Competition in Electricity Markets with Renewable Energy
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Daron Acemoglu®, Ali Kakhbod™*, and Asuman Ozdaglar™*

Part I. Proofs omitted from main text
1. MERIT ORDER EFFECT VS. DIVERSIFICATION
Proof of Theorem 1 We present the proof for the duopoly case, extension to n > 2 is straightfor-

ward. With the concave (downward) inverse demand P and the convex cost C, profit of each (diverse)
thermal producer is given by

; = (¢i + 6R/2)P(Q + R) — C(4gi), ey
where each conventional generator owns d R/2 units of renewable supply, ¢ € [0, 1].
We first note that
op _(0Q ,
O_R_(a_R+l)P(Q+R)’ (2)

where p = P(Q + R). Since P’ is downward (i.e. P’ < 0), thus to show g—g < 0, we next prove that
90
FOC implies
oIl

0= a—q_i =P(Q+R)+(qi +SR/2)P'(Q+ R) - C'(qi)

By symmetry g; = ¢, thus the above equation is equivalent to

al; 1 ' /
0= a0 =PQ+R)+(5)(Q+R)P(Q+R) - C(Q/2) 3

Taking derivative from (3) with respect to R implies

_ aQ ’ l aQ 77
0_(1+_8R)P(Q+R)+(2)(l+_6R)(Q+6R)P (O+R)
1 90\ _, 1 (0Q) .. (2
+(§)(5+6_R)P(Q+R)_(§)(6_R)C (5)
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Rearranging terms yields

90

_ ’ ” Yl Q ¥
0—[3P(Q+R)+(Q+(5R)P Q+R)-C (2)] 3R

+[@+)P(Q+R) +(Q+5RIP"(Q+R)]
Consequently,

90 _  Q2+OP(Q+R) +(Q+6RP'(Q+R) @
IR 3P/(Q+R)+(Q+6RP"(Q+R) -C" (%)

Recall that the cost function is convex, thus C” > 0. As a result, with linear cost, C’’ = 0, since
P’ < 0and P” < 0, thus (@) implies
00 00

-1<—=<0 = 1+6—QZO, andwithd =1, —-1=—

OR OR OR’ )

Thus, using (2)), we obtain 22 3R R <0. Moreover when all renewable supply generates profits for only

conventional power generators (i.e. 6 = 1), a_R = 0, neutralizing the MoE. However, with strictly
convex cost (i.e. C” > 0), for 6 € [0, 1]:

0. 90 Q+OPQ+R)+(Q+IRP'Q+R)
R~ 3PNQ+R)+(Q+6RP(Q+R)-C” (%)
B 2+8)P(Q+R)+(Q+6R)P"(Q+R)
3P/(Q+R)+(Q+6R)P"(Q+R)
> —1.

As a result, a % + 1 > 0, consequently, using (2), 6_11; < O for all 6 € [0, 1]. Therefore, full
neutralization may not be obtained with strictly convex cost functions.
To wrap up the proof we next show g 5 > 0, diversification amplifies the prices. Since

op _ ((’3Q

> (2 ren

<0

to prove the claim is then sufficient to show % < 0. Taking a derivative from (3) with respect to §
implies

0= (ZQ)P(Q+R)+( )( Q)(Q+6R)P”(Q+R)+( )( (;g)p (Q+R)
e
Rearranging terms gives
0= [3P’(Q +R)+(Q+6R)P"(Q+R)-C” (2)] Z—? +RP'(Q +R)
Therefore,
99 _ RP'(Q +R) <o ©

90 3P(Q+R) +(Q+SRIP(Q+R) -C" (2)
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completing the proof of the first part.
To prove the second part we note that since P’ # 0, thus 22 aR = (6Q + 1) P'(Q+R)=0if

and only if aQ = —1. Therefore, when § — 1, using @), we obtain 2 aR = —lifand only if C”" =

Thus, under any condition ensuring a unique interior equilibrium, neutralization result prevails when
(i) thermal producers are diversified, (ii) cost of production (via thermal sources) is either linear or
constant, i.e. C” = 0.

It is worthy to note that, inspired by the standard Cournot model, a unique equilibrium is
ensured in our model if: (i) C” — P’(Q + R) > 0, (ii) P,(Q+Rg(_q;:(6Q%)Rf;”(Q+R)
the number of thermal generators.

< %, where n denotes

2. DERIVATIONS OF THE REDUCED-FROM MODELS

Proof of Theorem 2 Since Il; = (¢ — B(3; ¢; + R))(q; + R/n) — yq;, thus FOC implies @ —
B(qi + Xj+iq; + R) — B(gi + 6R/n) —y =0, foralli = 1,2,--- ,n. Taking a sum over all i implies
n(@—y)-nB(Q+R)—B(Q+5R) = 0. Hence, at the equilibrium, Q = 2@WBORIR) By ovmmetry,

Bn+1)
= Q/n = SXLEER) forall i = 1,2,--- ,n. Further, plugging Q into p = @ — B(Q + R)
implies p = W, as desired.

Proof of Theorem 3  As discussed when thermal producers are competitive W (CE) = (“ 7) + VR,
that is independent of ¢. Next, we consider the case in which thermal producers are strateglc Thus,
at the corresponding Nash equilibrium the welfare is given by

_ (@ - pNE)?
W(NE) = (OnE + OR)pnvE —YONE + PNE(1 = )R + 25
_ 2
= (PNE —Y)ONE + RpNE + %

where (as shown in Theorem 2) the overall production is given by On g = m (a—y—-B(R+6R/n))
and the resulting spot price satisfies pyg = ﬁ(a + B(—R + OR) + ny). Therefore

OW(NE) (OpNE QNE OpNE 1 3PNE
Y —( Y )QNE+(PNE Y) + EY; R - ﬂ( — PNE)
JONE
=(PNE—-7Y) 3
R — )
<0
<0, @)

note that pyg > 7y, because @ + B(-R + 6R) —y > 0. Equation (7) immediately implies
% (%) > 0, completing the proof.

Proof of Theorem 4 To have a better understanding of the proof steps we first consider the duopoly
case. The oligopoly case is more involved but it follows similar steps.

Consider the duopoly case, i.e. n = 2. By adding forward contract to the previous case the
profit of each generator becomes I1;(g1,92) = (@ — B(g1 + g2 + R))(g; — qf +0R/2) + q{p{ - Yq;-
In this case, the economy has two dates, t = 1,2: generators sign forward contract at ¢ = 1 and the
market clearing price p = a — B(X"_, ¢; + R) is characterized at the final date = 2. The solution

Copyright © 2017 by the IAEE. All rights reserved.



Competition in Electricity Markets with Renewable Energy Sources: Online Appendix | 4

strategy is to work backward. Thus, given (qf ., lf‘ .,qf ', pg'), FOC implies

oll;
0= 0 =@ =7 =Blar+a+R) = pla ~q] + 3R/ @®)
L
Summing over i € {1,2} and rearranging terms imply Q = (2a 28R - B(-Q' + 6R) - 2)/).

Plugging Q into (8) and some alegra yield

1
. f
%= 35 (¢ =y - BQ -3q] + R+6R/2)).
Now, given the optimal supply at the final date, we next characterize the optimal forward contract for
each generator. Note that assuming no possibility for arbltrage implies at ¢ = 1 the forward quantity

qf is signed at the market price, i.e. pf = p. Thus, optimal q maximizes p(q; + 6R/2) vqi, where
p =a- B(q +q + R). Since ;— = —B/3 and aq, = 2/3, thus FOC gives f P (g; + 6R/2) +
q oq;

p% - 7% = (q, +06R/2)+ (p— y)2 0. Slmphfymg this equation after plugging (8) into it,
q; q;
implies

1
=4 =$(a—y+ﬁ(—R+5R)).

Plugging qf into () yields ¢; = %(a -v+ B(—R - 6R/4)). Finally, market price becomes

p=a-pg+q+R) = §(a+dy+ B-R+6R)).
We next conmder the oligopoly case, i.e. n > 2. Given the profit of producer i, i.e.

Hi(qing-0) = (@ = B(qi + ;01 4 + R (i — g +6RIm) + g p! ~ g, cmploying the FOC implics
a—-y-B (Z#i q; +R - q{c + 6R/n) = 2fq;. Thus, rearranging terms yields

a—-y-B Zqi+2qi+R—q{+5R/n =0. C)

J#
LetQ = Z;‘Zl Q;. Taking a sum over all i from (9) implies

_n(a—y-pBR) - B(-0/ +6R)
0= (n+ DB ’ (10)

where Q' = =l qf
Next, from (@) we obtain

@ = B(Q+R) - B(-q +6R/n) -y = Ba;.
The LHS of the above equation can be simplified as follows:
LHS = (a - y) - BR - B(qg] + 6R/n) - BO
—— (4 Dl@ ~y) = BR= B(=q] + 6R/m)] = n(e = y) +nBR + (-0 + R))

il ((@=») - B0 - (n+ 1)g] +R+5R/n])

Copyright © 2017 by the IAEE. All rights reserved.
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Therefore, we have

B 1
CEDY
Next, we move to the contracting stage.

Contracting stage  Equipped with the results from the production stage, we next find optimal
forward quantities, i.e. q{ . ,q,’j. Importantly, due to the no arbitrage assumption pf = p. Thus,

qi (a—y-p[0f - (n+1)g] +R+5R/n]). (11)

b q; 9 ‘
producer i’s optimal choice for qf should maximize
13

(¢ - pQg.d' )+ B) (ai(ql.d") + 6RIn) - vai(a] .q")).

Thus, the FOC gives

aqi(q’ .q". 00’ .q". dq:(q . q" .
(@ - BQ(q .4’ }) + R)) (4.4 -p 04 4 (qi<q{,qf,->+6R/n)—yM=o
oq dq! dq]
(12)
Si 6‘71’(‘7{sq{,~) _ n BQ(q{,q‘f,») 1 .
ince =25 = iy (see (TT)) and T T (see (T0)), thus (T2) yeilds
(@ = B ) + R =y = (iql g+ oRm L =0 (3)

multiplying in (n+ 1) and rearranging terms give —ﬂ(qi(q{,qft.)+nQ(q{,qfi))+n(a—y)—,3(6R/n+
nR) = 0. By symmetry q1(q] .q' ) = ¢2(q}.4",) = -+ = qu(q}.q’,). thus

—B(* + 1)qi(q].q ;) + n(a =) - BOR/n+nR) = 0. (14)

Moreover, (TT)) gives that —8(n* + 1)q,~(q{,q{l.) = —’;2:11 (a/ -y-B [—q{ +R+ 6R/n]) , note that

bysymmetryq{:qu---:qfl.

Plugging this into (T4) gives
—+ ) [a-y- B(~q] + R+ SR/m)| + (n* + n)(@ =) = (n+ ) BSR/n+nR) = 0. (15)
Rearranging terms implies

(n® + l)ﬂq{ =(n-1)(a—-y)+@n*>+1)BR+6R/n) — (n+1)B(SR/n + nR)
=m-1[ae—-y+ B(-R+6R)].

Thus

-1
g = (ni—l)ﬁ(a ~y + B(-R+6R)). (16)
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Thus, we finally find ¢; by plugging qlf into (TI). That is

1
% = m(a—y—ﬁ(—q{ +R+6R/n))
! gl-—n=1 ( + B(-R+6R)) + R + 6R/
=——|lo-y-B|-——(a- - n
CE Y A g\t 7
n OR
S — “R-—]-v].
(n2+1)ﬂ(a+ﬁ( nZ) 7)
With the characterization of ¢;,i = 1,2 - - - ,n, the proof is complete.

3. CORRELATED SHOCKS AND INCOMPLETE INFORMATION WITH
ENDOGENOUS FORWARD CONTRACT

3.1 Equilibrium characterization

Proof of Theorem 5 It is useful to construct the equilibrium sequentially and work backward. We
start by deriving the optimal behavior at the production stage, for any given set of forward contract
level (q{ , pf )i=1,...,n that summarizes the behavior at the production stage. Next, we analyze the
optimal behavior at the contracting stage.

Production stage  For a given profile of contracting profile ((q{ , pf ), -, (qﬁ, pﬁ)), the production
stage is a game with imperfect competition in the class of normal linear-quadratic games with
correlated types, once a generator information R; is established as the type. A strategy ¢g; is a mapping
from the information set into the real space: ¢; : R — R, for a given individual contracting choice
(q[ , p{ ). We focus on linear equilibria at the production stage throughout, that is for each generator
i =1,---,n, there exists a; and b; such that g; (R;) = b; — a;0;. Optimality for generator i at the
production stage requires that strategy ¢g; maximizes the conditional expected utility, taking all other
generators strategies ¢g—; as given. Furthermore, applying the projection theoremm with the linear
information structure conditional expectations E(6;]6;) are linear in 6;, for all i, j.

Producer i chooses ¢g; to maximize

Eo ,(IL|R) = E{p(qi — q| +6:R) +plq] —vailR:}

where q;(0;) = bj —a;0;, forall j #i,and p = @ — B(q;i + Ri + X j+ Rj + X j2; q;)- Recall that
R, =R/n+6;,foralli =1,2,--- ,n, thus, the first order conditions (FOC) gives

a—y-B| D Elg;(0)IR:1 + > EI6;IR]+6; + R |~ B(~q] + 6R/n+56,) =2pq;  (I7)
j#i J#
Using the projection theorem:

Elq;j(0)R:] = Elq;(8;)16:]1 = b; — a; Cov(8;,6;) o2 6; = bj — a;k; ;0
E[9j|Ri] = E[9j|9[] = COV(G[,@]) 0'_2 Hi = K[,jgi. (18)

et 6 and v be random variables such that (6, v) ~ N (u, ) such that:

_ (Mo s = (200 Zov
K= == b
My v,0 Vv,V
are expectations and variance-covariance matrix, then the conditional density of 8 given v is normal with conditional mean
Mo + 29",2;’1‘, (v = uy) and variance-covariance matrix Xg, g — 29,,,2;,11, %0, provided that X, ,, is non-singular.

Copyright © 2017 by the IAEE. All rights reserved.
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Plugging (I8) into (I7) and rearranging terms gives

(a—y—/j(ij+R—q{+5R/n))—9iﬁ((1+5)+ZKI-,]-—Zajxi,,-

j#i J# J#
= (2Bbi) — 0:(2Ba;) (19)

Next, to find a;, we only need to equate the coefficient of §; in the LHS and RHS of (19),
that implies (note that 5 > 0)

Zki,jaj+2a,- =(1+6)+2Ki,jzvi (20)
J#i J#E
= Aa=v,

where A = ﬁZ + 1, and I denotes the identity matrix. Since A is positive define, it is invertible and
thus

a=Aly, (21)
that is
-1
ai 2 K1,2 - Kin 1+6+Zj¢lkl,j
ap K21 2 “er Kon 1 +6+Zj¢2 K2,
an Kn,1 Kn2 - 2 T+6+ X jn Kn,j
Thus,

1.\ 1 1.\ 1
a= I+—22 61+—221 = I+—22 (6—1)1+1+—221
g ag g ag

-1
=1+(5—1)(I+i22) 1.
ag

Similarly, we derive b;. Equating the terms that are independent of 6; in the LHS and RHS of (T9)
implies

a—y—B(ij+R—q{+6R/n)=2,8bi

J#i
= a-fy—ﬂ(zbi+ij+R—qif+6R/n):O. (22)
J#i

Let b= 3, b;. Taking a sum over all i from (22) gives

_na—ny—-nBR- B(=0F + 5R)
b= (n+1)B @3

where 0/ = | ¢/ In addition, from (22) we have

@ — Bb— BR — B(~q] +6R/n) —y = Bb;.

Copyright © 2017 by the IAEE. All rights reserved.
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The LHS of the above equation can be simplified as follows:
LHS = (@ - y) - SR~ B(q] +6R/n) - Bb

—— (4 Dl@ ~y) = BR= B(~q] + 6R/m)] = n(a = y) +nBR + B0 + 6R))
6R) +0f - 6R])

((a/ —y) = B[Q - (n+ gl + R+ 6R/n])

((a y) - BR - B[( (n+ g+

n+1
1

n+

Therefore, we finally have

1
b= ——
(n+ 1B
The above equations summarize the unique linear equilibrium in the production stage.

Stage 1: Contracting stage  Equipped with the results from the production stage, we next evaluate
the amount of optimal forward contract qf for each generatori = 1,2, - - ,n, at the average market

(e=y=-p[0f = (n+ g + R+5R/n]). (24)

price plf = Ey[p] (due to the no arbitrage assumption). This is achieved by computing expected

payoff of each generator. Thus, generator i’s optimal choice for qf should maximize

0 (a—ﬁ(qxq,.f,qf,.)mi+ZR,-+Zq,-<q§,qu>> (i(ql.q' )+ 6R) —vai(ql.d' )|

J# J#*L

The optimal choice in the production stage is linear in the observed information and is in the form of
q:(8;) = b; — a;0;. Characterization of a; and b; (see (24) and (37)) gives

6QI(qu?qL) _ abl(Q{’q{l)
oq] oq)

By the above equality and the fact that E[8;] = O and E[R;] = R/n, it is sufficient to find qf

maximizing
- Bb(q!.q" )+ R (bi(ql.q' ) + 6RIn) —ybi(q] .q")).
The FOC gives
obiql.d ) abgl.q) obi(ql.q")
- B(b(q ., )+ R L A b +0R —t Tt =
(@ - Bb(gl.q" )+ R)) i B 9al (bital.q',) + oR/n) —y i
(25)
Since(%i(aqT{f"I{")—n+l (see (24)) and db(ay .q )_n1+1 (see (23)), thus (Z3)) gives
_ ff no_n g ff B__
(= Bbla; ') + R)—— =y —— (bl(q{,q_[)+6R/n)n+l—0. (26)

Multiplying (26) in (n + 1) and rearranging terms yield

—B(b; +nb(q!.q’) + n(a =y) = BOOR/n +nR) =

Copyright © 2017 by the IAEE. All rights reserved.
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By symmetry bi(q1.¢’,) = b2(q3q’,) = -+ = bu(qh.qL,), thus
-B(n* + l)b,-(q{,q{i)+n(a—y)—ﬁ(6R/n+nR) =0. 27
Further, (24) implies that (note that by symmetry qlf = qg =-.=ql)

n?+1

~B(n* + Dbi(q ¢’ ) = -

(e —v-p[-q/ +R+6R/n])

n+1

Plugging this into gives

— (i + 1) [a -y - B(-q] + R+ 6R/m)]+
(n* +n)(a —y) — (n+ DBGR/n +nR) = 0. (28)

Rearranging terms implies

(n* + 1)ﬁq{ =(n-1(a—vy)+ >+ 1)BR+6R/n) — (n+1)B(SR/n +nR)
=(n-D(a@-y)+ B>+ DR- 0> +n)R+[(n*+ 1) — (n+ 1)I6R/n)
=(m-D(@-y)+p(-(n— 1R+ (n—1)6R)
=(-D[a-y+B(-R+6R)].

Thus

f n—1

q = m(a—y+ﬁ(—R+6R)). (29)

Finally, we next find b;. Plugging q{ into (24) gives

@ -y - p(-q +R+06R/n))

~
S
+r—l
—
N
=
—

n-1
a_y_lg[_m(a—y+ﬁ(—R+6R))+R+6R/n])

__ 1 (a_y_[_(”_1)["—7+ﬁ(—R+5R)]+(n2+1)ﬂ(R+6R/n))

n?+1

n*+n)(a-y)+p (—(n2 +n)R - "i#éR)
n%+1

n OR
Y. (‘”ﬁ(_R_?)_V)'

With the characterization of b;,i = 1,2 - - - ,n, the proof is complete.

Copyright © 2017 by the IAEE. All rights reserved.
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4. DERIVATIONS OF PRICE VOLATILITY AND WELFARE/PROFIT
4.1 Price volatility

Proof of Proposition 1 and Proposition 2 As shown in Theorem 5 the optimal production strategy
is in form of ¢; (R;) = b; — a;0;, where b; and a; are scalars. Thus

Var(p) = Var (a/ - B(Z(bi — i)+ ) (Rin + 99))
i=1 i=1
= B*Var (Z(ai - 1)9i)
i=1

= f*(a"za - 2a"21 +1751)
=pa-1)"3a-1
1\ 1\
=p*6-1* 1" (1+ —22) z(1+ —22) 1
o o
= B%(5 - 1) b'zh,
-1
where b = (I + #Z) 1.
We next derive price volatility when Definition [[|holds. First note that for regular configura-

tions, we have v; = 1 + 6 + X ;4 k;,; = 1 + 6 + K, forall i = 1,2,- - - ,n. Therefore, due to (20), the
optimal a; satisfies

2a,~+Zaj/<,-,j:v,-=1+6+K.

J#
Thus, by symmetry, we have a; = - - - = a, = 322K Consequently,
Var(p) = (1 L0+ K\ 1oy g2 (120 2(1+1<)
ar(p) =P 2+K =ne B\ Tk ’

completing the proof.

Proof of Proposition 3 Since the decay factor £ € (0 1), thus
1-7"T
1

Keycle =2(§+§2+---+§"T") =2§( )s (n—1){ = Kcomplete

Moreover, by the characterization of price volatility in Proposition 2, it is clear that % <0.
Thus, price volatility is in decreasing the decay factor because

oVar(p) _ dVar(p) O_K <o.

ol oK ¢
N——
>0

This implies that price volatility in the complete model is less than the cycle model, completing the
proof. Note that since «; ; € {0,«}, for any i # j, thus given the definition of regular structures, for

any regular configuration with n renewable plants, Kc(;‘gle < Kr(e'fg)ular < KC((')’[Lplete.

Copyright © 2017 by the IAEE. All rights reserved.
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Part II. Extra results and Extensions
5. WELFARE (GENERAL ANALYSIS)

Suppose the demand arises from an aggregate consumer whose gross surplus U(g) > 0 is concave in
q,i.e. U” < 0 (we assume U(0) = 0). This gives rise to the inverse demand P(q) = U’(q)E] The rest
of the economy is as in Section 2.1 (in the main text): there are n thermal producers in the market,
each thermal producer i faces a (convex and increasing) cost function C(g;) of supplying ¢; unit of
energy via thermal sources, the economy has a total R units of renewable energy (at zero marginal
cost), and each thermal producer owns a fraction d/n units of R where ¢ € [0,1].
The welfare in this economy is the sum of three components: the renewable producers
surplusﬂ (i.e. (1 = 6)pR, where p = P(3\, q; + R)), the (total) thermal producers surplus (i.e.
P = 2% [p(gi + 6R/n) — C(g;)]), and the consumer (net) surplus (i.e. U(X" g + R) —
(X7, gi + R)p). As aresult

WE<iqi+6R)p_ic(qi)+(l_6)R1’+U(Zn:CIi+R)—(iqi+R)p
= =t i=1 P
i=1 i=1

Appendix-Theorem 1 Let ‘W (CE) denote the welfare at the corresponding competitive equilibrium

and ‘W (NE) denote the welfare at the corresponding Nash equilibrium. Then, the ratio :;/V((g?) is

increasing in 6. That is, increasing the diversification ratio leads to an increase in the welfare loss.

Proof of Appendix-Theorem[I] The proof follows in three steps as follows.
Step 1 (characterizing W(CE)):  Let g ,---  gS* be the quantities produced by thermal pro-

ducers at the competitive equilibrium. Since ‘W (C E){qlCE IR qSE} = Mmaxg, »0,...,q, >0 W, thus
the first order optimality condition of (30) implies that g%, - -+ ,g$® should satisfy the following
equations:

n
U'(Z%CE +R)—C’(quE) =0, Vi=12,---,n.
i=1

By symmetry ¢ = .- = g$F = Q€ /n (where Q€F = 37| ¢<F). Therefore, QCF is character-
ized from the following equality

U’ (Q°F + R) - C'(Q“F m) = 0. 31)

Step 2 (characterizing W (NE)): ~ Let q)'®,--- ,q)* be the quantities produced via thermal
sources when thermal producers are strategic. Thus,

ql.NE eargmax (g; +0R/n)P|q;i + R+ Z q]NE - C(qi),
420 J#

NE _NE

giVen (q]]VE, ,qi_l ,(IH] [ ’qzlvE)'

2For example, when U (¢) = aq — éiqz, the inverse demand becomes P(q) = a — 3¢, the linear inverse demand adopted

in the previous sections.
3Renewable producers do not have market power. As a result, they sell their production at the level of spot price
characterized by the (diversified) thermal producers.

Copyright © 2017 by the IAEE. All rights reserved.
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The corresponding first order optimality condition gives
P(QVE +R) + (¢]'" + 6R/n)P'(Q"F + R) — C'(q{VE> =0, i=12---,n, (32

where QNE = i quE Finally, symmetry implies q oo = gNVE = ONE/n. Since (by
definition) P(QNE +R) = U (QVE + R), thus (B2) gives
U'(QNF +R) = C'(QVF n) = ~(¢'" + 6R/mP"(QNF + R)
= ~(q}'" +6R/mU"(Q"F +R)
>0,
where the last inequality is true because U’ < 0.

Step 3 (Effect of 6 on W (CE) and ‘W (NE)): In this step we show ‘W (CE) does not depend on
&, however, W (NE) is decreasing in 6. Equation (30) implies

(qu +R) C’(qiT)]
aQT

=5 (U'@"+R) -C'(Q"/n))  forT € {CE,NE).

OWT) & dq"
55 =26

Therefore, as shown in Step 2, U’ (QCE + R) - C(Q€E /n) = 0, thus % =0, ie. W(CE)
does not depend on 6. However, as shown in Step 3, U’ (QNE + R) - C’"(QVE/n) > 0, thus

NE NE
sign{ a(W(NE)} = sign{a%5 }. Moreover, we show in Theorem 1 that a%é < 0, therefore
% < 0, i.e. W(NE) is decreasing in 6. As a result, z5 (:&,/((S?)) > 0, completing the
proof.

5.1 Price Volatility: Linear vs. Quadratic costs

We focus on regular configurations, which represents a symmetric correlation structure for the
renewable plants. This is defined formally through the covariance matrix of 6;’s as follows.

Definition 1 (Regular configurations) Renewable plants have a regular configuration if the covari-
ance matrix X is row-(sub)stochastic. That is, 3" = K, where K is fixed and the same for all
i=1,2,--

/¢1

Hence, regular configurations represent a correlation structure in which the total covariance
of each 6; with other 6;’s is the same. It follows from Theorem 5 that for regular configurations,
the equilibrium is symmetric, i.e., a; = - - - = a,,. Moreover the price volatility can be characterized
explicitly in terms of K as follows.

Appendix-Theorem 2 Let the production cost via thermal sources be given by C(q;) = yq; + %q.z.

1
Then, the price volatility of any regular configuration is given by

B(1-0)+)

22
Var(p) = no-p (,B(2+K)+/l) (1+K). (33)

Moreover:

(i) When producers have strictly convex costs (i.e. A > 0) and are fully diversified (they have full
ownership of renewable supply), price volatility does not disappear, i.e., if 1 > 0 and 6 = 1,
then Var(p) # 0. This result holds for any configuration (i.e. there is no need to have a regular
configuration).
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(ii) When cost is linear (i.,e. A = 0), price volatility is monotonically decreasing in K, i.e.,
dVar(p)
== < 0.

oK
(iii) Let B be fixed. When cost is strictly convex (i.e. A > 0), depending on the degree of convexity
in the cost function price volatility can be either increasing or decreasing in K. To be precise
i {BVar(p)} ]+ lf% > K;
TNk T - ird <k

This result has two important consequences. First, when cost function is sufficiently convex,
i.e. 4 > 0, in contrast to the linear cost (see Proposition 1), price volatility does not disappear
when 6 = 1. This is simply because when thermal producers are fully diversified, i.e. § = 1,
and their cost function is convex, i.e. 4 > 0, then the total supply (via thermal and renewable
sources) of each producer i still depends on 6; (this will be more clear by the following Example).
Second, the monotonicity of price volatility in K depends on the extent of convexity in the cost
function. That is, assuming S is fixed, depending on the extent of convexity in the cost function,
price volatility can be either increasing or decreasing in K. In fact, in contrast to the linear cost
function, with increasing the extent of convexity in the cost function, price volatility can become
increasing in K. To see this, suppose the cost function from thermal sources, i.e. C(g;), is sufficiently
convex in g;, so that production from thermal sources is so expensive. Therefore, each diversified
thermal producer cuts its production via thermal sources (i.e. g;(8;) becomes small). As a result, the
aggregate production in the economy mostly comes form the aggregate renewable supply. That is,
Aggregate production = "' ¢;(0) + X7 R; = Y| R; = R+ X", 6;, where R is constant. Hence,
increasing correlation, i.e. K, increases Var(};_, 6;) = 1721 = no(1 + K), increasing volatility in
the aggregate production. Thus, price volatility can increase with increasing K, given A is sufficiently
large.

Proof of Appendix-Theorem[2] The proof follows similar steps as in the proofs of Theorem 5 and
Proposition 1. In the first part the analysis is for a general configuration. Next we focus on the regular
configurations.

General configuration  Given that C(gq;) = yq; + %qiz, producer i’s objective is to choose g;
maximizing

A
Eo ,(I|R) = E{p(qi — q| +6:R) +plql —vqi - 24i 1R}

where q;(6;) = bj — a;6;, forall j # i, and p = @ — B(qi + Ri + X+ Rj + X4 q;)- Since
R; =R/n+6;,foralli = 1,2, - ,n, thus, the first order optimality condition (FOC) implies

a-y- ﬁ(Z Elg;(0)IRi1+ " E0;1R]+6; + R) — B(=q] +5R/n+66;) = 2B+ Vg,

Jj#i Jj#i
(34)
Using the projection theorem: E[q;(6;)|R;] = bj — ajk; ;6; and E[6;|R;] = k; ;6;.
As a result rearranging terms in (34) gives
a—y =B Y b+ R—gl +R/n||-0:B|(1+6)+ > kij= > ajki;
j#i Jj#i Jj#i
= (2B + Dbi) - 0;(2B + Da;) (35)

To analyze price volatility we only need to find a; fori = 1,2, - - n. Thus, we only need to
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equate the coefficient of 6; in the LHS and RHS of (33)), that implies (note that 8 > 0)

P
Zki,jaj+(2+—)ai=(1+5)+Z:<i,jzvi (36)
Jj#i B J#i
= Aa=v,

where A = ﬁZ + (1 + /43) I, and I denotes the identity matrix. Since A is positive define, it is
invertible and thus

= Ay

1 A\ 1
1 A\ P 1 A
=(—22+(1+—)I) ((6_(1+E))I+FE+(]+E)I)1

Pl A 1.\
:1+(6_(1+E))((1+E)I+22) 1. 37

As shown in the proof of Proposition 1, Var(p) = (a— DT (a-1), thus

s AV o7 A 1 ! A 1 -1
Var(p) = (6 (1+ﬁ)) 1 ((1+ﬁ)1+02z) 2((1+ﬁ)l+o-22) .

Thus, when 4 > 0 and 6 = 1 (in contrast to the linear cost), Var(p) # 0.

Regular configuration  For regular configurations a; = -+ = a, = d. Thus (36) implies @ =
B+6+K)
B(K+2)+a°

Moreover, as shown in the proof of Proposition 1, Var(p) = ﬁzVar (Z?Zl(ai - 1)9,-), thus
for regular configurations we have

B =6)+ )

_ 205 24T _ 2 n2
Var(p) = 2@ - 121751 = no?p (ﬁ(2+K)+/l) (1 +K).

The explicit characterization of Var(p) implies that

Var(p) _ (’wzﬁz (BU=6)+)*

oK (,8(2+K)+/1)3)[/l_'BK]

completing the proof.

Example (Duopoly with incomplete information and quadratic cost) Let us assume each pro-
duceri € {1,2} owns a generator that produces ¢g; units of thermal energy at cost C(g;) = %q? (where
A > 0). In this economy thermal producers are also capable to generate energy from renewable
plants. To this end, we assume there are two intermittent plants. Let £; and £, denote the locations
of these plants. Each producer i privately observes the available renewable energy R; at local plant
l;. We assume R; = R/2 + 6;, where R is a constant, and 6; is normally distributed with mean
zero and variance 0'2, i.e., 8; ~ N(0,0%). The vector 6 = (61,6) is assumed to be jointly normal
and cov(0y,6,) = ko2, where k € [0,1]. The scalar captures the correlation between available
renewable energy at plants l; andl I

For ease of exposition we assume p = @ — (q1 + ¢2 + R] + R»), consequentlyE] producer i’s

It is worth noting that adding forward contract does not have any effect on the price volatility.
SIn this simple example we assume 3 = 1.
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(ex-post) payoff becomes:

2 2
q; q:
II; = p(gi + 6R;) — ﬂ?l =(@—-q1—q2— R — Ry)(qi + 6R;) — /17[~
Solving this case implies
a—R-6R/2 1+6+«
%00 =73 _(/l+2+/<) '
2
A+1-9

v =207 |"——— | (1+ 38
ar(p] cr(/l+2+K)( K) (38)
Therefore, with increasing A, intuitively, production from thermal sources decreases, i.e. % <

0.
Furthermore, using Theorem 2] we have

Var(p) (20—2(“ 1 —5)2)(1_ )
o\ (A+2+x)2 -

Therefore, depending on the extent of convexity in the cost function, price volatility can be decreasing
or increasing with respect «. To be precise:

oVar(p)

sign( Ep

) = sign(d — k)
where as for the linear cost price volatility monotonically decreases in « (see Proposition 2).
5.2 Degrees of convexity and concavity

This section analyzes the effects of convex cost and concave inverse demand functions on the market
price, when thermal producers have a diverse energy portfolio. We show, for a given concave inverse
demand function, with increasing extent of convexity in the cost function market price goes up.
However, for a given convex cost function, with increasing extent of concavity in the inverse demand
market price goes down. To this end, we consider two cases as follows. Without loss of generality we
assume n = 2.

Concavity analysis of the inverse demand Let the cost function be a given convex function (i.e.
C’” > 0), and inverse demand be p = P(Q) = a — BQZ, where 8 > 0. Thus, the more 3 is, the more
concave the inverse demand P(Q) is. The objective is to show g—g <0.

The profit of each (diverse) thermal producer is given by

I; = (qi + 6R/2)P(Q + R) - C(q;) = (g; + 6R/2)( = B(Q + R)*) - C(qi)

FOC then gives ?9_2: =(a—-BQ+ R + (qi +6R/2)(-2B(Q + R)) — C’(g;) = 0. Due to symmetry

(at equilibrium) q; = ¢. Thus,

0=(a-B@+R?*+(Q+5R(-BQ+R)-C'(Q/2).

Taking a derivative with respect 8 implies

d
[@+R)?+(Q+6R)Q+R)] + % [38(Q+R) + B(Q +6R) +1/2C"(Q/2)] = 0.
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Thus (note that C”" > 0),

90 _ (Q+R’+(Q+IR(Q+R) -0
B 3BQ+R)+BQ+6R) +1/2C"(Q/2)

What is the effect of inverse demand concavity (controlled by ) on the market price p? Since
p=a- B(Q+ R)?, thus

6p__ 2 a_Q
- o O+R+Q+0R
= @R 2B 0 R + B+ 0R) + 1/2C7(0)2)
<0,

where the last inequality is correct because [...] > 0 (note that § € [0, 1] and C”” > 0). Therefore,
with increasing extent of concavity in the inverse demand market price decreases.

Convexity analysis of the cost function Let the inverse demand be concave (and downward) (i.e.
P” < 0and P’ < 0) and the cost function be C(g;) = yq; + %ql.z, where y > 0 and A > 0. Thus, the
more is A, the more convex is the cost function C(g;). The objective is to show g—’j > 0.

The analysis is inline with the previous case. The profit of each (diverse) thermal producer
is updated by TI; = (q; + SR/2)P(Q + R) = C(g:) = (g; + 6R/2)P(Q + R) — (vq: + %¢7). The
FOC then gives g_lc}; =P(Q+R)+ (qi +5R/2)P'(Q + R) — (y + Ag;). Due to the symmetry (at
equilibrium) g; = ¢». Thus,

1
0=P(Q+R)+ (E)(Q +0R)P'(Q+R) - (y + /l%) )

Taking a derivative with respect A and rearranging terms imply

00 _ 0
A1 3P (Q+R)+(Q+S6R)P"(Q+R)—2A

<0,

where the last inequality is because the inverse demand in downward and concave (i.e. P’ < 0 and
P”” < 0). Thus, with increasing convexity in the cost function aggregate production decreases. As a
result, since P is decreasing in Q (i.e. P’ < 0), thus the market price increases in A4, completing the
proof.

5.3 Welfare/Profit analysis

Here, we present two intuitive results about the impact of R and ¢ on each thermal producer’s profit.
We show diversified energy portfolios are always beneficial for thermal producers. However, the
profit consequences of increasing renewables for diversified thermal producers (i.e. 6 > 0) crucially
depends on ¢. That is, depending on the extent of §, increasing renewable supply can be beneficial or
detrimental for thermal producers. In fact, our model suggests there exists a unigue threshold ¢* for
which when thermal producers have a low share from renewable outcome (i.e. 6 < ¢*) their benefit
decreases with increasing renewable supply, but when their share is sufficiently high (i.e. § > §%),
increasing renewable supply is actually beneficial for them.

Appendix-Proposition 1 The payoff of each non-diversified thermal producer monotonically de-
creases with increasing renewable supply on the grid, i.e. % < 0if 6 = 0. However, the payoff of

each thermal producer always arises via diversification, i.e. % > 0.
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Proof of Appendix- Proposmonl Due to Theorem 2, 06 = % > 0, and aq‘ = (_fﬁgz; thus
%‘g + 8 =R - _L)> 0. Moreover,
ol; _ dp SR dqi R\ dq;
—= — |gi+—|+p|l—=+—-|-rv—=0.
a5 96 (q ) p(a(s n) 86
N—— N
>0 >0 >0
N — op _ B 6ql —
ext, assume 6 = 0. Thus, IR = a1 < 0, and (n +1) < 0. Moreover,
oll;  dp 3611 0q;
aR ~ oRT PR TV oR
-1
= i+ (p—-y)— <0,
+1 (P y)n +1

where the last inequality holds because p —y > 0.

Appendix-Proposition 2 There exists a unique 6* € (0,1) such that if 6 < 6" then with increasing
renewable supply the profit of each diversified thermal producer decreases, i.e. %H < 0. However, if
0> 6 then each diversified thermal producer will be better off with increasing renewable supply, i.e.
%o

Proof of Appendix-Proposition[2] Due to symmetry, the profit of each thermal producer at the
equilibrium can be written as IT; = (g; + 6R/n)p — yq; = % [(Q +6R)p —yQ], recall that Q =
2.+, gi = ng; (at the equilibrium). Further, due to Theorem 2, p = ﬁ(a + B(=R+ 6R) + ny) and
0= m(a —v — B(R+ 6R/n)). Plugging p and Q into the profit of the thermal producer i gives

IT;

S | =

[(Q +dR)p - yQ]

1
Bn(n+ 1)

(a + B(-R + 6R) + n)/)(n(a/ —vy)—B(mR+6R) + B(n+ 1)(5R)

n+1

- yn(a -y —-B(R+ 6R/n))]

Let us define A = [...] (note that the roots of ‘m‘ and aR are equivalent). Thus,

0A 0
R ’8;+1 )(n(a—Y)—,B(nR+5R)+/3(”+1)6R)
. _/3(5+n2:§n+ 1)5B(a+ﬁ(—R+6R) +”7)

[+
+ynB |l +—

n
= f(9).

It is easy to see that f(§) is quadratic in &, thus it looks like f(8) = x6 + yd + z (where x,y,and z

are all independent of 9). First note that x = zﬁ z_ﬁn > 0, thus f(0) is convex. Next we show f(0) has
a unique zero lying between zero and one. To achieve this we show f(0) < 0 and f(1) > 0 (see the
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following figure) since f(0) is continuous and quadratic thus has unique zero in (0, 1).

—y) - BnR
f(0>=—ﬂ(”(” 1) - B )—nnfl(a—ﬂR+n7)+7nﬁ
_ g,
=~ (a-y-$R)
<0

where the last inequality holds since @ —y — SR > 0.

f)=ynp (1 + l)
n
> 0.

Figure 1: There exists a unique 6* € (0, 1) for which the behavior of I1; with respect to R switches.

A

f(3)

0>f(0(; /

Since f(1) > 0 and f(0) < 0, thus there exists a unique ¢* € (0, 1) for which f(6*) = 0.
As a result, %I(;:g* = 0, and consequently, %|5<5* < 0and %|§>5* > 0, completing the proof.

6. PRICE VOLATILITY: GENERAL SPATIAL CONFIGURATIONS

In this section through examples we aim to consider the effect of general correlation structures on
the price volatility. Importantly, we show comparison of price volatility among different network
structures crucially depends on the way that the underlying structures are normalized. To this end, we
consider three normalizations as follows.

6.1 Normalization 1: Fixed distance between any neighboring plants

We consider path, cycle, barbell and complete network structures, depicted in the following figure.

We assume the distance between any two immediate neighbor plants is normalized to 1,
and in any network d(¢;,{;) is the shortest distance between plants i and j within the network (thus
d(¢;,€;) = 0 for all i). We assume o> = 1. To capture that correlation in renewable supply at any two
plants, i.e. k; ;, decays with their distance we assume «;, ; = 74t where 0 < ¢ < 1 is the decay
factor and d(£;,{;) is the shortest distance between the plants. For example, the variance-covariance
matrix of the above Barbell and Path networks are as follows:
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Figure 2: Cycle, Complete, Path and Barbell network structures.
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In this section we assume 8 = 1. Applying Proposition 1 we can characterize the price volatility
for the above configurations. Figure 3 visualizes the price volatility of these networks when the
decay factor varies from O to 1, with different share for thermal producers from renewable supply,
i.e. 6. Consistent with Proposition 1 price volatility decreases with increasing ¢. In addition price
volatility decreases with increasing the decay factor. This is because decay factor inversely related
to the distance between the plants. Thus, high decay factor means low distance among the plants,
decreasing the price volatility which is due to the lower misscoordinations among (close) competitors.
In addition, with changing the decay factor and ¢, price volatility in these networks uniformly follows
a pattern that Varpyn (p) = Varcycle(p) 2 Varpaen(p) = Varcomplete (P)-
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Figure 3: Price volatility in Cycle, Complete, Path and Barbell networks with respect to the decay factor
{ € (0,1) when thermal producers own some share from renewable outcome, i.e. § = .3,.5,.7,.9. Price
volatility in the Path (Complete) structure is uniformly higher (lower) than the others.
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6.2 Normalization 2: The same distance for the farthest plants

For this normalization we compare Path and Barbell structures, given that the distance for their
farthest plants is the same. In the Path network the correlation between any two “neighboring” plants
is £, where ¢ € (0,1) is the decay factor. However, the Barbell network consists of two cliques
located far from each other. In each clique the correlation between any two neighbor plants is {. But,
since by this normalization, in the Path and Barbell networks the distance between the two farthest

plants should be the same, thus the correlation between the two farthest plants in these networks is
gmaximum distance _ é/Zn—l.

Figure 4: Path and Barbell networks. The same distance for the farthest plants.

1 unit Path

o 12 © ® @ 2]

2n-3 units

Barbell

Now, suppose the decay factor changes from zero to one. Then, as shown in Figures 11 and
12, in contrast to the previous case, price volatility with this normalization does not change uniformly
in these network structures. In fact, when decay factor is small (i.e. low correlation in renewable
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supply for neighboring plants) price volatility in Path is higher than Barbel structures. But, when
decay factor is sufficiently high (i.e. high correlation in renewable supply for neighboring plants) then
price volatility in the Path structure is lower than the Barbell.

Figure 5: Barbell vs Path networks (Effect of distance). When nodes are close (i.e. high (), the price
volatility in the path network is lower. However when nodes are far (i.e. low (), the price volatility in the
barbell network is lower.

price volatility (number of plants=10)

price volatility (number of plants=16)

°

price volatility (number of plants=24)
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Figure 6: Barbell vs Path networks (Effect of size). The same intuition as in the above.
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6.3 Normalization 3: The same total correlation

In this normalization we assume the total correlation in the underlying structures is the same, i.e.
szstructurel = fixed.

The construction is as follows. Let us start with a path network with 2n nodes. In the path
network the corresponding variance-covariance matrix (i.e. Zp,,p) is such that (for a given decay
factor £ € (0,1)) the Cov(6;,6;) = ¢ dij  where d; 7 denotes the length of the shortest path from i to j
on the path.

1 ( 52 L é«Zn—l

é/ 1 é/ .. §2n72

| €01 e
§2r:l—l §2n—2 gzn—3 . _. 1

Next moving to the barbell and the complete networks, the constructions of their variance-
covariance matrices need to satisfy ITZCOmpletel =1T3p il = 17254 pen 1 (resulting in normal-
ization in the total correlation). As a result, for the Barbell structure that consists of two cliques (each

with n nodes), the Cov(6;,6;) = gp if i # j and both belongs to a same clique, however, when i
17Spanl=2n
2n((a+l)n-1)"
be easily shown that with this g, 17 Zp 4,1 and 17 Zg,,pe1;1 will be equal. Following the same
ITZPa,h 1-2n
2n(2n-1)

and j are in different cliques then Cov(6;,6;) = aqp where a € (0,1) and g, = It can

argument, for the complete network we need to choose Cov(6;,6;) = g. where g. =
(for all i # j), so as to have lTZC,,m,,le,el =1"%p 1.
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I g - 9e
qc 1 q(,' PEEEEY qC

: : 1"Spanl —2n

ZComplcte =1 : e - 1= 4c (Uzn — Iop) + 1oy, qc = ﬁ
dc  4c - 1 g
ge - gc 1

A 17z 1-2 . _
YBarbell = (CZ EZ), qp = 2’1((;‘:—’1)”_?), yp = axp (a is exogenous and lies in(0, 1))

where Ap, = g, (U, - I,) +1,, and Cp, = y,U,,.

With the above constructions we can now compare price volatility in the above structures.
Importantly, as is evident from the following figure, with this normalization the price volatilities
in these structures (the red, green and the blue lines/dots) are all the same, implying that network
structure becomes actually ineffective. The solid black line is the price volatility for the barbell
network with the previous normalization in which the distance between its two farthest nodes is equal
to the distance between the two end nodes of the path network, taken as a way for the normalization.

Figure 7: Barbell vs Path vs Complete networks (Network structure becomes ineffective when they all
have the same fotal correlation). This figure visualizes the effect of total correlation on the price volatility
for different network structures.
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