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Abstract. We formulate the design of a taxation mechanism as a Stackelberg game
assuming: a) perfect competition, with exogenous prices; b) imperfect competition, cap-
tured through a variational inequality approach, with endogenous prices. Three settings
of the mechanism are considered: (i) benchmark involving no taxation, (ii) optimum tar-
iff, (iii) optimum sanction. The expected utility maximization formulation of the game
is extended further by relying on cumulative prospect theory to account for the bounded
rationality of the stakeholders. We derive closed-form mappings linking the outcomes of
the three settings. Additionally, we assess the impact of bounded rationality through a
new performance metric, the Price of Irrationality. Numerical results are derived on a
randomized instance of a gas trading game between Europe, Asia, and Russia.

Keywords: Game Theory - Sanction Design - Cumulative Prospect Theory.

1 Introduction

Problem Statement: The economies of many geographic markets are dependent on fossil
fuels, e.g., gas. Due to geopolitical tensions, some geographic markets may decide to partially
or totally halt their gas imports by imposing tariffs/sanctions on the imports [4]. We therefore
propose a model which casts the optimal tariff/sanction problem as a Stackelberg game in two
settings: a) perfect competition involving price-taking agents, i.e., geographic markets without
market power, and a Global Market Operator (GMO) defining exogenous export prices; b)
imperfect competition where export prices are determined endogenously as a result of the
interactions among geographic markets. The model is extended further to incorporate the
bounded rationality of the agents, relying on Prospect Theory (PT).

Main Contributions: Our model is built on an agent-based representation of suppliers and
generators interacting in a certain number of geographic markets. We aim to assess the impact
of tariffs/sanctions on the geographic markets’ imports of gas and on their welfare. To this
purpose, the optimal taxation/sanction problem is framed as a Stackelberg game where a
regulator at the upper level is responsible for the tariff /sanction definition considering different
criteria, while the geographic markets at the lower level react by adjusting export trades and
prices. We derive closed-form expressions for the export prices, and prove that the Stackelberg
equilibria can be explicitly mapped to the perfect competition equilibria. Considering the
bounded rationality of stakeholders with respect to a potential risk of supply shortage, we rely
on PT to extend the optimal taxation/sanction games to situations involving stakeholders with
different risk-aversion levels. Finally, numerical results are derived on a randomized instance
of the problem.

Reviewed Literature: We consider two forms of taxation mechanisms: tariff and sanction.
The optimum tariff is determined by a regulator, interpreted as the leader of a Stackelberg
game, to maximize the welfare of the geographic market that imposes the tax, while anticipating

* This work was partially funded by the Région Hauts-de-France through the STaRS project SITAR.
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the clearing of the global gas exchange market. Differently, the optimum sanction is determined
by a regulator that arbitrages between maximizing the welfare of the geographic market which
imposes the tax, and minimizing the welfare of the geographic market to be sanctioned, while
anticipating the clearing of the global gas exchange market. Although they are simple economic
instruments designed to inflict economic harm, they have wider implications and can be used
to exert pressure to change behavior or policies. However, the literature dealing primarily with
the optimal design of sanctions is scarce. For this reason, our main bibliographic reference is [4].
Specifically, [4] applies different sanction models to the specific context of Europe’s dependence
on Russian gas by framing the problem as a two-player partial equilibrium model and it assesses
the impact of these sanctions on the utilities of both stakeholders. We generalize this work in
several directions. First, we formulate taxation models as Stackelberg games under perfect and
imperfect competition, considering a larger number of stakeholders. Second, the impact of the
bounded rationality of the stakeholders on the market equilibria is considered relying on the
new concept of Price of Irrationality (PoI).

Paper Organization: The paper is organized as follows. In Section [3 we formulate the
perfect competition setting as a partial equilibrium model for three settings (i) benchmark, (ii)
optimum tariff, (iii) optimum sanction. The model is extended further relying on PT to capture
the stakeholders’ bounded rationality in Section [} The Price of Irrationality is introduced in
Section as a performance metric to assess the efficiency loss caused by the stakeholders’
bounded rationality in each setting. We conclude in Section

2 The Geographic Markets

Let NV be a set of N geographic Natural Gas (NG) markets, abstracted as nodes on a directed
graph I' = (N, E) where E C N x N is the set of oriented edges between the agents. Our model
is built on an agent-based representation of suppliers and generators interacting in a certain
number of geographic markets. Markets can be either demand markets with no generation
facility, or generation markets with fixed exogenously defined demands. After satisfying their
own demand, generation markets can sell their generation surplus to the demand markets. Let
N? and N9 be the sets of demand and generation markets resp., such that N” = N L N9,
NEM N9 = (). For a given market n € N, we define as A, the subset of markets it can
import (resp. export) NG from (resp. to). Let d,, € R>g be the demand of market n, g, € R>q
its generation, and g, n,Vm € N, the amount that market n imports (resp. exports) from
(resp. to) the other markets. We impose the following convention: g, > 0 means that m
buys NG from market n; while ¢, < 0 means that m sells NG to market n. In this setting,

each market n € AV is described by a strategy vector x,, def (dns @ns (@mon)men,) € R™n with
My, = |Nu| +2. We let _,, def (Tm)m=n be the vector which contains the decisions of all the
agents in A/ except n. Furthermore, we define x = col ((&n)nen) as the collection of the N

players’ decision variables, and xq et (Pn,m)n,m as the vector containing the trading prices
between each couple of geographic markets in interaction. For the sake of clarity, we consider
3 geographical markets: the European Union (EU), Asia (A) and Russia (R).

Assumption 1 EU is a demand market with no NG production facilities, thus g,y = 0; A and
R are generation markets with both fized demands, i.e., dp = dr >0 and d, = d, > 0.

Assumption 2 [T1] In the geographic demand market n € N, d,, is assumed to be a linearly
decreasing function of the price paid by its consumers (domestic NG price) pp, i.€., dp(pn) =
an — Bupn & pn(dn) = anﬂ—dn with oy, > 0, 58, > 0.

n

From Asm. |1} N¢ %/ {EU}, N9 s {A, R}. We can now define the stakeholders:
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e Demand Market: In our case, it is composed solely of the EU with demand dgy, which
is modeled as a linearly decreasing function of pgy in line with Asm. 2] The EU’s utility
function, interpreted as its welfare, is defined as the difference between the consumer surplus
and the trades costs: Jgu(@ry, xo) = ﬁ (aEUdEU - 6%7‘]) — PEU,RR,EU — PEU,A{AEU-

e Generation Markets: Asia (A) and Russia (R) are the two generation markets whose util-
ity functions are defined as the difference between revenues from trades and gas gen-
eration costs. Following [I1], the gas generation cost is assumed to be quadratic in ¢y,
ie., Cu(qn) = an@® + bpgn + cn, ¥Yn € N9 with a, > 0,b, > 0,c, > 0. We have:
Jn(@n, o) = 3, cpr, Prommn — Cn(gn),  Vn € N9,

e Global Market Operator (GMO): The GMO facilitates transactions between buyers and
sellers by setting prices and providing sufficient information on market trends and product
availability. Its utility function is defined as Jo(z, o) = 3=, cpr Do menr, [“Prm@m,n = PmnGn,m] -

Let Q, def >~ Gm,n be market n’s net import for NG. Denote X, def {z, e R™ | d, <
meN,
qn + Qn,qn =0V d, = d,} as the feasibility set of market n € N, i.e., the set of decision

variables satisfying the local balance of supply and demand, and X def [1.cn Xn as the

markets’ joint feasibility set. Similarly, we let Xy be the feasibility set of the GMO.

3 Market Structures

3.1 Price-Taker Formulation

The perfect competition setting can be formulated as a partial equilibrium model [I5]. In this
setting, the GMO acts as price setter. Let G = (N U{GMO}, X x Xy, (Jn)n). The geographic
markets solve the following non-cooperative game to determine their optimal strategy:

Yn e N, max  J,(n, zo), max Jo(x, zg), (1a)
Ly x0

st.  x, € A, St Gnm = —Gmn, V0 €N, Vm € Ny, (1b)

Pnm = Pmon, Y0 € N,Vm € N,,. (1c)

Bilateral trading reciprocity constraints are included in 7 as well as import and export price
symmetry in . The model essentially enforces global market clearing, because any g, » #
—Qm,,n results in an unbounded solution for the GMO. Furthermore, at a NE, J§ = Jo(z*, ) =
0. The partial equilibrium model outcome can be interpreted as a Nash equilibrium, defined
as follows:

Definition 1 [1],[2] A strategy profile T° = (z*, ) € X x Xy is a Nash Equilibrium (NE)
solution of G if, and only if, J, (), Z",) > Jo(Tn, x",,), YTy € X,,¥n € N U{GMO}.

—-n

Proposition 1 There exists a NE solution of the Nash Game G.

Proof. The statement follows from [7] observing that J,(-),¥n € N U {GMO} are concave
functions and the joint feasibility set X x Xj is convex and compact as the intersection of affine
constraints. O

Proposition 2 At a NE, d; = ¢} + Qf,Vn € N.

Proof. Reasoning by contradiction, we assume that at equilibrium there exists n € N such
that df, < ¢} + Q7. As aresult, for this n € N, A} = 0. But, from the KKTs and the constraint
on bilateral trades price symmetry, this implies that \¥ = 0,¥n € N. As a result, R and A
make no profit from exports. Then, in order to maximize its profits function, while satisfying
the demand constraints, the generation variables will take the values dy and d,, respectively.
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Therefore QF, = @, = 0. This implies in turn that ¢ , = ¢z = ¢isy = 0, and then
Qiy = 0. Then, from the primal feasibility constraint for EU we get that di, < 0, which is
in contradiction with the form of the EU’s utility function which is quadratic in dgy with a
maximum on R* . The proposition statement follows. [l

Proposition 3 There exist multiple NEs solutions of the game G.

Proof. Let A, > 0,Vn, be the dual variables associated with the supply-demand balance in-
equalities. At equilibrium, from the stationarity conditions, we get that py, , = ALy, Phyr =
Abvs Paso = Ans Pan = Ay Phpu = An» Pra = A From this set of relationships, we infer that

DPiva = Pavrs Pase = Par Prev = Pra and AL, = AL = A7 = A*. In addition, we have the fol-

lowing expressions for demand and generations at NE: df, = agy — BeuvAny, ¢4 = i()\j —by)
and ¢f = 2; (A5 — bg).

From Prop. |2} we have:
Q‘EU = d;U’ Q; - d_R - qza Q: - JA - qz' (2)

Furthermore, the bilateral trading reciprocity constraint implies that >, @} = 0. This enables
us to prove the existence of a unique market price:

2aA 2(1R

5EU+b7A+b7R

2aa 2aR

Cou+ Ay + 28+ + 2
A=

3)

Regarding the trades, from Equation [2] we obtain a system of three equations with three
unknown variables:
qrev T qapy = d:;uv
—Qqrev t Qar = 8R — 45, (4)
—qaeu —4ar = aR —qx-

It is easy to see that this resulting system is incompatible whenever d; jEA -4 +ER —qi #0,
which never holds due to the construction of the game. Then, df; +da — ¢} +dx —q; =0
always and the system is linearly dependent. Thus, the NE is not uniquely defined. O

Let SOL(G) denote the set of solutions of the game G.
Proposition 4 Vn € N U{GMO}, J,,(x*) = J,(2"),vz", " € SOL(G).

Proof. By substitution of the optimal net imports in the markets’ utility functions, at each

o * * * 2
NE we obtain the following expressions: Jij, = 572 — agy A" + $Beu(N*)2, T = 4b£L —cpl| —
{Jn + 2%} P (ia*f’ Vn € {A, R} which depend only on G parameters. O

3.2 Price-Maker Formulation

In a decentralized market, geographic markets’ decisions influence the market prices which are
obtained as dual variables of the bilateral trading reciprocity equations ((1b]). In this setting, the
2

geographic markets’ utility functions are modified as follows: J¥ (zgy) = ﬁ)% Qpydgy — dETU)

and J¥(x,) = —(a,q> + b.q, + ¢.),¥n € {A, R} and the feasibility sets become coupled, i.e.,
X (x_rn) = {xn € Xl dnm = —Gm.ns Pnom = Dmon, Ym € Ny}, Vn. Thus, each agent n € N
solves the following optimization problem:

max J(x,),
oo (5)
st. @, € X, (x_p).

The Variational Equilibria (VESs) solutions of the resulting game can be interpreted as NEs
of the game G¥ = (N, (X (T—n))n, (JO)n)-
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Proposition 5 There exist multiple VEs solutions of G".

Proof. At equilibrium, from the stationarity conditions, we get that A\, , = Aiy, AMsyr =
Arvy My = Ah Adr = Ahs Afpu = ARy Ama = An. From this set of relationships, we infer
that Aoy 4 = Apurs Adeu = Ars Arse = Apa and Ay = A = AL = A"

In addition, we have the following expressions for demand and generations at a VE: d},, =
Qg — BeuAiy, @& = 52— (N5 —b,) and ¢ = ﬁ()\; —bg).

2aa a _
The net imports also give us: Q5 = diy,, @n =dr — ¢, Q% =ds — ¢
But, the bilateral trading reciprocity constraint implies that > @} = 0. This enables us
to prove the existence of an interior point NE in A\* defined in .

d

Let SOL(G") denote the set of VEs solutions of GV. Similarly to Proposition |4, we prove that
the markets’ utility are constant over SOL(G"). Substituting (Q%), in the markets’ utility

* 2 *
functions, at each VE we obtain the following expressions: Jy, = fﬁE?UA* + ;B]i:[i}’ J =
2
—4; A*+ 41’7“" —¢,, Vn € {A, R} which depend only on G parameters.

3.3 Optimum Tariff

In the price-taker model defined in Section a tariff (7) is imposed by the GMO on imports
from Russia, leading to modified utilities for the geographic markets:

1 d?
Jeu(Tey, o, T) = (QEUdEU - EU> - (pEU,R - T)qR,EU — Pru,aqa.EvU,

EU 2
Ja(®a,®0,T) = Parqar + Paevdasu — CA(qA)v
Jr(Tr, 0, T) = Praqr.a + (pR,EU - T)qR‘EU + ParGar — CR(qR)'

The tariff 7 being fixed, let G, = (N U Ny, X x Xo, (Jn(+,7))n) and SOL(G,) denote the set
of solutions of G,. The optimum tariff problem can be formulated as a single leader-multiple
followers Stackelberg game [2JT0]:

max  Jgy(Tgy, T),
T, (6)
st. VneN,xz, € SOL(G,).

Proposition 6 The market price in G, can be expressed as an affine function of the market

price in G, \(T) = \* + mf% Furthermore, there exists a unique tariff T solution of
2a, ' 2ap

the Stackelberg game @

Proof. For fixed 7, relying on the stationarity conditions of the lower level of @, from the
trades price symmetry, we infer that A%, (7) = N(7) — 7, Xi(7) = N(7), Ai(T) = Ai(7).

In addition, we have the following expressio*ns for demand and gengrations at NE of the lower
level: di(T) = apy — BeuAu(7), ¢4 (T) = AA%;);LA: and ¢*, (1) = AR(Tz)g_RT_bR

From Prop. 2 we have Qg (7) = di, (), Q4 (7) = dy —5(r), Q4 (r) = d. — g} (7). Furthermore,
the bilateral trading reciprocity constraint implies that >, Q¥*(7) = 0. This enables us to prove
the existence of an interior point NE of the lower level:

gy + da + dn + 22+ F2
e e e L e e e e e
Bev + 3ax + 3am Bev + 54y + 3ay Bov + gax T 7an

O
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From Prop. [3| at the lower level of (6)), Ji (1) = T oA () + 28U (X(1)2 — 72)

2BeU
Jx(r) = 41)5; - (d + 5 ))\t( )+ A (T) ,¥n € {A, R}. The tariff value 7 is determined
by optimizing the upper—level utility functlon Jev(TEy,T). It is obtained by substituting \(7)

from Equation (@ in the EU’s utility function, which gives a quadratic function in 7. At a
Stackelberg Equilibrium (SE), %h:ﬂ = 0, we obtain:

Bev (BEU 2aA + 2[11R> Oy </6EU + QCllA + ﬁ)
o 2\t — o (8)
(ﬁEU 2aA + E) EU (ﬂEU 2aA + ﬁ) EU

By replacing 7* by its value in Equation , we obtain:

(aA +ar+2a,ar /BEU)Q - 4aia Qgy /BEU
(ar + ag) (as + an + 4 ay ag Poy) (as + agn) (an + ag +4as ag Pey)

A= \(T%) =

In order to analyze such a tax policy’s impact on EU, Asia and Russia’s utility, we can establish
the following relationships:

Theorem 1 The markets’ utility at a SE of G, can be expressed as affine functions in their
values in G: J' = AL J* + B!, Vn € {EU, A}, J. = —3ALJ* + B., where A!, is constant, B!,
depends linearly on \*, and J} is quadratic in \*, Vn.

Proof. The result is an application of the polynomial Euclidean division; details are given in
[6].
O

In the price-maker model defined in Section [3.3] we obtain results similar to Proposition [6]
and Theorem [1} The tariff 7, being fixed, let Gy be the resulting game and SOL(Gy ) denote
the set of solutions of G . The Stackelberg game takes the form:

max JY, (Teu, 7o),

Tv, &

st VneN, max J'(x,), (9)

n
Tn

st. @, € X, (x.,).

Proposition 7 The market price in G; can be expressed as an affine function of the market

price in G°, M (7,) = \* — W “ 54 - Furthermore, there exists a unique tariff 77
2 2ay g

solution of the Stackelberg game (9)).

Zap

Proof. This is easily demonstrated by proceeding in a similar way to the proof of Proposition

[6} details are given in [6]. O
At the lower level of @D all the VEs give the same values for the utility functions at a VE:
Tru(n) = —2NT(n) 4 SR Y (1) =~ M)+ ghs - e (R =

(Boees = hnc) X0 Pl = e =,

The tariff value 7, is determined by optimizing the upper-level utility function Jg,(zgy, 7y )-
It is obtained by substituting A!(7,) in the EU’s utility function, which gives a quadratic
function in 7,. At a Stackelberg Equilibrium (SE), W‘n—r* = 0, we obtain:

Tv

. by | bn
TV72(1R( Yan QaR)' (10)

By replacing 7* by its value in A!(7,), we obtain: A = \!(7¥) = 0.
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Theorem 2 The markets’ utility at a SE solution of Gy can be expressed as affine functions in
the markets’ utility at a NE solution of G*: J" = A" J" + B \¥n € {EU, A}, Jh = A, J:+ By,
where Ai is a constant, B;J; depends linearly on \*, and J); is quadratic in \*, Vn.

Proof. The result is an application of the polynomial Euclidean division [6]. O

3.4 Optimum Sanction

We start with the price-taker model. The aim of the sanction is to maximize the EU’s ob-
jective function and minimize Russia’s through a p parameter. The optimum sanction model

is similar to the optimum tariff model @, except that the upper level objective function is

replaced by j(wEU, Tr,T) f

Mh:ﬁ = 0, which gives:

wu ey, T) + pJr (g, 7). The optimal value of T is obtained from

_ bR
Biu _ 3Brup ary BEU + rPEY (dRi?GR)
s5— D2 DzlaRDz A _ _ Do . Ds ’ (11)

def 3 def
where D1 = By ﬂEU + BE%pz and Dy = Byy + 2aA + 2aR

Theorem 3 There exists an affine relationship between 7° in the optimum sanction model and
* in the optimum tariff model: 7° = A,7* + B, where As and By are constants defined in [6]].

A special case is when p=0, leading to T° = T*.

Proof. Assuming y, = a1x+by and ys = asx+bs, when we do y—Q , we can write yo = Cry; +Cs.

Thus, C; = Z—f and Cy = by — “2*b1 . By proceeding in this Way, we obtain coefficients A, and

ES. When p = 0, we can easily see that AS =1 and BS =0 then 7° = 7*. [l
We obtain A*(7) = (7). At 7 = 7° we obtain the following expression for the market

- b
PPEU (defR )
2EU PEU 2aR
BEU ( Ty + Ty

price: A*(7%) = jon : +1] A= yon ,
def 3 2 def
where By By (8o, — 2 + 3220 ) and B & o + 51 + 51

Similarly to optimum tarlff model in Section [3:4] the geographic markets’ utility functions take
the same value in each SE [6]. The optimum sanction model can be seen as a generalization of
the optimum tariff model; indeed when p = 0, the regulator’s utility function under optimal
sanction coincides with that under optimal tariff.

Theorem 4 There exists an affine relationship between the markets’ utility in the optimum
sanction model and the markets’ utility in the optimum tariff model: JS = A3 Jt +Bs Yn e N,
where A2 and B are some constants defined in [6].

Proof. Details are given in [6]. O

We continue with the price-maker model, and obtain results similar to Theorems [3| and
The optimum sanction model is similar to the optimum tariff model @ except that the

upper-level objective function is replaced by J, (€py, T, T ) J]Y:U(wEU, V) + pJy (g, 7). The

optimal value of 7, is obtained from whzﬁ = 0, which gives:

v

1 1

a ) R CRENT S

e 4a%(ﬁEU+%+2;R) 2aRr )\*+5EU Qpu + da +dr + 3 +2;R ’ (12)
Dy 2ar Dy (,BEU +gar + Qin)

~ def 1 1 1 BE
where D1 = 2p 5 — + — |+ U 5.
16 ad, (ﬁEU+2;A+ : ) 4af (BEU+2;A+2;R) tan 4a§‘(ﬁEU+2;A+2;R)

Zag
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Remark 1. Theorems [3] [ can easily be extended to the variational setting of the price-maker
model [6]. Furthermore, we infer that there exists a closed-form mapping linking the markets’
utility at a SE under optimal tariff/sanction to their utility at a NE solution of G.

4 Dealing with Bounded Rationality

In a realistic setting, gas demand is influenced by international political tensions, economic
growth, geographical location, and weather conditions, all of which are unpredictable factors.
This creates uncertainty about the availability of this commodity, which can vary over time. To
hedge against the risk of supply shortage, markets may behave irrationally when defining trades
and market prices. To model the irrational behavior of economic agents, we use Cumulative
Prospect Theory (CPT) [8]. CPT is an extension of PT, developed to remedy the latter’s
inability to capture nonlinear attitudes to risk and probability weighting effects.

4.1 Prospect Theory-Based Game Formulation

More formally, let (=, .4,P) denote a complete measure space and let £ € = be the stochastic
EU’s gas demand. For a subset A of the real, we define the indicator function as 14(y) = 1
if y € A; 0 otherwise. In line with [3], we model the value function v : R — R describing the
(behavioral) value of gains or losses (i.e., the loss aversion) as a piecewise quadratic function:

v(y) = (y — sy*) >0y + £y + <) Ly<oy, (13)

where the parameters x > 1 and a ¢ < 1 define the loss aversion tendency in gain and
risk-seeking tendency in loss of a decision-maker. Here, y denotes a measurable function of the
uncertain demand &, hence it is itself a random variable.

CPT enables us to assess the way in which individuals assign a subjective value to the
occurrence probabilities of an event when making decisions under uncertainty. Specifically, the
expectation of is no longer taken with respect to the true event probabilities p = P(y > 0)
and 1—p = P(y < 0)), but with respect to a distorted probability that typically exacerbates the
probability of unfavorable events. Following [9], we model the probability distortion function
as:

w(p) = w+(p)1{:r20} +w- (p)ﬂ{z<o},

S .
where w4 (p) = W, w_(p) = w(lﬂw and v € (0,1], § € (0,1] and w(-) is
continuous. Let S(§) = &%U agué — %) be the consumer surplus and R(§) = & — Qgu 2

stochastic variable modeling the occurrence of a supply shortage. Then, the value function
of interest is as in with y = y(§) = S(¢) — R(§). Note that y > 0 (i.e., S(§) > R(E))
corresponds to a non-disruptive scenario, while y < 0 (i.e., S(§) < R(£)) to a supply shortage.

Remark 2. Theorem Proposition can be extended to the PT-based game.

Remark 3. Among results (theorems and propositions) that can be extended to the PT-based
wy (p)(Ar+D)—rw_(p) (Ar—1)
s w(p) (iJri)fncwf(p) (iJri)Jrl

aA aR aA U.R
def = = (mauf*%)
A= 2% [Etda+du+gh + g8 — 2 |

where

game, a major one is the optimum price: A}, =

2ar BeU
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4.2 Price of Irrationality

Drawing a parallelism with the well-known concept of Price of Anarchy which measures the
loss of efficiency due to the selfish behaviors of the agents, we introduce here the concept of
Price of Irrationality (Pol). Formally, the Pol measures the loss of efficiency due to the bounded
rationality of the agents (with the expected utility maximization setting).

PTx
Definition 1. The Price of Irrationality is defined as Pol = %NiNJJ
i€ 2

Theorem 5 Pol = Zi?j\C/ 77 )\j‘j‘—l— ZieB_/\C/’ 77 Apr+ ZECA“[ e where A, B, C. are resp. the sum
of the coefficients of the markets’ utility monomials under bounded rationality.

Proof. Market i’s utility evaluated at a NE/VE can be written as quadratic forms which depend
on A* and A}, resp. Thus, Pol can be expressed as a quadratic form in A%.. (]

4.3 Numerical Results

We implement the PT-based game on a randomized instance; details about the model param-
eters are given in [6]. We assume for simplicity that P is discrete and supported on K atoms
£1,...,&k. In Figure [I we have represented the utility of EU, Asia, and Russia assuming
bounded rationality of the agents for price-taker (a), (b) and price-maker (c), (d) models. Un-
der both formulations, we observe that increasing the sanction towards Russia, increases the
EU’s welfare and severely decreases Russia’s utility. However, Asia is also severely penalized
by this sanction, which can be explained by the rise of the export price.

- W -— EU . . -—- Asia .
= v/ ——- Russia = = ——- Russia =
,\ PTt
% {, | JEu
\
\
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Fig. 1: PT-game markets’ utility for (a), (b) price-taker agents, (c¢), (d) price-maker agents.

In Figure [2| we have plotted the Pol for price-taker (a) and price-maker (b) formulations,
for a fixed set of PT parameters. We observe that: the less risky the situation is, the more close
to rationality the stakeholders should behave, and vice-versa; optimum tariff always achieves
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Fig.2: Pol for (a) price-taker formulation, (b) price-maker formulation as a function of p.

higher Pol, thus guaranteeing outcomes closer to the rational setting; there exists a threshold
p=10.65in (a) and p = 0.6 in (b) above which optimum sanction achieves higher Pol than the
benchmark though remaining below the optimum tariff. This can be explained by the higher
difficulty to coordinate stakeholders under the threat of a sanction.

5 Conclusion

We consider a finite number of geographic markets (Europe, Russia, and Asia) involved in gas
trading. The problem is modeled as a non-cooperative game with either exogenous or endoge-
nous market prices. We consider three settings: (i) a benchmark model involving neither tariff
nor sanction; (ii) optimal tariff; (iii) optimal sanction, both on the imports. Assuming demand
is uncertain, we capture the bounded rationality of stakeholders with respect to a potential
risk of supply shortage using Cumulative Prospect Theory (CPT). To analyze the outcome of
this PT-based game, we introduce a new metric, the Price of Irrationality (Pol), to measure
the resulting efficiency loss. On a random instance, we observe that the less risky the situation
is, the closer to rationality the stakeholders should behave, and vice-versa. Furthermore, the
optimum tariff achieves higher Pol, thus guaranteeing outcomes closer to the rational setting.
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