competition due to increased cross-ownership outweighs 
the possible benefits of reduced pollution, thereby increasing 
the value of a clean technology.

The remainder of the paper is structured as follows. Sec-
tion 2 describes the model and characterizes the equilib-
rium under cross-ownership. Section 3 then investigates the 
welfare gains from a renewable energy as a function of the 
levels of cross-ownership. Finally, Sect. 4 concludes with 
a discussion of our findings and future recommendations.

2 � The Model and Preliminaries

2.1 � The Model

Suppose energy is mainly generated from two sources. The 
first one is a fossil fuel, such as oil, supplied by an n-firm 
oligopoly where firms compete à la Cournot, while the other 
is a renewable energy, such as solar power or wind, supplied 
by a competitive fringe. Firms from the polluting source 
produce a homogeneous good and each firm j produces a 
quantity qj ≥ 0 with identical marginal cost c > 0 . Renew-
able energy can be competitively supplied with a given 
capacity R at a constant marginal cost assumed nil.4 Includ-
ing a positive constant marginal cost of production from 
renewable energy, which is smaller than the marginal cost 
of production from the polluting source, does not change 
our qualitative results. To supply renewable energy, a fixed 
cost F – associated with installation, building storage and 
transmitting capacities, is incurred. We assume that the fixed 

cost F is small enough for the renewable energy source to 
be worth installing.5

Consumers enjoy surplus from energy consumption, 
denoted by the difference between a linear-quadratic utility 
and the expenses:

where Q ≡
∑n

j=1
qj is the total quantity produced from the 

polluting source, R is the supply from the clean energy, and p 
is the final market price of energy paid by consumers. Then, 
the demand for energy is linear and given by

where a is the reservation price with a > c + bR to ensure a 
positive demand of energy from both sources.

Suppose polluting firms can engage in cross-ownership, 
we follow [7] and consider a k-symmetric cross-ownership 
structure in which a subset of k polluting firms ( 2 ≤ k ≤ n ) 
engage in rival cross-shareholdings6 and each firm has 
an equal ownership stake v in the other firms, while the 
remaining n − k firms stay independent. We denote the set 
of firms as J = {1, 2,⋯ , n} , indexed by j, and use the sub-
sets I = {1, 2,⋯ , k} , indexed by i and O = {k + 1,⋯ , n} , 
indexed by o, referring, respectively, to the insiders and the 
outsiders to the cross-ownership. Then, firm j’s problem can 
be expressed as

where �j = (p − c)qj denotes firm j’s operating profit and 
v ≥ 0 represents firm j’s fractional shareholdings in firm i 
for any i ≠ j . Let � and q denote the n×1 vectors of aggre-
gate profits and outputs, respectively, and D denote the n×n 
cross-shareholding matrix, then the aggregate profit func-
tions can be expressed in matrix form as

where D =

[
Akk 0

0 0n−k

]
 , and Akk is a k × k matrix with ele-

ment 0 in the diagonal and v off-diagonal. This set of n equa-
tions implicitly defines the aggregate profit for each pollut-

ing firm. Then I − D =

[
Bkk 0

0 In−k

]
, where Bkk is a k × k 

(1)U(Q + R) = a(Q + R) −
b

2
(Q + R)2 − p(Q + R),

(2)p = a − b(Q + R),

(3)max
qj≥0

Πj = �j + v
∑
i≠j

Πi = (p − c)qj + v
∑
i≠j

Πi,

(4)� = (p − c)q + D�,

4  Once wind turbines or solar panels are installed, the marginal pro-
duction cost of renewable energy is negligible.

5  Clearly the value of the fixed cost F is important for the decision of 
whether or not to have the renewable source of energy installed.
6  In an industry characterized by rival cross-shareholdings, the 
aggregate profits of a firm j include not only the stream of profits 
generated by the firm from its own operations, but also a share in its 
competitors’ aggregate profits due to its direct and indirect ownership 
stakes in these firms [11, 12].
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matrix with element 1 in the diagonal and −v off-diagonal, 
and In−k denote the (n − k) × (n − k) identity matrix. We 
make the following assumption:

Assumption 1  Each firm seeks to maximize the value of its 
aggregate profits, but controls only its own production qj , with 
rival shareholdings v < 1

k−1
 , i.e., firms only have a silent finan-

cial interest or non-controlling minority stake in the rivals.

Assumption 1 guarantees that the aggregate stake of rivals 
in each cross-ownership participant, (k − 1)v , is less than 1.7 
Under Assumption 1, matrix I − D is invertible, which implies 
that it is possible to solve for the aggregate profit functions:

where B−1
kk

 is given by the following matrix

with f (v) = (1 + v)
(
1 − (k − 1)v

)
> 0 . The aggregate profit 

function of firm i ∈ I is

while for firm o ∈ O , the aggregate profit function is

Production of firm j generates pollution, causing both local 
and global damages. For instance, extraction from oil sands 
as well as drilling and fracking from shale oil requires a large 
amount of water and uses potentially hazardous chemicals to 
release and process the oil, which generates large amounts of 
wastewater that may contain dissolved chemicals and other 
contaminants.8 Significant water use for oil production, fre-
quent pipeline spills and leaks, and the associated highly 
toxic waste pose an increasing threat to the already scarce 
water and land resources and inevitably affects the local 
ecosystem that relies on them.9 For simplicity, we assume 

(5)

𝚷 = (I − D)−1
[(
a − b(Q + R) − c

)
q

]

=

[
B−1
kk

0

0 In−k

] [(
a − b(Q + R) − c

)
q

]
,

(6)Ω ≡
1

f (v)

⎡⎢⎢⎢⎣

1 − (k − 2)v v ⋯ v

v 1 − (k − 2)v ⋯ v

⋮ ⋮ ⋱ ⋮

v v ⋯ 1 − (k − 2)v

⎤⎥⎥⎥⎦
,

(7)Πi =
1

f (v)

[(
1 − (k − 2)v

)
�i + v

∑
m∈I�i

�m

]
,

(8)Πo = �o.

that each unit of output of a firm generates one unit of local 
pollution and that the local damage function is denoted by

where � is a positive parameter capturing the degree of 
convexity of the local damage function. Meanwhile, the 
oil extraction and processing emit large amounts of carbon 
dioxide ( CO2 ) along with other pollutants such as NOx , SO2 , 
PM and so on. These greenhouse gas emissions harm the 
environment and human health, and contribute to global 
warming. We denote the global damage function by

where � is a positive parameter capturing the degree of con-
vexity of the global damage function.10

Finally, we define the social welfare as the sum of con-
sumer surplus and industry profits minus the total environ-
mental damages:

2.2 � The Equilibrium

We now characterize the Cournot equilibrium of this game. 
Given the symmetric ownership stake v, each firm j takes 
other firms’ production Q−j and the supply from clean energy 
R as given and chooses qj to maximize its own aggregate 
profits Πj . The first order condition for a typical firm i ∈ I 
is given by

or

(9)D(qj) =
�

2
q2
j
,

(10)D(Q) =
�

2
Q2,

(11)

W = a(Q + R) −
b

2
(Q + R)2 − cQ − F −

n∑
j=1

�

2
q2
j
−

�

2
Q2.

(12)
(
1 − (k − 2)v

)��i
�qi

+ v
∑
m∈I�i

��m

�qi
= 0,

(13)

(
1 − (k − 2)v

)(
a − b(qi + Q−i + R) − c − bqi

)
− v

∑
m∈I�i

bqm = 0,

8  See https://​www.​eia.​gov/​energ​yexpl​ained/​oil-​and-​petro​leum-​produ​cts/​
oil-​and-​the-​envir​onment.​php.
9  For example, according to a report by Greenpeace Canada, ample 
evidence shows that over the past years oil sands mining in Alberta 
has destroyed thousands of acres of the boreal forest, which is home  

10  We acknowledge that the dynamic context is very important, as 
global warming depends primarily on stocks of greenhouse gases. 
But the cross-ownership literature focus mostly on a static frame-
work, the only exception is [7] which examines profitability of cross-
ownership in a resource game. In a first analysis, we abstain the con-
sideration of a dynamic stock externality game and leave it for future 
work.

7  Similar restriction can be found in [12] where the weight given to 
rivals’ profits is bounded from above by 1∕(n − 1) when k = n.

Footnote 9 (continued)
to large populations of wildlife (e.g., wolves, grizzly bear, lynx and 
moose) as well as to endangered species such as the woodland cari-
bou and whooping cranes [32].

https://www.eia.gov/energyexplained/oil-and-petroleum-products/oil-and-the-environment.php
https://www.eia.gov/energyexplained/oil-and-petroleum-products/oil-and-the-environment.php
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while from the profit maximization for a typical firm o ∈ O , 
we have

Exploiting symmetry, we can then solve the Cournot cross-
ownership equilibrium outputs as

Thus, the equilibrium total output from the polluting source 
is

Since the problem we examine features two sources of mar-
ket failures – imperfect competition and negative externali-
ties, the market outcome may result in under supply of the 
consumption good if market power effects outweigh the pol-
lution effect. The premise of our work is that the negative 
externality outweighs the market power effect and resorting 
to a clean technology is considered. To this end, we make the 
following assumption on the damage parameters:

Assumption 2  The environmental damage parameters (�, �) 
are such that

Assumption 2 guarantees that the Cournot equilibrium 
without cross-ownership results in more pollution than what 
is socially optimal.

3 � The Value of a Clean Technology 
with Capacity R

In this section, we exploit the characterization of the Cournot 
equilibrium in the above-defined game to investigate how 
cross-ownership affects the value of a clean technology. We 
first define the value of a clean technology with capacity R 
as the difference in social welfare between the case where a 
quantity R of clean energy is available and a benchmark case 
where energy is solely supplied by the polluting oligopolists. 
We then justify Assumption 2 we made earlier on the envi-
ronmental damage parameters. Next, we evaluate how the 
benefit of investing in a clean source of energy is affected 
by cross-ownership in the linear demand case. Finally, we 

(14)a − b(qo + Q−o + R) − c − bqo = 0.

(15)

qv
i
=

1 − (k − 2)v

(k + n + 1 − k2)v + n + 1

(a − c − bR)

b
,

qv
o
=

1 + v

(k + n + 1 − k2)v + n + 1

(a − c − bR)

b
.

(16)

Qv = kqv
i
+ (n − k)qv

o
=

((k + n − k2)v + n)

(k + n + 1 − k2)v + n + 1

(a − c − bR)

b
.

𝜆 +
𝛽

n
>

b

n
.

check the robustness of the results with some other demand 
specifications.

The social welfare under cross-ownership is

where Qv, q
v
i
 and qv

o
 are given by Eqs. (15) and (16). Then, 

the value of a clean technology can be defined as the change 
in social welfare in the presence of clean energy:

Equation (18) thus corresponds to the social benefit of 
investing in such a clean technology that generates R units of 
renewable energy for free. It represents society’s maximum 
willingness to pay for such a clean technology. It will be use-
ful to explicitly write down the value of a clean technology 
Ω as a function of (k, n, v,R, �, �) , but the expression is too 
cumbersome and thus we choose not to report it here.

Note that the first best quantity that maximizes social wel-
fare is determined by

which yields

The standard Cournot equilibrium output without cross-
ownership is given by

Thus, Assumption 2 is equivalent to

This says that when environmental damages are large enough, 
i.e., 𝜆 +

𝛽

n
>

b

n
 , the Cournot equilibrium without cross-ownership 

results in supply of energy from the polluting source larger than 
the socially optimal quantity (i.e., Qc > Qso ). Therefore, Assump-
tion 2 ensures that we are starting with a situation where the 
Cournot equilibrium under zero cross-ownership results in more 
pollution than what is socially optimal. Focusing on this region 
gives us more incentive to consider the energy supply from clean 
sources to reduce pollution, thereby increasing the importance 
of this study.

(17)

Wv(k, n, v,R, �, �) =a(Qv + R) −
b

2
(Qv + R)2 − cQv − F

−
�

2

(
k(qv

i
)2 + (n − k)(qv

o
)2
)
−

�

2
Q2

v
,

(18)Ω = Wv(k, n, v,R, �, �) −Wv(k, n, v, 0, �, �) − F.

(19)a − c − b
(
Qso + R

)
=

(
�

n
+ �

)
Qso,

(20)Qso =
a − c − bR

� +
�

n
+ b

.

(21)Qc ≡ Qv
||v=0 = n

n + 1

(a − c − bR)

b
.

𝜆 +
𝛽

n
>

b

n
⟺ Qso =

a − c − bR

𝜆 +
𝛽

n
+ b

< Qc =
n

n + 1

(a − c − bR)

b
.
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3.1 � Linear Demand

We now turn to the main contribution of the paper: how does 
cross-ownership affect the value of a clean technology with 
capacity R? An increase in v results in a decrease of envi-
ronmental damages due to an overall decrease of quantity of 
energy supplied by the polluting firms, and therefore, intui-
tion suggests that increased cross-ownership should always 
reduce the gains from a clean source of energy.

We first examine how Ω is changing with respect to a mar-
ginal increase of v in the neighborhood of v = 0 . Note that

Since a > c + bR , we have 2a > 2c + 2bR > 2c + bR . Also, 
under Assumption 2: 𝜆 +

𝛽

n
>

b

n
⟺ 𝛽 + 𝜆n − b > 0 . Then, 

for all 2 ≤ k ≤ n,

We can thus summarize in the following proposition:

Proposition 1  Starting with a situation where the Cournot 
equilibrium under zero cross-ownership ( i.e., v = 0 ) results 
in more pollution than what is socially optimal, a marginal 
increase of cross-ownership around v = 0 results in a 
decrease in the value of a clean technology.

Note that it is when the damage parameters are large enough 
(i.e., 𝛽 + 𝜆n > b ) that 𝜕Ω

𝜕v

|||v=0 < 0 , i.e., a marginal increase in 
v (from v = 0 ) results in a decrease in gains from a clean tech-
nology. This result a priori runs against intuition, since one 
would expect that an output cut due to cross-ownership would 
result in itself achieving larger decrease in pollution damages 
the larger the damage parameters, and therefore diminish the 
need for a clean energy.

Next, we extend the analysis to study the impact of v on 
Ω for all v ∈ (0,

1

k−1
) . We have

Given that 2 ≤ k ≤ n and 2a > 2c + bR , �Ω
�v

 has the same sign 
as the function Γ , where

(22)
�Ω

�v

||||v=0 = −
kR(k − 1)(2a − 2c − bR)(� + �n − b)

b(n + 1)3
.

𝜕Ω

𝜕v

||||v=0 < 0.

(23)�Ω

�v
= −

kR(k − 1)(2a − 2c − bR)

(
� − b(v + 1) + �v

(
k
2 − (n + 2)k + n + 2

)
+ �

(
(k + n − k

2)v + n
))

b

(
(k + n + 1 − k2)v + n + 1

)3
.

(24)
Γ(b, k, n, �, �, v) = −

(
� − b(v + 1) + �v

(
k
2 − (n + 2)k

+n + 2) + �
(
(k + n − k

2)v + n
))

.

After collecting v, Γ becomes

Note that under Assumption 2: 𝜆 +
𝛽

n
>

b

n
⟺ 𝛽 + 𝜆n

−b > 0 , therefore

Moreover, since Γ is linear in v, it can change the sign at 
most once over the interval 

(
0,

1

k−1

)
 . Evaluating Γ at v = 1

k−1
 

yields

First, note that Γ
(
b, k, n, �, �,

1

k−1

)
 is a decreasing function 

of � . Therefore, for any b, � and 2 ≤ k ≤ n , there exists a 𝜆̄ 
such that

Thus, we have

Combined with the linearity of the function Γ , Eqs. (26) and 
(29) suggest that for any 𝜆 > 𝜆̄,

Therefore, for any local damages and any number of firms 
that participate in cross-ownership, if the global damages are 

large enough, then an increase in cross-ownership decreases 
the need for a clean technology. We can thus establish the 
following lemma:

Lemma 1  Suppose Assumption 2 holds, then an increased 
cross-ownership results in a decrease in the value of a 

(25)

Γ(b, k, n, �, �, v) =

(
b − �

(
k2 − (n + 2)k + n + 2

)

− �
(
k + n − k2

))
v + (b − n� − �).

(26)Γ(b, k, n, 𝛽, 𝜆, 0) = b − n𝜆 − 𝛽 < 0.

(27)

Γ
(
b, k, n, �, �,

1

k − 1

)
= −

�

k − 1

(
(1 − k)(n − k) + 1

)

−
�

k − 1

(
k(n − k + 1)

)
+

bk

k − 1
.

(28)

Γ
(
b, k, n, 𝛽, 𝜆̄,

1

k − 1

)
= 0 ⟺ 𝜆̄ =

bk − 𝛽
(
(1 − k)(n − k) + 1

)
k(n − k + 1)

.

(29)Γ
(
b, k, n, 𝛽, 𝜆,

1

k − 1

)
< 0, ∀ 𝜆 > 𝜆̄.

Γ(b, k, n, 𝛽, 𝜆, v) < 0 ⟺
𝜕Ω

𝜕v
< 0, ∀v ∈

(
0,

1

k − 1

)
.
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clean technology if for any b, � and 2 ≤ k ≤ n , 𝜆 > 𝜆̄ =

bk−�
(
(1−k)(n−k)+1

)
k(n−k+1)

.

It should be noted that when 𝜆 < 𝜆̄ , the sign of �Ω
�v

 is 
ambiguous and depends on v. To illustrate these findings, 
we provide several numerical simulations in the following. 
Figure 1a shows the value of a clean technology Ω as a func-
tion of the level of cross-ownership v when Lemma 1 holds, 
e.g., when we fix a = 2 , b = 1 , c = 0.2 , R = 0.2 , n = 9 , k = 6 , 
� = 8,F = 0.1 , and choose � = 6 such that

a > c + bR, 𝛽 + 𝜆n > b,

As we can see, Ω is decreasing in v for all v ∈
(
0,

1

k−1

)
 . 

However, if we decrease the value of � to 3, 1, 0.1 (i.e., 
𝜆 < 𝜆̄ = 4.92 ), we can have cases where Ω is a U-shaped 
function of v for v ∈

(
0,

1

k−1

)
 , as shown in Fig. 1b, c and d, 

respectively. More specifically, when 𝜆 < 𝜆̄ , we have 𝜕Ω
𝜕v

< 0 
for all v ∈ (0, v̂) but 𝜕Ω

𝜕v
> 0 for all v ∈ (v̂,

1

k−1
), where v̂ is the 

shareholding that minimizes Ω . Thus, if the global environ-
mental damages are not large enough, an increased cross-
ownership may actually increase the need for a clean 

𝜆 > 𝜆̄ =
bk − 𝛽

(
(1 − k)(n − k) + 1

)
k(n − k + 1)

=
6 − 8(−5 × 3 + 1)

6(9 − 6 + 1)
= 4.92.

Fig. 1   Linear demand when � varies
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technology when the cross-shareholdings are high enough. 
The intuition behind this result is that larger shareholdings 
between rival firms will induce them to compete less aggres-
sively and thus reduce their production by more, hence lead-
ing to a lower pollution. But if the environmental damages 
are not large enough, the benefits of a reduced pollution may 
not recoup the loss of a less intensified competition. As a 
result, there is a strong case for investing in clean energy.

Also note that Γ
(
b, k, n, �, �,

1

k−1

)
 is a decreasing function 

of � if (1 − k)(n − k) + 1 > 0 , that is, when n − k <
1

k−1
 . But 

for k ≥ 2 , we have 1

k−1
≤ 1 , so the number of outsiders (n − k) 

can only be 0. If n − k = 0 , then (1 − k)(n − k) + 1 = 1 > 0 
for all 2 ≤ k ≤ n . Therefore, Γ

(
b, k, n, �, �,

1

k−1

)
 is a decreas-

ing function of � if and only if k = n for all 2 ≤ k ≤ n , i.e., all 
the firms are involved in cross-ownership. This implies that 
there exists a 𝛽  such that

Thus, we have

This combined with the linearity of Γ and Eq. (26) indicates 
that for any 𝛽 > 𝛽 ,

Therefore, provided that global damages are small enough 
and all firms participate in cross-ownership, then an 
increased cross-ownership decreases the value of a clean 
technology if the local damages are large enough. We can 
summarize this result in the following lemma:

Lemma 2  Suppose Assumption 2 holds, then an increased 
cross-ownership results in a decrease in the value of a clean 
technology if for any 𝜆 < b and n = k , 𝛽 > 𝛽 = (b − 𝜆)k.

It should be noted that when conditions in Lemma 2 do not 
hold, the sign of �Ω

�v
 is ambiguous and depends on v. We use 

several numerical examples to illustrate these results. Figure 2a 
shows the value of a clean technology Ω as a function of the 
level of cross-ownership v when Lemma 2 holds, e.g., when 
we fix a = 2 , b = 1 , c = 0.1 , R = 0.2 , k = n = 9 , � = 0.1 , 
F = 0.02 and choose � = 10 such that

As illustrated in Fig.  2a, Ω is decreasing in v for all 
v ∈

(
0,

1

k−1

)
 . However, if we change the value of � to 

� = 5, 2, 0.2 , respectively, we can have cases where Ω is a 

(30)

Γ
(
b, k, n, , 𝛽, 𝜆,

1

k − 1

)
= 0 ⟺ 𝛽 = (b − 𝜆)k, if 𝜆 < b.

(31)Γ
(
b, k, n, 𝛽, 𝜆,

1

k − 1

)
< 0, ∀ 𝛽 > 𝛽.

Γ(b, k, n, 𝛽, 𝜆, v) < 0 ⟺
𝜕Ω

𝜕v
< 0, ∀v ∈

(
0,

1

k − 1

)
.

a > c + bR, 𝛽 + 𝜆n > b, 𝛽 > 𝛽 = (b − 𝜆)k = (1 − 0.1) × 9 = 8.1

U-shaped function of v, or an increasing function of v, for 
v ∈

(
0,

1

k−1

)
 , as shown in Fig. 2b, c and d, respectively. Clearly, 

an increased cross-ownership may actually increase the need 
for a clean technology that generates R units of renewable 
energy. This is especially true when both local and global dam-
ages are small enough as those in Fig. 2d, where the benefit of 
investing in a clean technology is always increasing in the level 
of cross-ownership. In this case, the welfare loss due to reduced 
competition always outweighs the small environmental gains 
from reduced pollution.

Based on the results from Lemmas 1 and 2 as well as the 
numerical simulations, we can thus establish the following 
result:

Result 1  Suppose Assumption 2 holds and the number 
of firms that participate in cross-ownership is significant 
enough, then an increase in cross-ownership decreases the 
value of a clean technology if and only if environmental 
damages are large enough. However, as environmental dam-
ages become smaller, the value of a clean technology may 
actually go up as the welfare loss from a less intensified 
competition due to increased cross-ownership outweighs the 
environmental gains from reduced pollution.

3.2 � Robustness Check

While we have considered linear demand so far, we would 
also like to know whether our results obtained in the linear 
model are robust to other demand formulations. Specifically, 
we consider the following two demand specifications: 

(a)	 a semi-loglinear demand function: 

 which can be obtained by maximizing the consumer 
surplus: 

(b)	 a loglinear/iso-elastic demand function: 

 with the corresponding consumer surplus function: 

(32)p = −
1

𝜓
ln

(
Q + R

𝜓

)
, 𝜓 > 0,

(33)

U(Q + R) =
(Q + R)

�

[
1 − ln

(
Q + R

�

)]
− p(Q + R).

(34)p =
1 − 𝜑

𝜓

(
Q + R

𝜓

) 1

𝜑−1

, 0 ≤ 𝜑 < 1,

(35)

U(Q + R) = −
(1 − �)2

�

(
Q + R

�

) �

�−1

− p(Q + R).
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First, we examine how the value of a clean technology Ω 
is changing as the level of cross-ownership goes up when 
we fix the same set of parameters values: R = 0.2 , c = 0.2 , 
n = 9 , k = 6 , � = 8 , F = 0.1 as in Fig. 1 and vary � from 
6 to 3, 1 and 0.1, respectively. Fig. 3a–d shows the cases 
with a semi-loglinear demand function when � = 2 , while 
Fig. 3e–h shows the cases with an iso-elastic demand func-
tion when � = 1 and � = 0.5 . In both cases as shown in 
Fig. 3, the value of a clean technology is always decreasing 
in the level of cross-ownership when the global damages are 
large enough(e.g., � = 6 ), but as � becomes smaller (e.g., 
� = 0.1 ), there will be a strong need for investment in a clean 
technology when the shareholding is larger enough, as a 
substantial lessening of competition causes more harm than 
the benefits of reducing pollution.

Second, we plot Ω as a function of v when we fix the 
same set of parameters values: R = 0.2, c = 0.1 , n = k = 9 , 
� = 0.1 , F = 0.02 as in Fig. 2 and vary � from 10 to 5, 2 and 
0.2, respectively. Figure 4a–d shows the cases with a semi-
loglinear demand function when and � = 2 , while Fig. 4e–h 
shows the cases with an iso-elastic demand function when 
� = 1 and � = 0.5 . As shown in Fig. 4, when the local dam-
ages are large enough (e.g., � = 10 ), the value of a clean tech-
nology Ω is always decreasing in the level of cross-ownership 
v. However, as � becomes smaller (e.g., � = 0.2 ), we will 
have cases where Ω increases with v and thus there is need to 
invest in the clean sector as the loss from reduced competi-
tion outweighs the potential gains from less pollution.

As evident from these numerical results with the semi-
loglinear and iso-elastic demand functions, our conclusion 

Fig. 2   Linear demand when � varies
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Fig. 3   Semi-loglinear (a–d) and 
iso-elastic (e–h) demand when 
� varies
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Fig. 4   Semi-loglinear (a–d) and 
iso-elastic (e–h) demand when 
� varies
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from Result 1 is quite robust. It should be noted that the 
above results also hold with some other demand specifica-
tions and parameter values.

4 � Conclusion

In this paper, we investigate the impact of cross-ownership 
in a polluting fossil fuel oligopoly on the value of a clean 
energy substitute with a given capacity in different environ-
mental scenarios. We show that an increased cross-ownership 
among polluting firms decreases the value of a clean technol-
ogy if environmental damages are large enough. However, 
in the case of a non-marginal increase in cross-ownership, 
this result may be reversed when environmental damages 
are small enough. The main intuition behind these findings 
is that an increased cross-ownership results in a decrease of 
environmental damages due to an overall decrease in energy 
supply by the polluting firms, and therefore, if environmental 
damages are large enough, there will be substantial gains from 
reduced pollution damages associated with it, thus decreasing 
the need for clean energy. But if environmental damages are 
small, the welfare loss from a less intensified competition due 
to increased cross-ownership outweighs the possible benefits 
of reduced pollution, thereby increasing the value of a clean 
technology.

Our analysis reveals that the interaction of cross-ownership 
and environmental policies targeting a transition to clean 
sources of energy should be carefully examined. When such 
ownership changes raise concerns and come under scrutiny by 
antitrust authorities, a specific analysis is necessary and repre-
sents a promising line for future research, see e.g., [21–23] for 
the case of collusive behavior and environmental policy; and 
[24–27] for the case of mergers of polluting oligopolists.

The current model has some limitations. First, we have 
assumed that the backstop technology is readily available 
and can generate R units of clean energy demanded by 
the market. It would be interesting to use our analysis and 
framework as a starting point of a meta-model where the 
capacity of the clean energy is determined endogenously in 
a preliminary phase, see e.g., [28, 29] for R&D network col-
laboration games and [30] for the case of polluting oligopo-
lists. A second natural extension would be modelling the 
accumulation of the pollutants and examine the role played 
by the dynamics of pollution. Finally, we have assumed that 
the ownership stakes hold by rival firms are non-controlling 
and thus does not alter the firm’s own decision making. It 
would be interesting to investigate how any controlling own-
ership might affect market outcome and how it is compared 
with merger. These are relevant and promising extensions 
for future research.
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