A Numerical illustration

A2

Inverse demand is P (q,t) = ag — aje” 2! — bq, states of the world are dis-

tributed according to f (t) = A;e~**, and rationing is anticipated and pro-
portional. ag, a1, A = %, and bQ> where Q> = “£0 is the maximum
demand for price pg, are the parameters to be estimated. A is estimated by
Maximum Likelihood using the load duration curve for France in 2010. The
same load duration curve provides an expression of ag and a; as a func-
tion of bQ*°. The average demand elasticity 7 is then used to estimate
bQ>. Two estimates of demand elasticity at price pg = 100 €/MWh are
tested: n = —0.01 and n = —0.1, respectively the lower and upper bound

proposed by Lijesen (2007). The resulting estimates are

forn=-0.1 for n=-0.01
bQ>* =1873 €/ MWh bQ> =18 727 € / MW h
ap=1973 €/ MWh , and ap = 18 827 €/ MWh
a; =1236 €/ MWh a; =12 360 €/ MWh
A=1.78 A=1.78

Generation costs are those of a gas turbine, ¢ = 72 €/MWh and r =
6 €/MWh as provided by the International Energy Agency, IEA (2010).
The regulated energy price is p® = 50 € /MW h, from Eurosta

B Physical capacity certificates

B.1 No short sale condition

Suppose first the SO imposes no condition on certificates sales. Producer n’s
expected profit, including revenues from the capacity market is: IIf%,, (k, ¢", k_pn, d_pn) =
" (k», k_y,) + ¢~ H (®). Since ¢* does not enter II" (k», k_p,),
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!Table 2 Figure 2 from http:/ /epp.eurostat.ec.europa.eu/statistics explained /images/a,/al/Energy%
_ prices_ 2011s2.xls
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the certificate market has no impact on equilibrium investment.

Suppose now the SO imposes k» > ¢». Consider the case where pro-
ducers first sell credits, then install capacity. When selecting capacity, each
producer maximizes 1%, (kn, k_p) subject to k» > ¢n. The first-order con-
dition is then _
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where p7 is the shadow cost of the constraint k» > ¢». Suppose first é“ <
e Vn, then pf = 0 Vn and fn = KTC at the symmetric equilibrium. When
selecting the amount of credits sold, the producers then maximize ¢ H ().
Given the shape of H (.), the symmetric equilibrium is o > % But then,
K€ > & > K*, which is a contradiction, hence ggn =k,

Since k» = ¢ at the equilibrium, producer n program is

maxllyy (k" ko, ) = I (k" k) + k" H (K)

We prove below that (I]{V* R KW*) is the unique symmetric equilibrium.

B.2 Equilibrium investment if generation produces at capac-
ity before the cap is reached

Suppose t (K, ¢, N) < tg (K,ﬁw). As observed by Zottl (2011), the profit
function IT™ (kl, O O A ) is not concave in k™, so one must separately
consider a positive and negative deviation from a symmetric equilibrium
candidate to prove existence of the equilibrium. Consider first a negative
deviation, i.e., k! < % while k» = KW for all n > 1. Since K = k! +
NA K < K*,
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Analysis of the two-stage Cournot game (Zottl (2011) for o« = 1, Léautier
(2013) for a € (0, 1)) yields:

(o5 ) = [ (o) o o) 22 ) s

to(K.p") 1
+f (0 (K) + Ky () — ¢) £ (1) dt (B.1)
t(K,c,N)

+/t+oo (P —c) f(t)dt —r,

AO(KvﬁW)

where t! is the first state of the world where producer 1 is constrained,
Q (k',t) = k' +(N — 1) ¢V (k', ) is the aggregate production, and ¢ (k. t)
is the equilibrium production from the remaining (N — 1) identical produc-

ers, that solves

p (k' + (N —1) "™ (k. 1)) + ¢V (k') pg (k' + (N — 1) " (k',1)) =c.

ON (k1 t) > k' for t € [tl,f(K, c,N)]: lower-capacity producer 1 is
constrained, while the (N — 1) higher capacity producers are not. Since
quantities are strategic substitutes, % < 0 and

0Q N
— =14+(N-1)— < 1.
0< o +( ) o <
< >+k1pq( )—c: ( kt —ng) Pq (Q) 31?1 >0fort e [tl A(K,C,N)].
p(K,t(K,c,N)) + klpg (K,t(K,c,N)) = ¢, and py (K) + k'pg (K) > 0,
hence p (K) + k'p, (K) —c¢ > 0 for t > # (K, c, N). Therefore

*

it <k1’ K*

ol N""’N>+r>0

for k' < %: no negative deviation is profitable.

Consider now a positive deviation, i.e., kN > KW* while k» = KW* for all



n < N. Since K = kN + XK > K*
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,/<:N> +kVH (K)+ H (K),

and

&1, (K K* kN) o1 <K K*

R — - N N 1" !
Gy \ NN G v >+k H' (K)+2H (K).

Zottl (2011) shows that, for kv > %,

(1K) [ ) et ()]0
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< 0.
Thus,
oy, (K* K* onv (K* K*\ K*_,
—= ooy —, kN ey — —H (K* 0
Gev \ NN ) < oW ) P DA<
since condition (2) implies &~ H' (K*) +r < 0.
Hence, (KW*, e KW*) is a symmetric equilibrium. Finally, no other sym-
metric equilibrium exists since II" (%, e B) + K H (K) is concave.

B.3 Equilibrium investment if the cap is reached before gen-
eration produces at capacity

Suppose to (K , ﬁw) <t (K, e, N). To simplify the exposition, generators are
ordered by increasing capacity k' < ... < k", and suppose that the price cap

is reached before the first generator produces at capacity. Léautier (2014)



t’L+1

proves that the expected equilibrium profit is
® A . ) N

" (" k) = | Q]é) (p(Q) - )f( ) di+(p (Z/ g () f () dt+ k(1 F(t”))>

B.3)

where Q (t) is the unconstrained Cournot output in state t, £° is the ﬁrst state
of the world such that the price cap is reached, defined by p (Q (t~0) jO) =
pV , tt for i = 0,...,(IN —1) is the first state of the world such that
producer (i 4+ 1) is constrained, defined by p (2321 K+ (N —j) ki+1’t) =
P, and ¢"** (t) is defined on [¢',#"1] by

ka — D@ttt | ="

For ¢t < £, unconstrained Cournot competition takes place. For t > 0,
the Cournot price would exceed the cap, hence wholesale price is capped at
p". All generators play a symmetric equilibrium characterized by p (Ng* (t) ,t) =

W When t reaches t' generator 1 produces its capacity. For ¢ > £, the
remaining (N — 1) generators play a symmetric equilibrium characterized
by p (k:l +(N—-1)g(t) ,t) = p". This process continues until all gener-
ators produce at capacity. 7V is such that p (Zjvzl ki tN > = o, hence
N =t (K , ﬁw) previously defined. For ¢ > #V, since wholesale price is
fixed at p"V and generation is at capacity, the SO must curtail constant
price consumers.

Differentiation of equation yields

omnr N oo W
o (ko k ):[ (" — ) f(t)di —r, (B.4)
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and -
011" ot"

5 (ko BY) == (" —¢) f (") 57— <.

(Okn) Ok

" (kl, o kN ) is concave in k™. The previous analysis then shows that
K* K*
(5

) is the unique symmetric equilibrium.



B.4 Producers extra profits from the capacity markets

Léautier (2014) shows that, for common values of the parameters, to (K , ﬁW) <

t (K,c,N). This is the case considered to evaluate A. At a symmetric equi-
librium, equation (B.3)) yields

0

NN

Hn(K K)_l QW (p(Q).1) ) F@wydt+ (07 — o) [T Q) 7 (1)

v (0 - 0) (1= F (i) - 1)

A =T1I" ([](V* s s KW) +r% —I1" (KTC, e KTC) is then estimated numerically.

C Financial reliability options

The equilibrium is solved by backwards induction. In the second stage,
producers solve the equilibrium of the option market, taking (k™ ,k™") as
given.

We assume that including the option market does not decrease invest-
ment, i.e., K > K¢ (]55). As suggested by Cramton and Ockenfels, the SO
imposes the restriction that all capacity is sold forward: 67 > k». This re-
striction is made operational by conditioning profits from the option market
to 6» > k». Since these profits are positive, 7 > k» is a dominant strategy,
hence holds.

C.1 Derivation of the profit function if the strike price is
reached before generation produces at capacity

If reliability options are in effect, the price cap is eliminated. For simplicity,
assume that the strike price is reached before the first generator produces
at capacity, and denote ¥ this state of the world. For ¢t > t°, consumers
consume as if the price was p°, since they internalize the impact of the
reliability option. As long as total generation is not at capacity, the wholesale
price is indeed p°, and the equilibrium is identical to the previous one. When
total generation reaches capacity, since consumers consume using constant

price p°, the SO must curtail constant price consumers. The wholesale price

i



reaches the VoL L. Generators must then rebate the difference between the
wholesale price and the strike price, in proportion to the volume of options
sold.

The resulting equilibrium profit is

o (K" k) = | %\(fﬂ (0 (@) —c) rtyar
+( S ) S/ﬁﬂ ~i+1 (t) f (t)dt + k" /tAO KﬁS)f(t) dt
g ’ =0 & ! tn
+/£:(sz) (k" (p(K,t)—c)— " k (p(K,t) —p5)> f(t)dt —rkn
— Hn( n,k—n)
“+o00 9n
Hf (R0 - SR e -5 (5 - 9) F 0 a
to(K,p%)
_ n(1.n n _ 0: oo =S
= II" (k" k_,) + (k ®K> /{(K,ps) (p(K,t)—p°) f(t)dt
= II" (k" k_,) + (k" - gK) U (K,p%).

C.2 Equilibrium in the options market

We first establish that % (KC (p) ,p) < 0 and lim, ;¥ (KC (p) ,p) =0,
where p is the maximum price cap reached in equilibrium. Differentiation

with respect to p yields

av o _ [ < dK® >
B = [ (1) s
Suppose t (K, ¢, N) > tg (K, ﬁW). Then, K¢ (p) is defined by
+00
/ (=) f (B dt =) (1= F (io (K () ,p))) =

0(K%(p),p)

Full differentiation with respect to p yields

n n c
(1= F (@) = -0 f () (50 + G0 ) =0
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Oly , Ol dKC 1= F (o)
dp 0K dp  (p—o)f(to)

Differentiation of p (K, to (K,p)) = p yields § ‘%0 = 'Z—Z and 82? = i. Thus,

dK¢  p; 1—F (to)
= —— >0,
Pa dp p—c f(t)

therefore 4¥ (KC( ),p) <O0.
Suppose now (K, ¢, N) <ty (K, ;EW). K¢ (p) is defined by

to(K°(p)p) c oo
/ (0 0 @) + 5520, (k€10 —¢) s ar [~ - pyae=r.

tN (K (p)) to (K (p),p)

Full differentiation with respect to p yields
dK¢ K¢ [0ty 0tgdK® .
I— 1—F(ty)) =0
+ q<8 + 5% dp>+( (f0)) =0,
to

dp Wp
where I = [y (Nqu + N pqq> f(t)dt < 0. Substituting 1nat° and 8t°
yields:

dK¢ K¢ dK° R
~lo=g —Npq< —qup) = pt (1= F (o))

dKC  pi(pg (1 —F (ko)) + 1) =0

:Oq C ’
dp Ipe =5 rj

therefore 4L (KC( ),p) <O0.
Flnally, KC (p) converges when p — p, thus (P (K¢ (p),t) — ¢) is bounded,
thus lim,,_,;V (K¢ (p),p) = 0 since lim,_,5t0 (K¢ (p),p) = 0.

We now prove that 8" = KW* > k~ for all n is a symmetric equilibrium if

condition (3) holds. Differentiation of equation (4) yields:

oII% ’ O -0
5 HijO (6",0-n) = Hro (©) + 6" Hpo (0) — —53

KV (K,p%),



and

LY ' " ©—o S
7 (0",0-n) = 2Hpo (©) + 0" Hpo (0) + 2—5— KV (K,p7) .
) 8
For © < K*,
o117, ©— 0" g
(80715;2 (67,0-n) = 2—g5— KV (K,p") > 0.

oL, . . . 1o . *
29,2 is increasing, thus the only equilibrium candidates are 6" = KW and

0™ = k™. Furthermore,

Py, ). G N p
mw 0_n) = (2@3+ @2) KV (K,p”) >0,
th
us %, 07.0.,) > oll%o (k1o k)
aen »yvy—mn) — 80’” g eeey .
Then,
8(1;0%0 (k;l,...,kN) = r—%[(@ (K,ps) > =0 (K,ﬁs) >0 (KC (ﬁS) ,]35) S0

since K > K¢ (ﬁs ) by assumption. Thus, if condition (3) holds, age%o 0m,0_,) >

0 for all 8™ such that 6™ > k™ and © < K*. In particular, if " = % for all
n > 1, no negative deviation 6! < KW* is profitable.

Consider now a positive deviation, i.e., N > KW > kN while §» = I](V*
for all n < N. We have:

e —oN
@2

KV (K,p°).

Mo (K7 K g
9N \ N7 N

) = h(©)+65n () -

By construction, © = 9N+%K* > K* and 0N—% = % (ON — IJ(V*) >
0, therefore
S) K*

Hpo (©)+6" Hpo (0) < Hro (0)+Hpo () < Hro (K*)+—

Hpo (K*) <0



N * * *
by condition (2), hence 8;[9’}\,0 ([](V ,...,KW,HN) < 0 for all v > KW No
positive deviation is profitable.

o = % for all n is therefore an equilibrium.

We now prove 0" = KW* > k» for all n is the unique symmetric equi-

librium. Since 859%0 (07,0_,) > 0, no equilibrium exists for " such that
0™ > k™ and © < K*.
Finally, consider the case 6" = % > I](V* for all n:

oL, (O © , N-1K
NN N ©

(C]
= | =h(©) + —h (©) - ———~KV (K,p°) < 0.
L ) =@+ i © (K. <
There exists no symmetric equilibrium with % > %

C.3 Equilibrium investment

In the first stage, producers decide on capacity, taking into account the
equilibrium of the options market. Denote V™ (k», k_,) producer n profit

function:

K* K* K*
" " k—n = i: "y == k—?’wi :Hn nak—Tw T "= = \I/ ’
V" (k" kon) RO(kaNa N> (k )+Nr+<k > (K

Differentiation with respect to k™ yields

vt o N1, o [
K
N

ov"™ (K K\ oI (K K +]\7—1

okn \N'""N) 09kn \N' "N

%‘é: (%, . %) is decreasing since g% (%, ey %) is decreasing and g—}g < 0.

(0, ...,0) = (0, ...,0) + X2 W (0,p%) > 0 since (i) F5 (0, ...,0) > 0

and (i) ¥ (0,]33) > 0 by construction. limg % (K) = —r < 0. Hence,
n C C

there exists a unique Kgo > 0 such that ag’?f) (Kf\}o e KJGO) = 0. This is

equation (5). We prove in the main text that K¢ (p%) < K§, < K*.
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C
We prove below that k" = % for all n is an equilibrium, distinguishing
the two cases t (K, ¢, N) < iy (K,ps) and t (K, c, N) > tg (K,ﬁs).

C.3.1 Generation produces at capacity before the strike price is

reached
C C
Consider first a negative deviation: k' < % while k" = % for all
n > 1. Total installed capacity is K = k! + %KO Kzg:o- Substituting
n C C
expression (|B.1)) for gll;[n (kl, Kf\?,'o,..., %) into equation (|C.1

oVl K€ K¢ i{(K,c,N) ) . 9
i (k o ;;0) -/ <p(Q(k1,t))+klpq(Q(k1,t))a,g—c)f(t)dt

fo(K.p%)
" / (0 (I) + ki pg () — ) f (£)dt

i(K,c,N)

+/+oo <(]§s_c)+1v N1 () (Kt)) )>f(t)dt—r.

fo(K,pS) + (k' — &) pg (K.t

Substituting in equation (??), observing that £ (K, ¢, N) < f(KgO, c, N) and
to (K, ]35) < to (KRO,pS) since K < Kgo, and rearranging yields

A K€ K¢ i{(K,c,N) . R 8@
v 1 B ro RO\ _ 1 _
Ok? <k "N 7N ) - /tl p(Q> +hgp (Q> ok1 € f(t)dt

i(KIgovch)

+[ (p(K) + kyp (K) —c) f (t) dt
t(K,e,N)
olter”) p(K) + Klp (K)

" g f(t)dt
/E(KRO’C M\ T (p (Kfo) + %Pq (Kgo)> "
io(KgO,Z§S> ﬁs -p (Kg07t) - KT}(%OPq (K}%O)
+/ ps +1 P —p" £ (t) dt

to(K,p%) N +pq (K, t) (kl _ %)
N—1 [T (Kt) p(KgO’ )
N/fo(KSomS) +pq (K, t) (k' — ) f(t)dt.

11



Each term is positive:
1. p (Q)Jr/-c;p (Q) 29 o (k' = ¢N) pg (Q) 29 > 0fort € [t,7(K,c, N)]

2. p (K, E(K,c,N))+kip (K, t(K,c,N)) = c, and p (K)+k'pg (K) > 0,
hence p (K) + klp(K)—c>0fort e [{(K,c,N),t(K$p,c,N)]

v

a
3. 9 (Q)+apgg (Q) < 0, hence p (K) +K'pg (K) > p () + =52 g (K)
p (Kfip) + SR04 (Kfp) for t € [i (Kfipe.N) o (K.57)]

4. p(KgO,t) < % for t < tg (Kgo,ﬁs) and p(K,t) > p° for t
to (K,ﬁs), hence

Y

7° — (K& _ Kko K¢ N-1 K. t)>5)) >
D P( R0>t) Npq( Ro)+ N (P( 7t)—p) 20

for t € [fo (K,5%) .0 (KG0.5%)]

5. K < K§), yields p (K, t) > p (K§p, t) for all

oIt K&, K& . e
Thus, A2 (k', —§2, ..., —£2 ) > 0: a negative deviation is not profitable.
C C
Consider now a positive deviation, kN > % while k» = % for all

n<N. K=+ 2K > KG,.

PVY (Kho  Eho  n) _ 0TV LN 1oV (y K 0w
o’y N -1 [to° 2p, (K, 1)
@N? N Sy |+ (Y= 50 puq (1)
atAo (K,ﬁs)

- (k:N - ﬁ) pa (Ko (K.p%)) [ (fo (K,97)) =5

12



Substituting in (g?}v])vg from equation (B.2)),

G (o) = [ B ()« () 10

N-—1 [t

KC’
TN S [2,0(1 (K, t)+ <kN _ ]1\?;0> poa (K, t)] £(t)dt
(K’fo (K,ﬁs)) f (7?0 (K7ﬁs)> M

LK
0K

Npq
< 0.

(@ C
A positive deviation is not profitable. Therefore (%, e %) constitutes

an equilibrium. Furthermore,

21,1 7° _ +oo
o (ﬁﬁ) :/t [qu(K,t)—ir]Kquq(K,t)}f(t)dt—i—QNNl/t pq (K1) f () dt

0 (k:")2 N 5
K N _ a _ 81?() (K, ]55)
+Npq (Ka to (Kvps)) f (tO (K7ps)) T
< 0
hence (KT’%, e KTI%) is the unique symmetric equilibrium.

C.3.2 The strike price is reached before generation produces at

capacity

Substituting expression lb for g% (k:l, o kN ) into equation 1) yields

n 400 _ +oo
g‘k/:n :/5 (ps—c)f(t)dt-l-]\[l/f (p(K’t)_pS)_|_<k”—K>a\II(Kva)—T.

n 0(K7]35) N 8K
Suppose k! = ... = kN-1 = KT}%YO. Then,
vy g oy 0N N —1 [Fee N KS
ﬁ(k:N)Q - (p - C) f (t ) 9K + N fo(K ) [QPq (K,t) + <k - N) Pqq (Kat)] f(t)dt
N-1 K¢ . B . o\ Olo (K, p°)
S (- e ) gy (o (5,59 £ G (5.9%)) P

13



C
Thus, if £V < ]@O, é?(kv)g < 0: a negative deviation is not profitable.

C
Consider now a positive deviation, &V > %. Since producer N is
the last producer to be constrained, tV = {,

0 (K, ﬁs). Substituting equation
(B.4) into equation (C.1]) yields

oV <K§O  Kfp k:N> _ /+°° (ps_c)+N—1 (p(KI,(Q—ﬁS)
gkn \' N VN (K55 N +(kN—%O) po (K1)

400 _
T R e A SURS I PICL

to(K.p%)
= —/ p_ (p° — ) f () dt
tO(Kgo’pS)
JinGeps) (P U 1) = p (KGo.t)) f (1) dt
o LO((KC i>( (Ko t) =) f () dt
(WY = K ) [0 o) pa (B, 0) £ (1)t

Since K > Kgo, then g (K,ﬁs) > 1o (KRO’ ) and p (K, t) < p (Kgo, ) ,
hence the first three terms are negative. The last term is negative since kv >
C

C
KRO and p, < 0. Thus, 2 ak" (%, e %, k‘N) < 0: a positive deviation is
C C
not profitable. (%, - %) is therefore an equilibrium. Furthermore,

v (K K s .\ 0t N —1 [
=) == - to) —+2———— K, t)f(t)dt <0
d (kn)? (N N) (" =) f{bo) G+ gy PTG T )

K¢ KS,\ . . . I
RO RO Q
hence ( £, —F ) is the unique symmetric equilibrium.

D Energy cum operating reserves market

Define the total surplus

Sp,v.t)=aS ), t)+ (1 —a)S(p,7,1t)

14



and total demand

o

D(p,y,t) =aS(p(t),t) + (1 —a)D(p,7,t).
The social planner’s program is:

{Wg%w(E{S@@xﬂwﬁwwﬁ@@»wa&—rK

st : (L+hE)DPE), v, ) <K (A1)

The associated Lagrangian is:
L=E{SE®.7(1).H) =D @),y +A0) [K-1+h@)De®),7(0).0)] }-rk

and:

Lo = [p(t) = [e+ (1+h (M) AD]} 25 D
25 = {v [P ©) 7] —le+ @ +RO)IA O} 25
t

First, off-peak A (t) = 0 and v (¢) = 1. Then p (¢) = ¢ = w (¢). This holds
as long as p (%h(t),t) =cfor Q< K <t <t{®(K,c).

Second, on-peak, if constant price customers are not curtailed, (14 h (£)) D (p (t),1,t) =
K hence A(t) > 0 and v(t) = 1. Then p(t) = c+ A(t)(1+h(t) =

t)—c
p (i ) and () = w(t) - e = 175 >0

o

K for v* (t) < 1such that (1+ h(t))D (v,v* (t),t) = K. Then (14 h (t)) X (¢)
p %h(t)’t) — ¢ as before.
The optimal capacity K¢,y is then defined by E [\ (t)] = r which yields

equation (77).

Finally, constant price customers may have to be curtailed, (1 + h (£)) D (p (t), v* (t) ,t) =

15
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