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Appendix A Proofs of Propositions

Proof of Proposition 3.1

Noting the assumption that £; < F' < E;, we have a’ (i B) S 0, and b/ = El E2 > 0.
Recall also the assumption that p’ < 0,p"” <0,¢, > 0, and cf > 0. Let m*(g1) denote the
left-hand side of Eq. (6). We first calculate the derivative of m*(g;):

m”(g1) =pb' —f — (Ey = F)f’

/1.1 1" (E1_1> / ///
— __ = 7 A-1
Pr—a EQ—F<pb > (A-1)

< 0.
Thus, m*(g1) is strictly decreasing, and g7, which is a solution to m*(g;) = 0 (or Eq. (6)),

is unique if an interior solution exists. Next, let m®(g;) denote the left-hand-side of Eq.
(10) and calculate the derivative as follows:

m?(g1) =PV +p' + 't — ¢ — (By — F)N
FE,—F
=V +p 4+ gp'V — ¢ — (= F) <p’b’ +ap"t' +p'd — c’Q’a’) (A-2)
Ey, — F
< 0.

Hence, m©(gy) is strictly decreasing, and ¢¢, which is a solution for m¢(g;) = 0 (or Eq.(10)),
is unique if an interior solution exists. We now compare g; and g{ by calculating the
following;:

me(g1) —m*(g1) =p'g1 — (h— f)(Ey — F)

(El_F) /

o A-3
PO = W (A-3)

< 0.
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Since m(g1) < m*(g1), we obtain ¢§ < g;. We then compare ¢ and gj with the assump-
tion of interior solutions by calculating the following:

m*(g1) —m(g1) = (V' = 1)p" = (Br — F)gi 1/
Ei—F
— (El F) (p/ + p/b/ + ap"b’ _'_p/a/ . CIQ/CLI> 0 (A-4)
5 —
< 0.

It follows from m?®(g1) < m®(g1) that gi < g{ holds for any interior solutions. We, thus,
obtain g7 < ¢f{ < g¢f. Since a’ > 0, go = a(gy) is strictly increasing. We, thus, have
95 < 95 < 93 =

Proof of Proposition 3.2
It is straightforward from Proposition 3.1 that ¢° < g° < g*. Since p’ < 0, p(g) is strictly
decreasing. Hence, p® > p° > p* holds. a

Proof of Proposition 3.3
From Eq. (2), e = Ei1g1 + Frgo = Fg. Hence, e, which is a function of g, is strictly
increasing since ¢’ = F' > 0. It follows from this and Proposition 3.2 that e® < e® < e*. O

Appendix B Nomenclature

Indices and Sets

I': upper-level decision variables

=: lower-level primal decision variables
U: lower-level dual variables

®: decision variables for MILP

1 € I: power producers

s: strategic producer index

j € J: non-strategic producers!

k € K: discrete generation level

¢ € L: transmission lines

n’,n € N': power network nodes

u',u € Uy, ;: generation units of producer i € T at network node n € N

Parameters

By,: element (n,n’) of node susceptance matrix, where n,n’ € N’ (1/Q)

Chiwu: generation cost of unit u € U, ; from producer i € Z at node n € N ($/MW)
Dint: intercept of linear inverse demand function at node n € N ($/MW)

D slope of linear inverse demand function at node n € N ($/MW?)

E, iw: COq emission rate of unit u € U, ; from producer i € Z at node n € N (t/MWh)
F': regulated CO, emissions rate under performance (rate)-based policy (t/MW)

F: regulated CO, emissions cap under mass-based policy (t)

G.iw: maximum generation capacity of unit u € U,,; from producer i € Z at node n € N’
(VW)

Hy,: element (¢,n) of network transfer matrix, where ¢ € £ and n € N (1/9)

Tn{s}=0,gu{s}=1



K;: maximum capacity of power line ¢ € £ (MW)

§n757u7k: discrete generation level £ € K of strategic producer’s unit v € U, ; located at
node n € N' (MW)

En,s,u,k: discrete CO5 emissions associated with discrete generation level k& € K of strate-
gic producer’s unit u € U, ; located at node n € N (t)

M>, MP, MY, M, M, M, M, M, M: large constants used in disjunctive constraints and bi-
nary expansion

Primal Variables

Gniw: generation at node n € N by producer ¢ € Z using unit u € U,,; (MW)

d,: consumption at node n € N' (MW)

vp,: voltage angle at node n € N (rad)

Unsuk: Strategic generator’s electricity sales revenue at node n € N using unit u € U, ¢
at generation level k € K ($)

Znsuk: strategic generator’s COy permit revenue (or cost) at node n € N using unit
u € U, s at generation level k € K ($)

qZ{hs’u’k: auxiliary variable to linearize the strategic generator’s objective function with
respect to electricity sales at node n € N using unit u € U, ; at generation level k € K
Pn,su ki auxiliary variable used to associate COs permit price for the output level of pro-
ducer at node n € N using unit u € U, s at generation level k € K ($/t)

Dual Variables

Bn.iu: shadow price on generation capacity at node n € N for generation unit v € U, ; of
producer i € Z ($/MW)

Hg, p1,: shadow prices on transmission capacity for transmission line ¢ € £ ($/MW)

An: market-clearing price at node n € N ($/MW)

v: hub price ($/MW)

p: shadow price on emissions rate ($/t)

Integer Variables

q): auxiliary variable used to indicate whether market-clearing price at node n € N is
positive

sk auxiliary variable used to discretize the strategic generator’s electricity generation
at node n € N using unit u € U, s at generation level k € K

Tpnju: auxiliary variable used to handle the Karush-Kuhn-Tucker (KKT) condition with
respect to non-strategic producer j € J’s generation at node n € N using unit v € U, ;
and gy

rp: auxiliary variable used to handle the KK'T condition with respect to consumption at
node n € N and d,

Tnju: auxiliary variable used to handle complementarity condition between generation
constraint of non-strategic producer j € J’s unit v € U, ; located at node n € N and
shadow price of generation capacity

r¢: auxiliary variable used to handle the complementarity condition between transmission
line ¢’s capacity constraint and the shadow price in positive direction

7¢: auxiliary variable used to handle the complementarity condition between transmission
line ¢’s capacity constraint and the shadow price in negative direction



r: auxiliary variable used to handle the complementarity condition between the emissions
constraint and the COy price

Appendix C KKT Conditions for Lower-Level Equi-
librium Problem

0 S In,ju 1 Dfllp Z 9n,ju’ + Cn,j,u + 5n,j,u - )\n + P (En,j,u - F) Z O,Vn,Vj,Vu S Z/{n,j

u’GUn,j
(C-5)
0<d, L —D"+ D®d, + ), >0,Vn (C-6)
> THew =Y pHen = > (A — V) By, = 0 with v, wr.s.,Vn (C-7)
el el n'eN
0 S Bn,j,u 1 Gn,j,u - gn,j,u 2 07 Vn,‘v’j,Vu S Z/{n,j (C_S)
0<7 LKy =Y Hypvn >0,V (C-9)
neN
0<p, LK+> Hyv, >0,V (C-10)
neN
d,, — Z Z Gnin + Z By, vy = 0 with A, urs., Vn (C-11)
€L u€ly ; n'eN

Z Z By, vy = 0 with v u.r.s. (C-12)

neN n'eN

neN €L u€ly ;

Appendix D MILP Reformulation

The complementarity conditions in Egs. (C-5)—(C-6), (C-8)—(C-10), and (C-13) can be
converted to disjunctive constraints using sufficiently large constants (Fortuny-Amat and
McCarl, 1981; Gabriel and Leuthold, 2010). Another computational difficulty is the bilin-
ear terms, A\,gn sy and p(Ep sy — F) gnsu, in Eq. (17a). We apply binary expansion to
linearize those bilinear terms (Barroso et al., 2006; Gabriel and Leuthold, 2010). Taking
discrete generation level k of strategic producer’s unit u € U, ; located at node n € N,
ie., En,s,u,k, we consider the following linearization.

o Anan,s,u,k if An,suk = (1{} =1
Yros b = { 0 otherwise (D-1)

o P (En,s,u - F) an,s,u,k if Qn,s,uk =T = 1 _
sk = { 0 otherwise (D-2)

If generation level Ems,u,k is selected and power price A, is positive, then we have the
strategic generator’s electricity sales revenue, v, s, 5. Moreover, if generation level Gy, 5.«
is selected and the CO, allowance price p is positive, then we have strategic generator’s



CO; permit revenue (or cost), 2, 4% Our formulation is an extension of Gabriel and
Leuthold (2010) in which one type of bilinear term was considered.

Max})rnize Z Z (Z Yn,su,k ™ Z Zn,suk On,s,ugn,s,u> (D_3>

neN u€ln,s \ kek kek
s.t. (C—7),(C —11),(C — 12)
0< A\, < Mg, Vn (D-4)
In,s,u = Z Qn,s,u,kan,s,u,ka Vn, Vu € un,s (D‘5>
kek

Z An,suk = 17 vna Vu € un,s (D‘6>
ke

Gy sk < q, Vn, Yu € U, ,, Yk (D-7)
Gy sk < Qnsuks TN, YU € Un,s, Yk (D-8)
Qn,s,u,k + C],){ - 1 S qz757u’ka vna vu € un,sa Vk (D'9>
Yn,s,uk S )\nan,s,u,ka vn? Vu € un,sa vk (D—lO)
0 S Yn,s,uk S Myqz,s,u,m vn? Vau € un,sa vk (D—11>
0 S Pn,suk S MPQn,s,u,k7 ‘v’n, Yu € Z/{n,sy vk (D_12>
an,s,u,k =p, V?’L, Yu € un,s (D_13>
kek

— (Bnsuk — FGrsuk) Prsug + Znsus = 0, Vn, Yu € U, 5, Vk (D-14)
0 < —D"™ 4+ DPd, 4+ N\, < Mr,, Vn (D-15)
0<d, <M(1—-r,), Vn (D-16)
0 S Dilp Z gn,j,u’ =+ ij,u — )\n + 5n,j,u S an,j,ua Vn, j, u &€ Z/{nJ (D-l?)

'U/GUmj

0< Gnju <M —=Tpju), Vn, j, u €U, (D-18)
0<K,— Y Hepvy < My, VU (D-19)
0<p <M(1—7), ¥ (D-20)
0< Ky + Y Hynv, < Miy, VI (D-21)

0<p, <MQ1—70), VL (
0 S _gn,j,u + an,j,u S an,j,uv \V/’I”L, j, u < un,j (D_23
0 < Buju <M (1L —7Fpju), Y0, j, u €U, (

(

0 S Z Z Z (F - En,i,u) Iniu S M(l - f)

neN i€l u€ly;

0<p<Mr (D-26)
re{0,1};r, € {0,1}, Vn;7p 0 € {0,1}, 7050 € {0, 1}, Vn, j, u € Uy j;

7o € 40,1}, 7€ {0,1} V¢ (D-27)
@ € 10,1} Vn; g € 0,1}, ¢4, s, € [0,1] V0, Vu € Uy, VE (D-28)



where we define:
_ — = < A A
d = {dna In,iuy Un, >\n> V, Uy, I4,, Bn,jﬂm Pyl Tns Ty Tngus T T8 Yn,su ks Znys,u ks Ansusks Qp
¢
" }
qTL,S,U,k’pn7svu7k ‘
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