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Energy policies aim at securing energy supply through domestic production or
imports have significant consequences for climate change and its long-term
impacts on the economy. Recent European energy crisis as a result of
extensive reliance on imported Russian natural gas has highlighted the
European Union (EU) energy vulnerability and has challenged its climate
change commitments. While switching to alternative domestic fossil fuel
sources such as coal in some member states has put the EU climate ambitions
in jeopardy, it has also provided new opportunities for up-scaling renewable
technologies as well as climate stability measures such as direct air capture (DAC).
This paper examines the interaction between energy policy and climate stability by
considering imported natural gas, domestic coal production, and possible DAC
deployment in the EU under two scenarios of full cooperation and full competition
among the EUmember states. The results suggest that while cooperation induces
higher reliance on imported energy, it also provides a strong incentive for DAC
uptake. Competition on the other hand, may result in more reliance on domestic
coal production and worse climate change outcomes despite the availability of
DAC. Therefore, as the EU is striving for a more perfect union, it should consider
better alignment of its short-term energy security policies with long-term climate
stability ambitions.
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1 Introduction

The widespread adoption of innovative technologies often can be contributed to a
convolution of multiple social, behavioral, political, and economic factors (Urmee and Md,
2016). Similarly, the uptake of climate change solutions such as carbon removal (CDR)
technologies depends on not only their technological readiness but also on an array of
socioeconomic factors facilitating or obstructing their development and deployment (Buck,
2016). In the last few months and after the Russian invasion of Ukraine, growing energy
security concerns in Europe (Żuk and Żuk, 2022), combined with unequivocal commitments
for decarbonization (Buschle and Westphal, 2019), have provided a unique opportunity for
large scale deployment of innovative climate solutions that can play a key role in shaping the
future of European energy-climate ecosystem.

In the latest assessment report by intergovernmental panel on climate change (IPCC),
CDR has been acknowledged as a “necessary element” in keeping global warming well- 2°C
and even more essential in staying below 1.5°C (IPCC, 2022). Although there is no consensus
among the researchers, policymakers, climate activist, and the general public on the best
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approach to removing existing carbon dioxide emissions from the
atmosphere (Cox et al., 2020), Direct Air Capture (DAC) in
particular, has increasingly been considered as a viable solution
for achieving net-zero and net-negative climate objectives (Bednar
et al., 2021).

There are several technical and economic reasons for the growing
interest in commercialization and early adoption of DAC technologies
(McQueen et al., 2021)1. First, DAC technology is flexible in the sense
that unlike carbon capture and storage (CCS) that applies to stationary
sources of highly concentrated emissions such as fossil fuel power
plants, DAC process is not limited to an specific location as long as it is
in close proximity to reliable energy sources and CO2 storage sites
(Erans et al., 2022). Furthermore, it can use either solid sorbents or
liquid solvents (McQueen et al., 2021). Second, the capture units are
modular and their annual capacity can be scaled up from a few tons to
megatons of captured carbon (Hanna et al., 2021). Third, the DAC
operation is an industrial process with controllable and verifiable input
and output quantities which can potentially alleviate concerns about
verification and certification of the DAC plants (Sovacool et al., 2023).
Finally, and compared to other CDR approaches, DAC has a relatively
small physical footprint and it requires far less land and water resources
for its operation while there is no direct threat to existing food or
biodiversity systems (Beuttler et al., 2019). Nevertheless, there are still
large uncertainties about optimization of the DAC processes at large
scale, their integration into renewable energy systems, and the
permanent sequestration of the captured carbon which requires
further research and investigation

In the past few years, multiple studies have assessed the techno-
economic potentials of DAC technologies (Fasihi et al., 2019; National
Academies of Sciences Engineering and Medicine, 2019), their
limitations (Smith et al., 2016; Erans et al., 2022), and their future
prospect (Nemet et al., 2018; Shayegh et al., 2021). However, the
integration of DAC into energy-climate system models is still limited
and the results are largely dependent on critical assumptions about the
cost and the deployment rate of DAC technologies (Chatterjee and
Huang, 2020).

This paper, however, takes a different approach by framing the
question of DAC deployment against a broader backdrop of energy
transition and energy security from an European perspective. It
develops an analytical model for energy policy making mechanism
in a representative EU member state economy who has a significant
dependence on an insecure foreign energy source (e.g., Russian
natural gas), and a controversial reliance on domestic fossil fuel
production (e.g., coal industry). Furthermore, the European Union
(EU), in line with its member states, has set out an ambitious
program (i.e., the European Green Deal) to make the EU climate
neutral in 2050 (Commission and for Communication, 2021). As a
result, a complex array of such climate ambitions and energy
security incentives, in addition to Energy Union considerations
(Pérez et al., 2019), has created national policies within the EU

member states, which are largely misaligned and are hard to navigate
through (Maris and Flouros, 2021; Osička and Černoch, 2022).

On the other hand, delayed deployment of CDR initiatives
including DAC, would be costly for the EU and would
substantially undermine the removal potential to meet the
2100 targets (Galán-Martín et al., 2021). Therefore, there is an
urgent need for the alignment of national energy policies with
carbon removal up-scaling strategies in a way that both provide
energy security and achieve the long-term climate stability
objectives. This paper attempts to revisit energy security
considerations and priorities in light of climate change
commitments by developing and analysing a simple economic
model of a major importer and exporter of natural gas (i.e., the
EU member states and Russia, respectively) with differentiated
climate change preferences under two scenarios: cooperation
between the importing entities and competition among them.
The results highlight the interconnection of the imported energy
price and the incentive to develop and deploy a reliable carbon
removal option such as DAC to offset the negative impacts of
domestic and imported fossil fuel consumption.

2 Modeling energy security and climate
stability

We investigate the interaction between energy security and
climate stability efforts through the development of an importer-

TABLE 1 List of variables and parameters used in the model.

Name Definition Type

i Importing country index

e Exporting country index

coop Cooperation case index

comp Competition case index

m Share of coal in total energy demand (%) Decision variable

R DAC level Decision variable

U Utility of importing Auxiliary variable

E Total energy demand Auxiliary variable

Δ T Change in global mean temperature Auxiliary variable

N Number of importing countries Parameter

�c Price of coal Parameter

�g Price of natural gas Parameter

�e Cost of natural gas extraction Parameter

�r Price of DAC Parameter

�c Warming potential of coal Parameter

�g Warming potential of natural gas Parameter

�r Cooling potential of DAC Parameter

�� Climate change damage cost Parameter

Tx Exogenous temperature change Parameter

1 It is worth noting that there are already a dozen commercial applications of
DAC in Europe and North America with pioneering companies such as
Climeworks (Switzerland), Global Thermostat (United States), and Carbon
Engineering (Canada) among others leading the way (McQueen et al.,
2021).
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exporter two-actor model. In this simple model, a group of countries
(e.g., the EUmember states) represents the importer actor as they are
the main importer of the Russian natural gas. On the other hand,
Russia whose economy is heavily dependent on the export of fossil
fuel energy commodities (and in particular natural gas to Europe),
represents the exporter actor. In addition, we distinguish between
two types of fossil fuel as primary sources of energy: coal and natural
gas. The importer countries like Germany and Poland produce coal
domestically but import natural gas from Russia. Consuming either
types of fossil fuel generates an economic value but causes climate
change damages due to the CO2 emissions resulting from their
combustion in energy generation during economic activities. Russia
on the other hand, has an abundance of natural gas which is not only
sufficient for its domestic consumption but can sufficiently meet the
demand of the importer actors. It is important to note that the
equations used in the following sections, are highly simplified and
only used to demonstrate the high-level associations among
different parameters and variables. Therefore, the scope of this
study is limited to analyzing the relationship among the key
variables and not presenting any quantitative results. Table 1
provides the list of variables and parameters used in this model
along with a brief description of each item.

2.1 Sequence of actions

We model the European energy security and climate stability as
a sequential game in two stages: In the first stage, the exporter
country (i.e., Russia) sets the price of natural gas and then, in the
second stage, the importer countries (i.e., the EU member states)
decide on the share of domestic production of coal (as a complement
to imported natural gas), and the level of DAC deployment,
simultaneously. Besides economic value associated with energy
consumption, both the exporter and the importer countries suffer
from climate damages linked to rising temperatures as a result of
greenhouse gas emissions from fossil fuel consumption. Such
damages are however, not equal and among other factors,

depend on the geographic location and socioeconomic structure
of each country’s economy. As a result, the advanced economies of
the importer countries have an incentive to opt for the deployment
of DAC as a reliable carbon dioxide removal option to alleviate the
negative consequence of global warming. Therefore, in the second
stage, the importer countries face two choices: 1) the portion of their
energy demand to be supplied domestically (i.e., the energy security
indicator), and 2) the level of DAC deployment (i.e., the climate
stability indicator). Figure 1 shows the dynamics of this game
considering energy security and climate stability. For simplicity,
we assume the importer actor comprisesN identical entities (e.g., the
27 member states of the EU). Further we assume that information
about the energy price and quantities, in addition to the level of DAC
deployments are publicly available and shared among all actors. This
allows us to use the backward induction technique (Aliprantis, 1999)
to solve this sequential game with perfect information.

2.1.1 Importer’s problem
In this paper we develop and use a conceptual model of energy

economics which assumes that countries benefit from energy
consumption but they incur energy expenditures and climate change
damagecosts.Inotherwords,energyconsumptionincreasestheirutility
whileenergyacquisitionandclimatechangedecrease it.Theaimofeach
country is tomaximisetheirutilitybysettingtheoptimalshareofenergy
importandDACdeployment.Westartfromthesecondstage,assuming
that the price of natural gas (ηg) is known to the importer actor. The
utility of each importer entity can be expressed as

Ui mi, Ri( ) � Ei − ηc mi Ei( ) − ηg 1 −mi( ) Ei( ) − 1
2
ηr R

2
i

− 1
2
δi ΔT( )2 (1)

with the change in global mean temperature (ΔT) calculated as

ΔT � ∑N
i�1

θc mi Ei + θg 1 −mi( ) Ei − θr Ri( )︸���������������︷︷���������������︸
Ti

+Tx (2)

FIGURE 1
Energy security and climate stability dynamics. In the first stage, Russia decides about the price of exported natural gas. In the second stage, the EU
countries decide about the share of domestic coal to secure their energy demand, and the level of direct air capture (DAC) to stabilize the climate.
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where mi is the share of coal in total energy demand (Ei) of an
importing entity, and Ri is the carbon removal level through DAC
deployment. Parameters ηc, ηg, and ηr reflect the price of coal,
natural gas, and DAC respectively. The quadratic DAC cost
function is used to account for the required up-scaling
investments in carbon removal technologies. Furthermore, the
climate damage cost is linked to global mean temperature change and
follows a conventional quadratic form (Richard, 1995; Nordhaus, 2017)
with parameter δi. In the temperature Eq. 2, parameters θc and θg are used
to translate emissions from energy consumption to temperature change
for coal and natural gas, respectively. Parameter θr represents the effect of
carbon removal on reducing carbon concentration and global mean
temperature, subsequently. Finally, Ti represents the contribution of each
entity i to global mean temperature change while Tx is the exogenous
temperature change due to emissions and other factors beyond the scope
of the energy trade between the two actors in thismodel. Tomaximize the
utility of the importer’s energy consumption, we can derive the optimal
values of mi and Ri from the first-order conditions of Eq. 1.

zUi

zmi
� 0 → mi �

Δη − δi Δθ θg Ei − θr Ri +∑j≠iTj + Tx( )
δi Δθ( )2 Ei

(3)

zUi

zRi
� 0 → Ri �

δi θr mi Δθ Ei + θg Ei +∑j≠iTj + Tx( )
ηr + δi θ

2
r

(4)

Where Δη = ηg − ηc (i.e., the price difference between imported
natural gas and domestic coal) and Δθ = θc − θg (i.e., the warming
potential difference between domestic coal emissions and imported
natural gas emissions). Solving these two equations simultaneously
will provide the optimal values:

mp
i �

Δη ηr + δi θ
2
r( ) − δi ηr Δθ θg Ei +∑j≠iTj + Tx( )

ηr δi Δθ( )2 Ei

(5)

Rp
i �

Δη θr
ηr Δθ

(6)

If the DAC technology proved to be inefficient (i.e., θr → 0), there
will be no incentive to deploy it (i.e., Rp

i → 0) and the optimal share
of domestic coal will be independent of the DAC price ηr:

mp
i →

Δη − δi Δθ θg Ei +∑j≠iTj + Tx( )
δi Δθ( )2 Ei

(7)

2.1.2 Exporter’s problem
In the first stage, the exporter benefits from domestic

consumption of natural gas and its export’s revenue while
incurring the extraction and climate change damage costs.
Therefore, the exporter’s utility can be expressed as

Ue ηg( ) � Ee + ηg − ηe( ) 1 −mi( ) Ei − ηe Ee − δe ΔT( ) (8)

where Ee is the domestic energy demand in the exporting country and ηe
is the extraction unit cost.We use a linear climate damage function in the
exporter’s utility to reflect the potential benefits of rising temperatures for
Russia which moderates the climate change damages.

Taking the first-order condition, the optimal price of natural gas
can be obtained from plugging back the results of the second stage
into this equation:

zUe

zηg
� 0 → 1 −mi( ) Ei − ηg − ηe( ) zmi

zηg
Ei − δe Δθ zmi

zηg
Ei − θr

zRi

zηg
⎛⎝ ⎞⎠ � 0

→ ηg* �
ηc + ηe

2
+ ηr Δθ −δe + δi θc Ei + Tx( )( )

2 ηr + δi θ
2
r( )

(9)

This result shows that minimum price of exported natural gas is
the average of its extraction cost and the price of coal in the
importing countries. In order to gain a better understanding of
the market mechanism and its impact on energy security and climate
stability efforts, we consider two cases of cooperation and
competition among the N importing players. We then compare
the optimal share of domestic coal production andDAC deployment
between these two cases.

2.2 Cooperation

In the case of full cooperation, the N importing entities act as a
block (e.g., the EU negotiates the gas import from Russia on behalf of
all its member states). We formulate the utility optimization
problem of the importing actor (i.e., the block of N importing
entities) as follows:

Ucoop mi, Ri( ) � N Ei −N ηc mi Ei −N ηg 1 −mi( ) Ei

−N
1
2
ηr R

2
i −N

1
2
δi ΔT( )2 (10)

where the change in global mean temperature (ΔT) is
calculated as

ΔT � N θc mi Ei +N θg 1 −mi( ) Ei −N θr Ri + Tx (11)

The optimization of Eq. 10 with respect to decision
variables mi (the share of domestic coal) and Ri (the carbon
removal through DAC) provides the following two firs-order
conditions:

zUcoop

zmi
� 0 → mi �

Δη −N δi Δθ N θg Ei −N θr R + Tx( )
N2 δi Δθ( )2 Ei

(12)

zUcoop

zRi
� 0 → Ri �

N δi θr N m Δθ Ei +N θg Ei + Tx( )
ηr +N2 δi θ

2
r

(13)

Solving these equations simultaneously will provide the optimal
levels of mi and Ri in this case.

mi−coop* � Δη ηr +N2 δi θ
2
r( ) −N δi ηr Δθ N θg Ei + Tx( )

N2 ηr δi Δθ( )2 Ei

(14)

Ri−coop* � Δη θr
ηr Δθ

(15)

In this case, the price of natural gas in the first stage will be
calculated as

ηg−coop* � ηc + ηe
2

+ ηr Δθ −δe +N δi N θc Ei + Tx( )( )
2 ηr +N2 δi θ

2
r( ) (16)

Next, we investigate the case when the N importing countries act
independently in a competitive market.
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2.3 Competition

In this case, every importing entity decides on the level of
domestic coal production and DAC deployment independently,
bearing in mind that other importing entities are doing the same.
We formulate the utility optimization problem of each importing
actor as follows:

Ucomp mi, Ri( ) � Ei − ηc mi Ei − ηg 1 −mi( ) Ei − 1
2
ηr R

2
i

− 1
2
δi ΔT( )2 (17)

where the change in global mean temperature (ΔT) is calculated as

ΔT � θc mi Ei + θg 1 −mi( ) Ei − θr Ri +∑
j≠i

Tj + Tx (18)

The optimization of Eq. 17 with respect to decision variables mi

(the share of domestic coal) and Ri (the carbon removal through
DAC) provides firs-order conditions similar to those shown in Eqs 3,
4. However, since all N importing entities are similar, the solution
should be the same for everyone and therefore, we have Ti = Tj for all
i, j ∈ {1, . . ., N}.

zUcomp

zmi
� 0 → mi �

Δη − δi Δθ N θg Ei −N θr R + Tx( )
N δi Δθ( )2 Ei

(19)

zUcomp

zRi
� 0 → Ri �

δi θr N m Δθ Ei +N θg Ei + Tx( )
ηr +N δi θ

2
r

(20)

As a result the optimal levels of mi and Ri in this case will be.

mi−comp* � Δη ηr +N δi θ
2
r( ) − δi ηr Δθ N θg Ei + Tx( )

N ηr δi Δθ( )2 Ei

(21)

Ri−comp* � Δη θr
ηr Δθ

(22)

In this case, the price of natural gas in the first stage will be
calculated as

ηg−comp* � ηc + ηe
2

+ ηr Δθ −δe + δi N θc Ei + Tx( )( )
2 ηr +N δi θ

2
r( ) (23)

3 Results

The derivation of optimal natural gas price in the first stage, and
energy security (m) and climate stability measures (R) in the second
stage for a given number of importing entities (N) allows us to infer
important comparisons between the two extreme cases of full
cooperation and full competition. To do so, we first consider a case
where the natural gas price is exogenously determined by the exporter,
and thenwe investigate the full endogenous casewhere theprice is set in
the first stage foreseeing the market conditions in the second stage.

3.1 Exogenous natural gas prices

We evaluate the performance of each case along the energy
security dimension by comparing the share of domestic coal in final

energy consumption in both cases under the assumption that the all
prices are exogenous and therefore, we only focus on the
implications of a fixed price of natural gas on the performance of
both markets. Proposition 1 unveils the important implication of the
well-know free-riding phenomenon in the competition case. While
competition disincentives lowering emissions and therefore,
encourages the consumption of the dirtier domestic coal,
cooperation induces higher imports of (relatively cleaner) natural
gas to lower emissions. In other words, cooperation, unintentionally,
leads to higher reliance on foreign energy which undermines energy
security within the EU.
Proposition 1. For a given N > 1 and an exogenous natural gas price
higher than coal price (ηg > ηc), the share of imported natural gas is
always (strictly) higher in the full cooperation case compared to the
full competition case regardless of the availability of any climate
stability measure (e.g., DAC).

Proof. To prove this proposition, we compare the share of domestic
coal in both cases using Eq. 21 and Eq. 14. If we can show that the
difference between the two shares for any given N and ηm is strictly
positive, it means that the EU imports less natural gas in the
competition case and therefore, the theorem is proved. Let’s
define Δm � mi−comp* −mi−coop* . We want to show that Δm > 0 for
all N:

Δex
m � mi−comp* −mi−coop*

� Δη ηr +Nδiθ
2
r( ) − δiηrΔθ NθgEi + Tx( )

N ηr δi Δθ( )2 Ei

− Δη ηr +N2δiθ
2
r( ) −NδiηrΔθ NθgEi + Tx( )

N2 ηr δi Δθ( )2 Ei

� N − 1( ) Δη
N2 δi Δθ( )2 Ei

> 0 for N> 1 (24)

Since all of its components are positive, Δex
m is positive.

3.2 Endogenous natural gas prices

So far we have analysed energy security and climate stability
implications of exogenous imported natural gas rices in
cooperative and competitive markets. Now, we allow for the
natural gas price to be determined endogenously through Eq. 16
and Eq. 23 for any given number of importing entities (N).
Proposition below asserts that in the first stage, the natural gas
exporter foreseeing the market conditions in the second stage,
always sets the natural gas price higher in the cooperation case
compared to the competition case.
Proposition 2. For a given N > 1, the price of natural gas in the full
cooperation case is (strictly) higher than the full competition case
regardless of the availability of any climate stability measure such
as DAC.

Proof. To prove this proposition, we compare the natural gas price
in both cases using Eq. 16 and Eq. 23. If we can show that for a given
N, the difference between the two prices is strictly positive, the
theorem is proved. Let’s define Δg = ηg−coop − ηg−comp. We want to
show that Δg > 0 for all N:
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Δen
g � ηg−coop − ηg−comp

� ηr Δθ −δe +N δi N θc Ei + Tx( )( )
2 ηr +N2 δi θ

2
r( ) − ηr Δθ −δe + δi N θc Ei + Tx( )( )

2 ηr +N δi θ
2
r( )

� N − 1( ) δi ηr Δθ N δe θ
2
r + ηr N θc Ei + Tx( )( )

2 ηr +N2 δi θ
2
r( ) ηr +N δi θ

2
r( ) > 0 for N> 1

(25)
Since all the components are positive, Δg is positive. In the special
case when θr = 0 (i.e., DAC is ineffective or more generally, in the no-
DAC case) the difference will be simplified to:

Δg−no DAC � N − 1( ) Δθ δi N θc Ei + Tx( )
2

> 0 for N> 1

(26)
which again is positive and therefore, the theorem holds regardless
of the availability of any climate stability measure such as DAC.

The comparison between the optimal share of domestic coal in
the cooperative case and competitive case is less straightforward
since it both depends on the number of importers and the price of
natural gas as shown in equation below.

Δen
m �mi−comp* −mi−coop*

� Δηcomp ηr +Nδiθ
2
r( )−δiηrΔθ NθgEi +Tx( )

N ηr δi Δθ( )2 Ei

−Δηcoop ηr +N2δiθ
2
r( )−NδiηrΔθ NθgEi +Tx( )

N2 ηr δi Δθ( )2 Ei

� − ηg−coop −N ηg−comp( ) ηr − ηg−coop −ηg−comp( )N2 ηr δi θr − N−1( ) ηc ηr
N2 δi Δθ( )2 Ei

� − ηg−coop −N ηg−comp( ) ηr −Δen
g N2 ηr δi θr − N−1( ) ηc ηr

N2 δi Δθ( )2 Ei

(27)
We know from Eq. 25 that Δen

g > 0, therefore the sign of Δen
m only

depends on the value of the first term in the numerator, ηg−coop − N
ηg−comp. If the natural gas price in the cooperation case is at least N
times larger than the price in the competition case then Δen

m < 0
which means the share of domestic coal will be higher in the
cooperation case. Otherwise, the price difference Δen

m may or may
not be negative depending on other factors including the climate
damage costs in importing and exporting countries.

4 Numerical example

Figure2 shows the result of ahypotheticalmodelwith the following
parameter values: Ei = 150, Ee = 80, ηc = 0.25, ηr = 0.001, ηe = 0.4, θc =
0.003, θg = 0.00012, θr = 0.001, δi = 400, δe = 75, and Tx = 0.15.

The first 2 rows of this figure correspond to the case with
exogenous gas price while the last row is related to the results of the
case with endogenous gas price. In Figures 2A,C we assume that the
number of importing countries is fixed atN = 10. In Figures 2B,D we
assume that the natural gas price is fixed at ηg = 0.76.

Using this set of numerical values, we are able to make a
quantitative comparison between the two cases of full
cooperation and competition.

4.1 Exogenous natural gas prices

Keeping the number of importing countries constant at N = 10,
in the cooperation case, from Eqs 14, 15 we get.

mi−coop* � −0.282 + 0.824 ηg (28)
Ri−coop* � −87 + 347 ηg (29)

Similarly, in the competition case, from Eqs 21, 22 we get.

mi−comp* � −0.328 + ηg (30)
Ri−comp* � −87 + 347 ηg (31)

As price increases, there is more incentive for importing entities
to rely on their domestic energy production in both cases. However,
as stated in Proposition 1, such reliance on domestic production is
always higher in the competition case compared to the cooperation
case. Therefore, the red continuous line corresponding to optimal
import share in the competition case cooperation stays above the
blue dashed line (Figure 2A).

Alternatively, keeping the natural gas price constant at ηg = 0.76,
in the cooperation case, from Eqs 14, 15 we get.

mi−coop* � 51 − 17 N + 18 N2

50 N2
(32)

Ri−coop* � 177 (33)
Similarly, in the competition case, from Eqs 21, 22 we get.

mi−comp* � 34 − 18 N

50 N
(34)

Ri−comp* � 177 (35)
In this case, the optimal domestic coal shares follow a reciprocal

formandconverge in the limit casewhereN→∞ (i.e., a largenumber
of countries import natural gas from Russia). In this situation, the
difference between the two cases will approaches zero and the
cooperative share of domestic coal nears the competitive share (m*
→ 0.36) implying that every country imports the same share of their
energy consumption from Russia regardless of the market structure.
Therefore, and similar to the previous case, by following Proposition
1 we have the red continuous curve corresponding to optimal import
share in the competition case cooperation staying above the blue
dashed curve corresponding to optimal import share in the
cooperation case (Figure 2B).

Optimal deployment of DAC however, is always the same in
both cooperation and competition cases according to Eq. 15 and Eq.
22 and only depends on the price of imported natural gas. Therefore,
when the natural gas price increases the optimal DAC deployment
level increases (Figure 2C) while it stays constant when the natural
gas price is fixed (Figure 2D). Nevertheless, since the optimal level of
DAC deployment is the same in both cases of cooperation and
competition, climate change outcomes such as global mean
temperature will be worse off under the competitive market
conditions due to higher rates of domestic coal consumption.

Finally, as shown in Eq. 24, the difference in the optimal share of
domestic coal between the cooperation and competition cases do not
depend on the DAC’s effectiveness (θr) or cost (ηr). Therefore, if a
reliable DAC technology is not available (e.g., θr = 0), Proposition
1 still holds and the free-riding phenomenon discussed above, still
applies to a limit case without DAC.

4.2 Endogenous natural gas prices

Figure 2E shows the schematic comparison of natural gas prices
between the two cases of cooperation and competition by changing
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the number of importing entities. The natural gas price can be
obtained from Eq. 16 in the cooperation case and Eq. 23 in the
competition case:

ηg−coop* � 0.325 + −270 + 216 N + 648 N2

2500 + 1000 N2
(36)

ηg−comp* � 0.325 + −54 + 648 N

2500 + 1000 N
(37)

As shown in Figure 2E and according to Proposition 2, the red
continuous curve corresponding to optimal import share in the
competition case cooperation stays below the blue dashed curve
corresponding to optimal import share in the cooperation case.
As N increases, the imported natural gas price grows slowly in
both cases while the price in cooperative case is always
dominating the price in the competitive case. In the limit
case where N → ∞ (i.e., a large number of countries import
natural gas from Russia), the natural gas price in both cases
approaches. ηg* → 0.973

Similarly, for the optimal DAC level, from Eq. 15 and Eq. 22
we get.

Ri−coop* � 26 + −93750 + 75000 N + 225000 N2

2500 + 1000 N2
(38)

Ri−comp* � 26 + −18750 + 225000 N

2500 + 1000 N
(39)

The results of this case are shown in Figure 2F similar to the natural
gas price, the red continuous curve corresponding to optimal DAC
level in the competition case cooperation stays below the blue
dashed curve corresponding to optimal import share in the
cooperation case. As N increases, the imported natural gas price
grows slowly in both cases while the price in cooperative case is
always dominating the DAC levels in the competitive case. In the
limit case where N → ∞, the DAC level in both cases approaches
R* → 251.

This has a significant implications for energy security and
climate stability. As the optimal share of domestic coal and the

FIGURE 2
Natural gas prices impact in two cases of cooperation and competition with exogenous natural gas prices (A–D) or endogenous natural gas prices
(E,F): (A) optimal share of domestic coal with a fixed number of importers, (B) optimal share of domestic coal with a fixed natural gas price, (C) optimal
level of DAC deployment with a fixed number of importers, (D) optimal level of DAC deployment with a fixed natural gas price, (E) natural gas price with
varying number of importing entities, and (F) DAC deployment levels with varying number of importing entities.
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optimal level of DACdeployment both directly depend on the natural gas
price, an increase in the price of natural gas induce more reliance on
domestic coal for energy security and DAC for climate stability. For any
given number of importers,N > 1, since the natural gas price is higher in
the cooperative case, the optimal level of DAC deployment will also be
higher in the cooperative case compared to the competitive case.

5 Discussion

The topic of energy security cannot and should not be addressed
without climate change considerations. In particular, and in the case of
the EU, the European Green Deal and the Climate law have already
provided legal frameworks for the member states to achieve the collective
objective of reaching climate neutrality by 2050 while ensuring their
energy security (Claeys et al., 2019). Nevertheless, the recent
developments in energy markets due to the invasion of Ukraine by
Russia has revealed growing vulnerability of the EU energy market to
foreign actions beyond its jurisdiction (Mišík, 2022).

This paper has provided an analytical framework for assessing the
implications of cooperation and competition among the members of a
union such as the EU, for their energy security and climate stability.
Despite many simplifying assumptions in this model, it provides several
findings which shed light on some less-discussed mechanisms shaping
energy markets and climate change solutions.

First, when the natural gas prices are exogenous meaning that they
are determined globally and are not affected by the coordination decisions
of importing entities at the local level, the optimal level of climate
intervention through carbon removal technologies such as DAC is
independent of the market conditions (e.g., cooperation or
competition). It only depends on the properties of the removal
technology (e.g., cost and effectiveness) and the degree that imported
and domestic fossil fuels differ in costs and warming potentials. In other
words, while energy security considerations yield an optimal combination
of imported natural gas and domestic coal to meet the energy demand in
any member state, carbon removal measures such as DAC are deployed
to offset the emissions rising from such energy portfolio and provide
better climate stability.

Furthermore, cooperation among importing entities result in more
reliance on imported natural gas in the case of exogenous natural gas
prices. This is due to the fact that cooperation induces a coordinated and
aggressive emission cuts which implies lowering the consumption of
domestic coal and relying on cleaner but more expensive natural gas.
Therefore, while cooperation may undermine energy security,
competition threatens climate stability despite the availability of DAC.

Finally, if the natural gas price is sensitive to the market conditions,
cooperation among importers sends a strong signal about their climate
ambitions to curb emissions by reducing domestic coal consumption. The
natural gas exporter in this case, is likely to increase the price. If the price
increase is significant enough (i.e., if the price in the cooperation case is at
least N times the price in the competition case), then the cooperative
importers are forced to reduce their import and rely more on their
domestic coal. However, higher natural gas price in the cooperation case
will also results in higher DAC deployment to offset the emissions
resulting from such energy policy switch.

This paper only considered two extreme cases of full cooperation and
full competition among identical entities assuming a simple linear formof
energy cost and benefit. In reality, the EU countries have very different

social, political, and economic characteristics and the energy cost
structures are far from being linear. The level of coordination among
the EU member states varies significantly over time and over different
issues ranging from cooperation to competition side of the spectrum.
Furthermore, significant differences in energy system and climate damage
cost among the EUmember countries or any other economic or political
block of cooperating countries can lead to very different outcomes in
terms of optimal level of energy import or CDR deployment.
Nevertheless, this paper tried to provide an analytical framework for
investigating the issues at the intersection of climate security and climate
stability. Future research may extend this analysis by incorporating other
players and other energy options as well more sophisticated climate
changemodels. A full assessment of energy policies at the national and the
EU levels require deeper understanding of domestic energy needs and
ambitions as well as potential climate change damages that affect local
communities and can translate into political demand for action in the
realm of climate change intervention.
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