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1 Introduction
2 The Geographic Markets

3 Market Structures

3.1 Price-Taker Formulation

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

Proof. Tt is easy to see that J,,(-),Vn € AN are concave functions by checking that their Hessian matrix
is negative semi-definite. The proposition statement follows from (Rosen, 1965). O

Proposition 2. At equilibrium, df = ¢t + QF,Vn € N.

Proof. Reasoning by contradiction, we assume that at equilibrium there exists n € A such that
df < g+ QF.As a result, for this n € N, X = 0. But, from the KKTs and the constraint on
bilateral trades price symmetry, this implies that A¥ = 0,Vn € N. As a result, Russia and Asia 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 dr and d 4, respectively.

Therefore Q% = Q7 = 0. This implies in turn that ¢ 4 = ¢p gy = ¢4 gy = 0, and then Q@ = 0.
Then, from the primal feasibility constraint for EU we get that df,;, < 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. ]

Proposition 3. At equilibrium, there exist multiple NEs.
Proof. At equilibrium, from the stationarity conditions, we get that p*EU’ A = Mg p*EU’ R = A\gus
Papu = A Par = Ay PrEU = Ao PRA = AR

From this set of relationships, we infer that ppy; 4 = Py rs Pary = Par Prru = Pra and
Ay = AR = A4 = A\
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In addition, we have the following express1ons for demand and generations at NE: d},, = agy —

BruAsus €4 = 2aA (A4 — ba) and qp = 2aR (AR — br).
From Prop. 2, we have:

Q*E'U = d;}Ua QE = d7R - Qf% Q*A = d;X - qzl (1)
Furthermore, the bilateral trading reciprocity constraint implies that ) @} = 0. This enables us to
prove the existence of an interior point NE:

gy -+ dA + A + d + 2 ]
A= = (2)
BEU + 2aA + 2aR

From Equation 1, we obtain a system of three equations with three unknown variables:

qrR,EU + qa,EU = dpy,
—qR,EU + qA,R = drR — qp, (3)
—QAEU —qAR = dA — ¢}y

It is easy to see that this resulting system is incompatible whenever dfy, + da — ¢’y + dg — ¢j # 0,
which never holds due to the construction of the game.

Then, di, +da — ¢y + dp — qr = 0 always and the system is linearly dependent. The interior
point NE is not uniquely defined. O

Proposition 4. Vn € N, J,,(x}, ) = Jo (x5, "), Va*, ™ € SOL(G).

Proof. By substitution of the optimal net imports in the markets’ utility functions, at each NE we
obtain the following expressions:

2

* a * 1 *
Jpv = 525 — apuA + 5 feu(A)?
[ it v O ARy
=|-——c — n
" lda, " 2an, 4ay, ' ’
which depend only on G parameters and where A* is defined in Equation (2). ]
3.2 Price-Maker Formulation
Proposition 5. There exist multiple VEs solutions of G*.
Proof. At equilibrium, from the stationarity conditions, we get that Aj, , = ALy, Abur = Asus
Aieu = A AAr = Ab Aieu = Ak Aka = AR. From this set of relationships, we infer that

)\*

)k * )\ * * * N R
EU,A — )\EU R? AA,EU >\A ,R? )\R EU — >\R,A and )\EU - )\R - )\A - )\ :

In addition, we have the following expressions for demand and generations at a VE: dj, =
— BruAbys G = 2L1A (AL —ba) and ¢y = 2aR (Ah — br).

we have: Q% = d,, Q =dp — ¢, Q% =dn — ¢*

Furthermore, the bilateral trading reciprocity constraint implies that )" @; = 0. This enables
us to prove the existence of an interior point NE in A\* :

Qgy + dA+ 2a +dR+2aR
/BEU + 2QR

A=
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3.3 Optimum Tariff

Proposition 6. There exists a closed-form mapping linking the market price with no tariff \* to the

market price with tariff \'(t) = \* + BEJFBE% Furthermore, there exists a unique tariff ™™

2ap  2ap

solution of the Stackelberg game.

Proof. For fixed 7, relying on the stationarity conditions of the lower level, from the trades price
symmetry, we infer that N (7) = N(7) — 7, X5 (1) = A (7), AL () = A!(7).

In addition, we have the following expressions for demand and generations at NE of the lower
* * * Au(T)=b % Ao (T)—T=b
level: di,(T) = awy — BruApy (7), ¢4(1) = %AA, and ¢p(7) = %}:R.
We have Q% (1) = diy (1), Q& (1) = dr — ¢5(7), Q% (1) = da — ¢’y (7). Furthermore, the bilateral
trading reciprocity constraint implies that ) @7 (7) = 0. This enables us to prove the existence of
an interior point NE of the lower level:

OzEU-I-dA—l-dR—l-ﬁEUT-I- a4
N(r) = 2ax 2aR i BE}JT : (5)
/BEU+2aA+2aR 6EU+M+M
vy ﬂEPT .
Bru + ax T 2an
where A* closed form has been defined in Equation (2). O
Proposition 7. The market price in G, can be expressed as an affine function of the market price
y v t i * 1 L Tw - . . * .
in G, AU(1,) = A —BEu+2aA+ 5 Furthermore, there exists a unique tariff 77 solution of the

Stackelberg game.

Proof. For fixed 7, relying on the stationarity conditions of the lower level, from the trades price
symmetry, we infer that A5, (7.) = A (7,) — 7o, Mi(7) = A(7), Mia(7) = AL(T).

In addition, we have the following expressions for demand and generations at NE of the lower level:
dzy (1) = oy — BeuXiy(n), €5(n) = 22522 and g (r,) = AROLE=0e

We have Q% (7,) = diy (1), QL (T.) = dr — ¢ (7.), Q% (7,) = da — ¢i(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:

br—Tv
)\f,(Tv) aEU+dA+dR+ + 2aR ’ (6)
/BEU + QGA + QaR
.=

1 1 -
BEU+2aA+2aR

O

Theorem 1. There exist closed-form mappings linking the geographic markets’ utility functions at a
SE to the markets’ utility functions at a NE solution of the benchmark model: J. = Al J* + B. Vn €
{EU, A}, J§, = =3ALJ;, + Bl where

o At %S 2(aatag+2a4ar Bev)’ ¢ def \x 2apuAy  _ _aguAs | _ afy Az
EU (2aa+2ar)(aatar+iaaar Bru)’ (2aa+2ap) A1 (aatar)A1) Bru(2aat2ar) A
agy? A def 2
m’ Ay =as+ar+4asag By, A2 = (as+ar+2a4arBsu),
At def (4aAaR,BEU+4aAaRﬁEU+aA+4aAaRﬁEUJrQaAaRJraR) Bt def Bg c ( By By _ BQB%
(aA+aR) (aA+aR+4aAaR,BEU) AT (aa+ar)Bs By

2aAaRozEUﬂEUB1 (ca— B3)B1 4aAaRaEU,BEU 4aAaRaEU,3EUBQ d 2
+ By + By + By + (aA+aR)B5 » B 4aAa’R pu T

By & b , B, Y B, =

2aA dap

4aAaR6EU+aA+4aan/R 6EU+2aAaR+afR , Ba efd +
(GA+GR) BQ; B5 = aA+aR+4aAaRBEU-
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2
o AL def (4% af; Bhy+4a% anfrutal+4anat frut2an antay,) Bt el C5Cy B
(aatagr)? (aatap+danag Bru)’ 2ag (aa+ar)Cs

2
(dR+2aR)Cl + 6a% apapyBruCi | +C: _3(er=Cy)Cf 12a}d% afyBhy 204 apapuBruCs
Cy Cy Cr 2 Cy Cy (aatar)Cs 7’

d d d
& ef4aA RBEU—I—ZLCLAaRﬁEU—I—aA—{—ZLaAaRﬁEU—f—ZaAaR—i—aA, Cy lef i Cs ebe QaRdR,

4aR
d
Cy ef (aA+aR) C5z Cs wf as+ar+4asagrPBru

Proof. By proceeding with a polynomial Euclidean division, we can easily obtain this theorem’s
results. =

Theorem 2. The markets’ utility at a SE solution of G, can be expressed as a[ﬁne functions in the
markets’ utility at a NE solution of G*: J*' = A J" + Bf, .Vn € {EU, A}, J}, = A J% + BY | where
Af; 18 a constant, B,”Lt depends linearly on \*, and Jy is quadratic in \*, Vn.

Proof. We can easily obtain these results by proceeding in a similar way to Theorem 1 O

3.4 Optimum Sanction

Theorem 3. There exists a closed-form mapping linking 7° in the optimum sanction model to T* in
the optimum tariff model : 7% = As-7* + Bs where Ay and By are constants defined in Supplementary
Material. A special case is when p=0, leading to 7% = 7.

Proof. Assuming y; = a1z + by and y2 = asx + ba, when we do %, we can write yo = Cry; + Co.

Thus, C1 = Z—f and Cy = by — aQ*bl.

By proceeding in this way, we obtain coefficients A, and B,. When p = 0, we can easily see that
Ay =1 and Bs = 0 then 7% = 7*.

We have :
(‘iU _ M) By — 2o ) A
i A1 2ar A BU T g2 1
s =
B3 38
By (ﬁEU — B+ Qaljg{;)
o <f81?;7u _ 35EU~/7> p (ﬁEg dr _ br ﬁEy) apu SEU
E o EU Aq 2aRr A1 - A1 2ar A1 A1
s = = =
Beu Az Ag
~ def T def BE 383y P
A = EU+2U«A+2QR _5EU_%+ﬁ -

Theorem 4. There exist closed-form mappings linking objective functions in the optimum sanction
model to objective functions in the optimum tariff model: J = As JE+ Bs VYn e N.

Proof. We can easily obtain these results by proceeding in a similar way to Theorem 1. O

Theorems 3, 4 can easily be extended to the variational setting of the price-maker model.

Theorem 3 [Price-maker| There exists an affine relationship between 77 in the optimum sanction
model and 7 in the optimum tariff model: 7° = AVT* + B" where AV and Bv are :

PABT : e
2
o Av def Beu + daf (BEU+201‘A+2;R) o
- 2 1 1 2 2 A +J +CZ +b7A+ bR ’
dap, Av ﬁEU+m+2aR aRr A1 ( OBUTCATART 5 T3,

A d; 9 1 1 1 BrU
1 P (16&R <5EU+ +5 1 )2 4aR (ﬂEU+2aA+2;R> + 4aR> + 4GR(5EU+ +y 1 )2

2a4 ap 2apy apR
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def

oég 0

A special case is when p=0, leading to 77 = 7.

Proof. We can easily obtain these results by proceeding in a similar way to Theorem 3 O

Theorem 4 [Price-maker| There exists an affine relationship between the markets’ utility in the
optimum sanction model and the markets’ utility in the optimum tariff model: J¥° = AY J" +
B ,¥n € N, where A3 and B: are some constants.

Proof. We can easily obtain these results by proceeding in a similar way to Theorem 4. O

4 Dealing with Bounded Rationality

4.1 Prospect Theory-Based Game Formulation
Price-Taker Formulation

More formally, let (Z,.A,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 Gazioglu and Caligkan (2011), 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 g0y + (Y + ¥*) Liy<oys

where the parameters k > 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
(7) is no longer taken with respect to the ¢rue 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 Tversky and Kahneman (1992), we model the probability distortion function as

w(p) = wi(p)Liz>0y + w-(p)L{z<o}
9 . .
where w4 (p) = m, w_(p) = W and v € (0,1], § € (0,1] and w(-) is continuous.
Let S(¢) = 21~ (aEU§ - %) be the consumer surplus and R(§) = £ — Qpu a stochastic variable

= Bru
modeling the occurrence of a supply shortage. Then, the value function of interest is as in (7) with

y =y(§) = S(§) — R(§). Note that y > 0 (i.e., S(§) = R(€)) corresponds to a non-disruptive scenario,
while y < 0 (i.e., S(§) < R(§)) to a supply shortage.
Let’s consider respective utility functions for the EU, Asia and Russia :

Jev(zEU, ®0) = Ely| — PEU,RIR,EU — PEU,AYA,EU
T8 (T A, T0) = PAEUIEUA — PARIRA — (AAGA +bAaga + ca)

IR (xR, T0) = PREUIEUR — PR,AGAR — (ARTR + bRAR + CR)

Ely] = ((S(6) = R(©) = s (S(€) = R(€)*) x wi(p) + 5 ((S(§) = R(€)) + 5 (S(6) — R()*) w-(p)

The perfect competition setting can be formulated as a partial equilibrium model (Arrow and Debreu,
1954; Hoschle et al., 2018). In this setting, the GMO acts as price setter. Let G*T = (NVU{GMO}, X x
Xo, (J5")n). The geographic markets solve the following non-cooperative game to determine their
optimal strategy:

page 5



Vn e N, max I (T, ), rr;:%x Jo(z, xp), (7a)

st.  m, € A, st Gnm = —Gmn,Vn € N,Ym € N, (7b)
Pnm = pm,n,Vn € N, VYm € Nn (7(})

Proposition 3 [Price-Taker with bounded rationality] There exist multiple NEs solutions of

gPT .

Proof. We obtain the following expressions at a NE: pf , = pi », PA gy = Pha = App- In addition,

q5 = ﬁ(/\jg —ba), ¢ = ﬁ()\}‘? — bg). From the trade price symmetry constraint \;; = A, Vi, 7,
we get that A\, = A} = Apr. From the bilateral trading reciprocity constraints, we have Qp, =
Aepba 4 Aer=bn _ d, — dy, Qf = dyn — g5, Q5 = da — g} and we can get that 3, Q, = 0. This
enables us to prove the existence of an interior point NE with closed form expression defined through

wi(p) (Ar+1) —rw_(p) (A1 —1)

s wy(p) (aqt@) — Ksw_(p) (aJMTR) +1
52
d _ _ AEUS— 5
where A; ;f2§ §+dA+dR+2€£A+2b§%_(ﬁEU2> : -

Proposition 4 [Price-Taker with bounded rationality] Vn € N, JJ"(zf, xf) = J5 " (x), x"),
Va*, ™ € SOL(G"™").

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

obtain the following expressions: JEX™ = a(By, By, Bs) Ao + b(B1, Ba, B3)Air + ¢(By, By, Bs), where
d d, d * -
Bl Y @rcw_(p), BsY cwi(p), By Y awprcw_(p), JET = A - (d"+ 2b2n> Aor +

4 an

ba? ¢ny, Vn € {A, R} which depend only on G'" parameters. a(Bi, B2, Bs), b(Bi1, B2, Bs) and

4an

¢(By, By, Bs) are constants. O

Price-Maker Formulation

In this setting, the geographic markets’ utility functions are modified as follows: JET (zxy) = E[y]
and JfTU(a:,,) = —(a,q® + buqn + c,),¥n € {A, R} and the feasibility sets become coupled, i.e.,
2(')n(mfn) = {mn e X, | dn,m = —qmmn, Pnm = Pm,n, Vm € Nn}a vn.

Thus, each agent n € A solves the following optimization problem:

max J' (x,),
o (9)
st @, € Xy(x_y).

The Variational Equilibria (VEs) solutions of the resulting game can be interpreted as NEs of the
game G = (N, (Xn(z—0))n, (S5 )n)-

Proposition 5 [Price-Maker with bounded rationality] There exist multiple VEs solutions of
gPTV.

Proof. Proceeding similarly to proposition 5, it is enables us to prove the existence of an interior
point NE in Aj defined in (8). O
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4.2 Optimum Tariff

In the price-taker model defined in Sec. 4.1, a tariff (7pr) is imposed by the GMO on imports from
Russia, leading to modified utilities for the geographic markets:

J]Sg(mEUa o, TPT) = E[y] - (pEU,R - TPT)QR,EU — Pru,AqA EU,
JET(CUA; Zo, TPT) = Pa,rRAAR T PAEUGA,EU — CA(QA)a

Jth)T(xRa Zo, 7'PT) = Pr.aqr.a T+ (pR,EU - TPT)qR,EU + Parga,R — CR(QR)-

The tariff 751 being fixed, let GET = (N UNy, X x Xy, (JE (-, 7o1))n) and SOL(G,)"" denote the set of
solutions of GE™. The optimum tariff problem can be formulated as a single leader-multiple followers
Stackelberg game (Bagar and Olsder, 1998; Von Stackelberg, 1934):

max JEPg(wEU, TPT),

T (10)
st.  VneN,x, € SOL(G/").

Proposition 6 [Price-taker with bounded rationality] The market price in GE™ can be ex-
swi(p) rsw_(p)
o (25022t

pressed as an affine function of the market price in GFF, A% + L i )
T s (Gag ) e w0 (g )+

Furthermore, there exists a unique tariff 775, solution of the Stackelberg game (10).

Proof. Proceeding in a similar way to proposition 6, we easily obtain these results. O

Proposition 7 [Price-Maker with bounded rationality] Proceeding in a similar way to propo-
sition 6, we easily obtain these results.

Theorem 1 [Price-Taker with bounded rationality] Proceeding in a similar way to theorem
1, we easily obtain these results.

Theorem 2 [Price-Maker with bounded rationality] Proceeding in a similar way to theorem
3, we easily obtain these results.

Theorem 3 [Price-Taker with bounded rationality] Proceeding in a similar way to theorem
4, we easily obtain these results.

Theorem 4 [Price-Maker with bounded rationality] Proceeding in a similar way to theorem
4, we easily obtain these results.

4.3 Price of Irrationality

4.4 Numerical Results
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Variables | values
ax 0.30
ba 2.61
Ca 4.00
da 28.00
agr 0.18
b 2.61
Cr 4.00
dr 19.00
Qpy 15.30
Bru 3.20
y 0.60
4 0.30
K 2.59
S 0.60
# (dey) 7

Table 1: Variables used
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