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Abstract

We analyze the effects of commonly employed renewable compensation policies on firm behavior
in an imperfectly competitive market. We consider a model where firms compete for renewable
capacity in a procurement auction prior to choosing their forward contract positions and compet-
ing in wholesale electricity markets. We focus on fixed and premium-priced feed-in tariff (FIT)
compensation policies. We demonstrate that the renewable compensation policy impacts both the
types of resources that win the renewable auction and subsequent market competition. While firms
have stronger incentives to exercise market power in wholesale markets under a premium-priced
FIT, they also have increased incentives to sign pro-competitive forward contracts. Despite these
countervailing incentives, in net firms have stronger incentives to exercise market power under the
premium-priced policy. We find conditions under which renewable resources that are more corre-
lated with market demand are procured under a premium-priced design, while the opposite occurs
under a fixed-priced policy. If the cost efficiencies associated with the “more valuable” renewable
resources are sufficiently large, then welfare is larger under the premium-priced policy despite the
stronger market power incentives in the wholesale market. Finally, we consider incumbent behavior
in the renewable auction when competing against entrants with more valuable resources.
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1 Introduction

Reducing greenhouse gas emissions has become an increasingly important economic issue world-
wide. Governments often employ policies to motivate the deployment of renewable generation to
reduce the reliance on fossil fuels in electricity markets. There has been an increased use of com-
petitive auctions for contracts to deploy renewable resources. As of July 2017, forty-eight countries
have adopted renewable auctions to subsidize renewable energy (Attia et al., 2017).! There is sub-
stantial heterogeneity in the details of these procurement auctions. One important detail is the
form of compensation that firms receive when they win a contract to build renewable capacity.

In this paper, we analyze the impacts of different compensation policies in renewable pro-
curement auctions in an oligopolistic setting where firms have market power and can invest in
potentially heterogeneous renewable resources. We focus on the two most widely used compen-
sation policies: a fixed-priced and premium-priced Feed-in Tariff (FIT).? Under a fixed-priced
FIT, firms that win a contract receive a fixed-price per unit of output that is independent of the
wholesale market price. Alternatively, under a premium-priced FIT firms receive the wholesale
price plus a fixed mark-up (premium) per unit of output.®* We demonstrate that the renewable
compensation policy has important effects on both the nature of competition in wholesale markets
and the characteristics of the renewable resources that win the renewable procurement auction.

We employ a model where the regulator specifies a fixed quantity of renewable capacity that
it aims to procure. Then, firms compete in a renewable procurement auction to deploy renewable
capacity before competing via Cournot competition in a wholesale spot market. An important
additional feature that needs to be considered when modeling firm behavior in electricity markets
is the presence of forward markets in which firms trade in advance of the wholesale market to supply
output at fixed prices. Forward contracts have been found to reduce market power incentives in
the wholesale spot market (Wolak, 2000; 2007). Consequently, after the renewable auction, we
allow firms to choose forward contracts before competing in wholesale spot markets.

We find that firms have a stronger incentive to exercise market power in the wholesale spot
market when their renewable generation is compensated under a premium-priced compared to
a fixed-priced FIT. This arises because renewable output is compensated at the prevailing spot
price. As renewable output expands, firms have a stronger incentive to withhold production from
conventional generation in order to mitigate the reduction in spot market prices that is paid both
to their conventional and renewable generation output.

In addition, we find that increases in renewable output have an ambiguous impact on firms’

incentives to sign forward contracts. Firms expand their forward output as renewable output

!For example, renewable procurement auctions were implemented in 2017 in numerous countries including Ar-
gentina, Canada, Chile, France, Germany, Japan, Mexico, Turkey, and United Kingdom (REN21, 2018).

2See Couture and Gagnon (2010) and CEER (2017) for an overview of different compensation approaches.

3 Jurisdictions such as Alberta Canada and the United Kingdom implemented policies that include a fixed-priced
per unit of output (AESO, 2016; REN21, 2018). Alternatively, countries such as China, France, Germany, and
Spain implemented policies that included elements of premium-priced FITs (CEER, 2017; REN21, 2018).



expands under a premium-priced FIT, while they reduce their forward quantities when a sufficiently
large proportion of their renewable output is compensated at a fixed-priced FIT. This arises because
of the larger strategic incentive to forward contact in the premium-priced setting. This result is
in contrast to the previous literature which has found that forward contracting unambiguously
declines as renewable output expands (Ritz, 2016; Acemoglu et al., 2017). The increased incentive
to forward contract under the premium-priced FIT mitigates some of the elevated incentives to
exercise market power in the spot market, but prices remain unambiguously higher under the
premium-priced setting for a fixed quantity of renewable capacity.

In our model, firms compete in a renewable auction where the identity of the winner of the
auction impacts firms’ subsequent wholesale profits. Consequently, firms internalize the impact
that the allocation of renewable capacity has on their subsequent profits when making their bidding
decisions. In this setting, we demonstrate that the renewable compensation policy affects the types
of resources that win the renewable auction. Under a premium-priced FIT, we identify conditions
under which the “more valuable” renewable resource wins the procurement auction.* The opposite
result arises under the fixed-priced FIT. If the cost-reductions from the more efficient renewable
resource is sufficiently large, then the efficiency gains of the more valuable renewable resource being
adopted under the premium-priced FIT dominates the elevated market power observed in the spot
market. This results in an overall increase in welfare under the premium-priced FIT. These findings
emphasize the various trade-offs under the premium-priced and fixed-priced FIT environments, and
stress the importance of accounting for both the endogenous adoption of heterogeneous renewable
resources and the nature of market competition.

We extend the baseline model to allow a potential entrant to compete for the renewable capacity.
Under a fixed-priced FIT, the least valuable renewable resource continues to win the auction
regardless of ownership. However, under the premium-priced FIT, an incumbent wins the auction
if the cost of production from conventional resources are sufficiently large or the entrant’s potential
renewable resource is not substantially more productive in high demand hours than the incumbents’
potential renewable investment. Importantly, we identify conditions under which an incumbent
with a less valuable renewable resource wins the auction to prevent entry.

Section 2 discusses our contribution to the literature. The model is detailed in Section 3.
Section 4 presents the equilibrium results for the forward and wholesale (spot) markets. We detail
the solution to the renewable auction in Section 5. Section 6 introduces a competitive fringe into

our model. Section 7 concludes. The proofs of all formal results are presented in the Appendix.®

4In our model, we define more valuable resources as renewable resources whose output is more correlated with market
demand (and market prices), and assume that the renewable resources generate the same output in aggregate across
all time periods. This abstracts from the setting where there is a renewable resource that is less correlated with
demand, but generates more in aggregate across all time periods. Brown and Eckert (2018) demonstrate that
the renewable resource whose less correlated with market demand may win the renewable auction if its aggregate
market output is sufficiently larger than the resource whose output is more correlated with demand.

SBrown and Eckert (2018) present a Technical Appendix with additional findings and robustness checks.



2 Related Literature

There exists a large literature that investigates the trade-offs associated with different renewable
compensation policies. These studies often assume markets are perfectly competitive or that output
decisions are made by a central planner or system operator, focusing on the incentives for renewable
investment created by different compensation mechanisms (e.g., Lesser and Su (2008), Garcia et
al. (2012), Ambec and Crampes (2017), Antweiler (2017), and Schneider and Roozbehani (2017)).

Several recent articles consider the implications of wholesale market power on the effectiveness
of different forms of renewable compensation. In a closely related study, Oliveira (2015) considers
a two-stage model in which firms with exogenous conventional generation capacity first choose
investments in renewable capacity, and then act as Cournot competitors in the spot market. The
author compares outcomes when renewable generation is compensated by a fixed-priced versus a
premium-priced FIT. The author highlights results that also emerge in our analysis; while premium-
priced FITs can result in greater exercise of market power, premiums also provide a stronger
incentive to invest in renewable capacity with production more highly correlated with demand.

Our paper differs from Oliveira’s (2015) analysis in several ways. We introduce forward markets,
which play an important role on firm behavior. Our model allows firms to own a combination of
fixed-priced and premium-priced FIT renewable contracts. We model renewable procurement
auctions that are increasingly employed in practice. This form of procurement has important
impacts on strategic behavior as firms consider the impact of their rivals’ winning the auction on
their subsequent wholesale profits when making their bidding decisions. In addition, we consider
the relative incentives of incumbents and new entrants to invest in renewable generation under
different compensation policies.®

Our study is also related to a recent literature that considers the interaction of increased
penetration of renewables with forward markets. It has been established in prior studies that
firms’ incentives to exercise market power depend critically on the quantities committed to through
forward contracts signed in advance at fixed prices (e.g., Allaz and Vila, 1993; Wolak, 2000,
2007; Bushnell et al., 2008). Ritz (2016) extends the strategic forward-contracting model of Allaz
and Vila (1993) to consider the effect of intermittent renewables production owned solely by a
competitive fringe, and finds that renewable output reduces firms’ forward quantities.”

In contrast, Acemoglu et al. (2017) examine the effect of shifting ownership of renewable ca-
pacity from non-strategic third parties to oligopolists who also operate conventional generation in

a Cournot setting with forward markets.® The authors demonstrate that the “merit order” effect

6Regarding strategic behaviour, our paper is related to von der Fehr and Ropenus (2017), who consider the potential
for foreclosure by a dominant firm through its behaviour in a market for tradeable green certificates.

"Similarly, Twomey and Neuhoff (2010) use monopoly and Cournot duopoly models with forward contracting and
wind generation owned by a competitive fringe. The authors find in their setting that permitting market power
may disadvantage intermittent renewable generation and reduce the incentives for investment.

8See also Genc and Reynolds (2017) for an analysis of the effects of renewable generation ownership in the setting
of a dominant firm with a competitive fringe.



through which increased renewable generation reduces market prices is weakened as the propor-
tion of renewable capacity owned by the Cournot producers increases.’ Conventional generators
who also own renewable capacity have an incentive to withhold conventional generation. While
instructive, certain assumptions limit the generality of their results. In particular, the authors
assume that conventional generators hold an equal amount of renewable capacity. We demon-
strate that this assumption proves to be an important driver of their result that renewable output
unambiguously lowers forward contracting incentives.

Notably, Ritz (2016) and Acemoglu et al. (2017) take the ownership of renewable capacity as
exogenous. To the best of our knowledge, limited attention has been paid to the design of competi-
tive process to procure renewable capacity, and how behaviour in these competitive mechanisms is
related to the form of compensation policy.!? In a recent contribution, Voss and Madlener (2017)
model auction mechanisms for renewable capacity in the context of Germany. However, their focus
is on the design of the auction as opposed to the form of the compensation mechanism.!!

Lastly, our approach is related to two strands of literature where firms undertake investments
or purchase products in auctions anticipating how the outcome of these transactions impact sub-
sequent payoffs in future interactions. The innovation literature considers the incentives for firms
with market power and facing potential entry to invest in cost-reducing technologies (see Gilbert
and Newbery (1984) for a seminal contribution to this literature). As well, there is a growing
literature on auctions with allocation externalities, in which the sale of product(s) in an auction
affect subsequent payoffs. As a result, firms consider the identity of the winning bidder(s) when
they make their bidding decision(s) (e.g., see Jehiel et al. (1996) and Aseff and Chade (2008)).

3 Model

In our baseline model, two firms compete to supply a homogeneous product (electricity) in
t=1,2,...,T periods. We consider a multi-stage game. In the first-stage, the regulator organizes a
renewable auction to procure a specified amount of renewable capacity R > 0. Both firms have ex-
isting conventional (non-renewable) generation capacity. In the second stage, firms simultaneously
choose quantities qift to sell in the forward market at a price Pf; for each future periodt =1,2,...,T.
In the third stage, taking forward contracted quantities as given, the firms compete in a (wholesale)
spot market by simultaneously choosing quantities ¢;; for each period t =1,2,....T.

Market demand in the spot electricity market is given by P,(Q;) = oy — 5; @y, where oy > 0,
By > 0, and Q; = q1¢ + qo; reflects total output from both conventional generation and renewable

output. Define R; > 0 to be firm i’s renewable capacity in the spot market with capacity utilization

9Empirical estimates of the merit order effect can be found for example in Ciarreta et al. (2017) for Spain, Lunackova
et al. (2017) for the Czech Republic, Woo et al. (2016) for California, and Cludius et al. (2014) and Wurzburg et
al. (2013) for Germany and Austria.

0There is a small related literature on the interaction between forward markets and the incentives for capacity
investment; see for example Murphy and Smeers (2010) and Ferreira (2014).

"See also Butler and Neuhoff (2008), Becker and Fischer (2013), and Shrimali et al. (2016) for discussions of
auctions for renewable capacity in different jurisdictions, and comparisons to other procurement mechanisms.



i+ € [0, 1] resulting in renewable energy output ;;R; > 0 for each i = 1,2 and t = 1,2,...,T. For
expositional purposes, we assume the realization of 6;; is deterministic and common knowledge
among all players in each stage; Brown and Eckert (2018) demonstrate that our findings extend
to the setting with stochastic renewable output. Define ¢; — 0 R; to be firm i’s output from
conventional (non-renewable) generation. Firm ¢’s cost function for conventional generation is
given by Ci(qit, 05 Rs) = % (qir — 0 R;)?, where ¢ is a positive constant.

Renewable output is compensated either by a fixed-price FIT P; per-unit or by a premium-
priced FIT which compensates renewable supply at the spot market price plus a mark-up (pre-
mium) m,;. Consequently, the premium-priced FIT results in per-unit compensation P,(Q;) + m;.
Define §; € [0,1] and 1 —¢; € [0, 1] to be the fraction of firm i’s renewable output that is compen-
sated at a fixed-priced FIT and a premium-priced FIT, respectively.

At the renewable procurement auction phase, the regulator specifies a fixed amount of renewable
capacity R > 0 that it aims to procure. We consider a winner-take-all auction where firms compete
to win the rights to a contract to construct the R units of renewable capacity.!? Define F; > 0
to be firm ¢’s fixed cost of building the new renewable facility. The fixed cost of investment is
common knowledge to all firms. The firms simultaneously and independently submit bids in the
procurement auction. In the fixed-priced FIT setting, a firm’s bid reflects the fixed-priced contract
it is willing to accept in order to build the renewable facility. In the premium-priced FIT setting,
the bid reflects the premium above the spot market price the firm has to be paid in order to build
and operate the facility. For either renewable compensation policy, the contract is awarded to the
firm with the lowest bid, who is compensated according to its bid.!3

Similar to Allaz and Vila (1993) and Bushnell (2007), we assume that firms’ forward positions
are public knowledge, firms are risk-neutral, and forward and spot market prices are efficiently
arbitraged resulting in forward market prices equaling expected spot market prices. We solve for
the Subgame Perfect Nash Equilibrium (SPNE) using backward induction.

4 Forward and Spot Market Equilibrium

We first solve for the equilibrium outcomes in the forward and spot market periods for a given
amount of renewable generation capacity R; > 0 owned by each firm. This allows us to demonstrate
how the presence of renewable generation capacity impacts the nature of competition, and how

these effects vary with the prevailing renewable compensation policy.
4.1 Spot Market Equilibrium

Consider the third stage spot market where for each firm ¢ = 1,2, renewable capacity R; is

fixed, and forward market quantities q£ have been chosen and committed at price PZJ: for each

2In practice, firms exploit economies of scale and undertake lumpy renewable capacity investments. We focus on
a setting where a single firm bids to supply the fixed quantity of renewable capacity. Section 7 emphasizes the
importance of future research that allows for multiple potential winners.

13We abstract from information asymmetries in firms’ fixed and variable cost functions. Incorporating information
asymmetries into the current model is a subject for future research.



t =1,2,....,T. For illustrative purposes, throughout the analysis we assume that ¢; — 6;;R; > 0
in equilibrium, so that each firm ¢ produces a positive amount of conventional generation in each

period ¢t.'* Firm ¢’s spot market profit in period t equals:
() = Pt(Qt)[Qit_‘gitRi_qift] — Cit(qit, 05 Ri) + P; 0; 0 Ri+[Po(Q) +mi) (1—6;) 0 Rz‘+Pftc C_If;- (1)

Firm ¢ sells ¢;; — 04 R; — qZ-J; units of conventional output that is compensated at the spot price.
If this term is positive (negative), then the firm is a net seller (buyer) in the spot market. For the
forward contracted output qf;, firm ¢ receives a fixed-price PZ{ which is taken as given in the spot
market. Similarly, a fraction §; € [0, 1] of renewable output ;; R; is compensated at the fixed-price

FIT (P;), while a portion 1 — §; is compensated at the spot price plus a premium (P,(Q;) + m;).

Firm ¢’s payoff maximizing total output for a given level of forward contracting is defined by:

87%(%1&; QQt)

Oqit = P/(Q:)[git — 0; 0 R; — qf;] + P(Qy) — Ci(qy) = 0. 2)

Condition (2) demonstrates that firm i’s marginal revenue converges to the spot price P;((Q;)
as the amount of forward contracted output (qj;) and renewable output that is compensated at
the fixed-price FIT (§;0;:R;) converges to its total spot market output (g;;). This induces firm i to
behave more like a perfectly competitive firm. This captures the well-established pro-competitive
impacts of forward contracting (e.g., Allaz and Vila (1993)). As the amount of renewable output
that is exposed to market prices increases (e.g., §; decreases), firm i’s has a stronger incentive to
withhold output to elevate market prices because the higher price is passed onto its renewable
output that is compensated at the prevailing spot price.

Lemma 1 summarizes how changes in critical variables impact the firms’ spot-market output

decisions, holding all else constant.'®

Lemma 1. For each period t = 1,2,...,T and firms 4, j = 1,2 with ¢ # j, and for a given level of

forward quantities, the equilibrium output in the spot electricity market changes as follows:

. Oq}, . dq;;” . 0q;}, . O
. 1); J— LA . ] ~1.0): ' 1)
O B.r, € OV 0 g ks, 7 0 U Gy, © RO W) e (00)
. — —1,0); == > 0; d St .
(v) 8q§} € (=1,0); (vi) 26, >0; and (vii) 75, <

Lemma 1 provides several findings. From (%), an increase in firm i’s renewable output increases

its total output, but at a rate less than 1. This captures the “merit order” effect where oligopolistic

This requires that renewable generation is not sufficiently large such that conventional generation is reduced to
zero. In the Conclusion, we emphasize the importance of future research that considers renewable curtailment.
15We provide a detailed summary of the equilibrium spot market price, aggregate output, and each firm’s optimal

total quantity for a given level of forward quantities and renewable capacity in the Proof of Lemma 1.



competitors reduce output from conventional generation as renewable output expands to mitigate
the price-reducing impact of renewable output expansion.'® From (77), the magnitude of this “merit
order” effect varies positively with ;. Intuitively, as ¢, falls, so that more of the firm’s renewable
output is compensated by a premium-priced FIT, the firm has a greater incentive to withhold
conventional generation. Result (7ii) follows from the fact that increasing firm j’s renewable
output increases its total output, and the outputs of the two firms are strategic substitutes.
Conditions (i) and (v) demonstrate the strategic commitment of forward contract expansion.'”
An increase in firm ¢’s forward quantity commits firm 7 to increase its spot market quantity, so that
it induces its rivals to reduce their output. Similarly, as firm ¢’s rival increases its forward quantity,
firm ¢ reduces its output because its rival is now committed to higher spot market quantities. From
(vi), an increase in the amount of renewable output that is compensated at the fixed-priced FIT
(6;) induces firm ¢ to increases its total output because less of firm i’s output is exposed to the
reduction in the spot market price as its output expands. Condition (vii) demonstrates that an
increase in firm ¢’s rival’s renewable output that is compensated at a fixed-priced FIT (4,) decreases

firm ¢’s spot market output because its rival will expand its output (as shown in (vi)).

Lemma 2. In the spot market equilibrium, for a given level of forward contracted quantities, for
each period t =1,2,....,T and i,j = 1,2 with i # j:

. _ _ Oq,—0uR; _ 0q;,—0iR; .
(i) If 6y = 09 = 1, then bk — ok < 0; and
9q;,—0it R; 9q;;,—0it R;

(11) If 51 <1lor 52 < 1, then < 0.

00, R; 90;,R;

Lemma 2 details how a firm’s output from conventional generation (¢, — 6;:R;) changes as re-
newable output increases. Condition (i) demonstrates that the change in conventional generation is
independent of who owns the renewable output when firms’ renewable output is fully compensated
at a fixed-priced FIT (6; = 62 = 1). Consequently, increased renewable output has no strategic
implications for the firm who acquires it. The only effect of a marginal increase in renewable
output is through its impact on reducing residual demand to be served by conventional generation
which is the same regardless of who owns the increased renewable output.

From condition (ii), when a portion of renewable output is compensated at the spot market
price (i.e., §; < 1), firm 7 reduces its conventional generation by more in response to an increase
in its own renewable output. This arises because as renewable output expands, it reduces the
spot market price paid to conventional generation and a portion (or all) of firm i’s renewable
output. Consequently, firm ¢ has a stronger incentive to reduce its flexible conventional generation
to mitigate the reduction in the spot market price.

A cursory examination of equation (2) suggests that renewable capacity and quantities com-

mitted under forward contracts may play similar strategic roles, as they both reduce the amount

16This effect has been highlighted in other studies (e.g., Ben-Moshe and Rubin, 2015; Acemoglu et al., 2017).
17For additional details, see Allaz and Vila (1993), Wolak (2000, 2007), Bushnell (2007), and Bushnell et al. (2008).



of total output subject to the spot price, and potentially reduce the incentive for market power.
The different strategic implications of changes in forward contracting and renewable output on

equilibrium spot market quantities is investigated in Proposition 1.

Proposition 1. In the spot market equilibrium, for each ¢ = 1,2 and period t =1,2,...,T"

oq;; > g,
0 R; < o,

as  Ci z (1 —6)0;.

Suppose §; = 1 such that firm i’s renewable output is compensated at a fixed-price FIT. From

043 043,
P B0l g,
expands (holding forward contracting constant) compared to an increase in forward contracting.

Proposition 1 such that the increase in firm ¢’s output is larger when renewable output
When §; = 1, increases in renewable output and forward contracting both increase the quantity of
output that is compensated at an exogenous price. Hence, renewable output has a similar strategic
commitment effect as forward contracting in the spot market. However, expanding zero-marginal
cost renewable output also reduces firm i’s production cost for any level of total output ¢, (Recall
Ciu(-) = % (g5 — 0 R;)?). This additional cost-reducing effect motivates firm i to increase its total
equilibrium output by more in response to an increase in renewable output.

9q* 9a*
cost and increases output committed at a fixed price (if §; > 0), this also lowers the spot market

if ¢;; is sufficiently small. While expanding renewable output reduces

price that is paid to conventional generation and a portion (or all) of renewable output. This latter
effect can dampen firm ¢’s incentive to increase its spot market quantity in response to increased
renewable output by a sufficiently high amount that firm ¢ increases its spot market output by

more in response to an increase in its forward committed quantity.
4.2 Forward Market Equilibrium

Following Allaz and Vila (1993) and Bushnell (2007), we assume that forward markets are
sufficiently liquid that there are no arbitrage opportunities, so that forward market prices equal
expected spot market prices. Consequently, using (1), firm 4’s profit function evaluated at the spot

market quantities can be rewritten as:

Wit(qit(Q{ta qgt)a QZt(Q{ta qgt)) = Pt(QI (Q{ta qgt))[q;t(qfw qgt) - eitRi] - Cit(q:t<qft7 qgt)

+ P80y Ri + [P(Q; (aly ad) +ma] (1 — 6,) 04 Ry, (3)

where ¢, (¢, ¢f,) and ¢, (¢/,, ¢J,) are the equilibrium third stage spot quantities of each firm.

Lemma 3 characterizes the equilibrium forward quantity decision for each firm ¢ = 1, 2.

Lemma 3. For each period ¢, in equilibrium firm ¢’s forward quantity decision is determined by:

/ * aq:< / * * aq*
Pl(Q;) ¢, Jf + P/(Q7)lg; — 0i 0 Rz]_th = 0. (4)
943y Iq;



The first term in (4) is negative and reflects the direct effect of forward contracting. Holding
rival firm j’s spot market quantity constant, an increase in q{; increases firm ¢’s spot quantity
(Recall Lemma 1). This lowers the spot price and revenues earned on the qz-]; forward units,
reducing firm ¢’s incentive to expand its forward quantity. The second term in (4) is positive and
reflects the strategic effect of forward contracting. Holding firm ¢’s spot market quantity constant,
a unilateral increase in qj; reduces firm ¢’s rival’s spot market quantity ¢}, putting upward pressure
on the spot market price that is paid to ¢}, — §;0; R; units of output.!®
Proposition 2. Define S;; = P/(Q7)[q}, — 0; 0 Ri]%;;: to be the strategic effect of forward con-

tracting. Then:

05 5

00, R;

T o cit(2Bt+c; .o . . .
where 0;; = 5t(Bt+czi)+t%(32tgt+cjt) € (0,1) for 4,5 = 1,2 with i # ;.

>
20 as  9;

VIIA

Proposition 2 demonstrates that the impact of renewable output on firm i’s strategic incentive
to forward contract depends critically on the renewable compensation policy. Because the strategic
benefit of forward contracting is to reduce firm #’s rival’s spot market quantity, putting upward
pressure on the spot market price, this benefits firm ¢ to the extent that its output is sold at the
spot market price. When §; = 1, increasing 6;; R; decreases the quantity sold at the spot price
resulting in a weaker strategic effect. Alternatively, when §; = 0, increasing 0, R; increases firm

1’s quantity sold at the spot market price resulting in a stronger strategic effect. For intermediate

9Sit

values of 9; the relative magnitude of these two countervailing forces determine the sign of TN

Proposition 3. For each period t, in equilibrium the proportion of firm i’s total electricity output

that is covered by forward contracted output (‘2’—i) is strictly decreasing in 0; 0;; R;.
it

Proposition 3 demonstrates that firm i’s percentage of total spot output covered by forward
contracts decreases as either more renewable output is compensated at a fixed-priced FIT (¢;
increases) and/or as renewable output increases for any given level of d; > 0 causing the amount
of output that is compensated at a fixed-priced FIT to increase. This result reflects the findings
in Proposition 2 that a firm’s strategic incentive to forward contract is decreasing in renewable
output when a sufficiently large amount of the output is compensated at a fixed-priced FIT. No;cf;
9

as well that under our assumptions of linear demand and marginal cost curves, when §; = 0, "
it

becomes independent of 6 R; (see the proof of Proposition 3 for details).
Proposition 4 demonstrates that the impact of renewable output on equilibrium forward con-

tracts depends critically on the renewable compensation policy.*?

BFurther discussion of the direct and strategic effects of forward contracting can be found for example in Brown
and Eckert (2017).
YEquilibrium forward market quantities and a formal definition of 6;; is presented in the Proof of Proposition 4.

10



Proposition 4. In equilibrium, for each period ¢t = 1,2,....,T and i,j = 1,2 with i # j:

(9q£*
90, R,

aQit*

0. 0 as (51-%;5\,-,56(0,1) and
il

< 0. (5)

VIIA

Proposition 4 finds that firm i’s forward contracted quantity qf;* increases (decreases) as its re-
newable output expands when J; is sufficiently small (large). This follows directly from Proposition
2 which demonstrates that the strategic incentive to forward contract is increasing (decreasing)
in its own renewable output when a sufficiently large portion of renewable output is compensated
under a premium-priced (fixed-priced) FIT. As a result, forward contracted quantities are higher
when both firms are subject to a premium-priced policy compared to a fixed-priced FIT.2°

Proposition 4 also illustrates that firm i’s equilibrium forward contracted quantity is strictly
decreasing in its rival’s renewable output. From Lemma 1, increasing firm ¢’s rival’s renewable
output reduces 7’s spot market quantity. As noted in the discussion of Proposition 2 above, a
reduction in firm ¢’s spot market quantity reduces its strategic incentive of forward contracting.

Proposition 4 demonstrates that an increase in a firm’s own renewable output has an ambiguous
impact on its forward contracting incentives. This finding is in contrast with Acemoglu et al.’s
(2017) result that forward contracts are strictly decreasing in renewable output in a setting where
0; = 0 for all 7 = 1,2. This result holds in a special case of our model where firms are symmetric
and both firms’ renewable output increases in equal proportion (as in Acemoglu et al.’s (2017)
analysis) for any value on §; € [0, 1].2! The reasoning for this result is as follows. Proposition 4

*

f S0l
finds that ;é’:& > (0 when §; is sufficiently small and 6?9313% < 0 for any ¢; € [0,1] with 4,5 = 1,2

and ¢ # j. If both firms are symmetric and we increase renewable output from both firms in

equal proportion, then the net effect of the increased renewable output is to decrease firm 7’s
forward quantity in equilibrium for any ¢; € [0, 1], generalizing the result in Acemoglu et al.’s
(2017) analysis. However, when firms are not symmetric and the renewable output of one firm
increases unilaterally, Proposition 4 illustrates that the change in forward contracted quantities is
ambiguous and its sign depends on the prevailing renewable compensation policy.

Proposition 5 compares equilibrium market outcomes when all renewable output is compensated

via a fixed-priced or premium-priced FIT.

Proposition 5. Define @, and Q" to be the equilibrium spot market quantity in period
t when 0; = 6, = 1 and 0; = Jo = 0, respectively. Then, in equilibrium: @, " > Q" and
Pt(Qt7ﬁ*) < Pt(th*) for all t = 1, 2, ey T.

Proposition 5 demonstrates that the equilibrium market-level spot quantity is higher and prices

20We also find that a firm ¢ strictly lowers its forward contracted quantity when renewable output expands, and
9q; : _
’ aeittRi -

f *
889(1_?3_ < 0 when §; = §; = 1). See Corollaries B1 and B2 in Brown and Eckert (2018) for additional details.

21See Proposition Bl in Brown and Eckert (2018) for a formal demonstration of this result.

this effect is identical regardless of who owns the increased renewable capacity when d; = d2 = 1 (i.e.
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are lower when both firms’ renewable output is compensated at a fixed-priced FIT compared to a
premium-priced FIT. While forward contracting incentives are stronger under the premium-priced
FIT in the presence of positive renewable output (recall Propositon 4), firms have an incentive
to withhold more spot market output under the premium-priced setting because the higher spot
market price is paid to both its output from conventional and renewable generation resources (recall
Lemma 1). Proposition 5 demonstrates that the latter effect dominates the former resulting in a
lower market-level output under a premium-priced FIT. As a result, spot market prices are higher

under the premium-priced setting for any given exogenous level of renewable capacity.

5 Renewable Procurement Auction

In this section, we investigate the first stage of the game where the regulator aims to procure
a specified level of renewable generation capacity in a winner-take-all auction. This allows us to
investigate the impact of renewable compensation policies on who wins the renewable procurement
auction, and on the nature of subsequent forward and spot market competition.

For analytical tractability, we assume that there is no existing renewable capacity and the
regulator aims to auction off a specified amount of renewable generation capacity R > 0. We
restrict attention to the case of symmetric conventional cost functions (¢; = ¢y = ¢). Further, we
assume that there are two periods: Low (¢t = L) and High (¢t = H). Market demand curves in
periods L and H differ by intercept (ay > «p), but have the same slope parameters (8, = By =
3).%2 Finally, we suppose that market demand to be served by conventional generation at a given
price is larger in the ¢ = H period regardless of whose renewable technology is employed in each
period (i.e., g — fOigR > oy — O, R for any i,j = 1,2).

We consider two settings based on how the renewable resource will be compensated: (i) fixed-
priced FIT (§; = d» = 1) or (ii) premium-priced FIT (§; = d5 = 0). The firms simultaneously
and independently submit bids for the renewable resource. Under a fixed-priced FIT, a firm ¢ bids
the fixed-price P; it is willing to accept to build the renewable facility. Under a premium-priced
FIT, a firm ¢ bids the premium m; it is willing to accept to build the renewable facility. The firm
that submits the lowest bid must pay a fixed cost F' > 0 and build the renewable facility. In the
case of ties, randomized rationing is assumed. The winning firm’s renewable compensation in the
subsequent spot market equals the bid that it submits in the renewable procurement auction.

We characterize the equilibrium outcome, taking into account subsequent behavior in the for-
ward and spot markets. Define (Q;Rj, @1 rj> Bt Rj> Q{;,Rw q{?Rj) to be the equilibrium market-level
output, firm-level outputs, and firm-level forward contracted quantities in period ¢t when firm j
wins the renewable capacity in the auction (which is represented by the subscript notation Rj).

Before proceeding to analyzing the renewable auction stage, we acknowledge a technical con-
sideration. Our renewable auction is modeled as a first price sealed-bid auction with complete

information. These assumptions have implications for Nash equilibria in the auction stage. The

22Brown and Eckert (2018) investigate the robustness of our results to these symmetry assumptions.
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complete information assumption implies that a best response to a rival’s bid may not be unique.
In particular, a firm’s best response to its rival’s bid may be to undercut their bid by some ar-
bitrarily small amount ¢ > 0. This could be resolved by assuming that firms bid on a discrete
grid (e.g., bids must be to the nearest cent). Further, the design of our auction means that there
can be multiple Nash equilibria. However, it is the case that in this setting, the Nash equilibria
involve the same renewable technology winning the auction. In what follows, we sidestep these
issues by focusing not on precise value of the winning bid, but on which renewable technology wins

the auction.
5.1 Fixed-Priced Feed-in Tariff

Suppose the regulator announces that the winning renewable resource will be compensated via
a fixed-priced FIT. Further, suppose initially that the firms compete in the renewable procurement
auction for a homogeneous renewable resource with the same capacity utilization profile in each
period: 017, = 0y, = 01, and 01y = 05 = 0. Lemma 4 characterizes properties of the subsequent

spot and forward market equilibrium outcomes.

Lemma 4. Suppose 01 = 6, = 1, 01, = 0o, = 0 and 01y = Oy = 0. In equilibrium, for each

period ¢ and 7, j = 1,2 with i # j, Qf p; = Q} o, qzzRi = thiZRj, and ¢}, g, = @iipj + 0 R

Lemma 4 illustrates that under the fixed-priced FIT, the equilibrium aggregate spot market
output and firm-level forward contracting is unaffected by the allocation of renewable capacity.
Further, when firm ¢ wins the renewable procurement auction, its spot market output increases
by the level of renewable output of its new renewable resource. This reflects the limited strategic
implications of renewable capacity in the setting with a fixed-priced FIT (Recall Lemma 2).

Define ﬁlmm to be the fixed-priced FIT that makes firm 7 indifferent between receiving the
renewable capacity and its rival receiving the renewable capacity. This reflects the minimum

amount that firm ¢ is willing to bid into the renewable procurement auction when §; = do = 1.

Lemma 5. Under the fixed-priced FIT:

P, = W — m t;}{ AlTG for each 7,57 =1,2 with i#j  (6)

t=L,H t=L,H

where AHz‘C,tom = Hfﬁ%ﬁ—ﬂfiﬁ% = Pt(Q;‘:Ri) [qzt,Ri_eitR]_Cit(QZt,Ri)_[Pt(Q;Rj) th,Rj_Oit(th,Rj)}'

Lemma 5 characterizes each firm’s minimum fixed-priced bid. The first term in (6) reflects
average fixed cost. The second term includes AII™ = IIT 7% — TICPR which reflects the change
in firm 4’s spot market profits earned by its conventional generation in period ¢ when it wins the
renewable resource compared to when its rival j wins the renewable capacity.

Proposition 6 ranks the firms’ minimum bids in the homogeneous renewable resource case.
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—min —=min

Proposition 6. Suppose 6 = 0 =1, 01, = b, =01, and 61y = 0oy = 0y. Then, P, =P, =

F
tz;ﬂem'

Proposition 6 finds that both firms are willing to bid as low as the average fixed cost of the
renewable resource. In the symmetric renewable resource setting, renewable capacity has the same
effect on a firms’ conventional generation spot market profits regardless of who owns the resource
(i.e., the second term in (6) equals zero). This arises because there is no strategic benefit of owning
the renewable capacity in a setting with a fixed-priced FIT. From Lemmas 2 and 4, an increase in
renewable output that is compensated at an exogenous price simply reduces the residual demand to
be served by the strategic firms’ conventional generation. This results in intense price competition
in the procurement auction where the unique equilibrium entails both firms bidding at average
fixed cost and winning with probability % under randomized rationing.

Now we consider a setting where the firms have heterogeneous potential renewable capacity
investments. Assumption 1 considers a setting where firm 1 has a less valuable potential renewable
resource that generates more output in the lower demand period (¢ = L) and firm 2 has a more
valuable renewable resource that generates more in the high demand period (t = H). However,
both renewable investments generate the same aggregate amount of electricity, but the production

is distributed differently across the two periods.
Assumption 1. Suppose that 01L > 02L, 6’1H < 92H7 and 91L + 01H = 92L + 92[—[ .

Proposition 7 ranks the firm’s minimum bids in the heterogeneous renewable resource setting.?

—=min

Proposition 7. Suppose d; = o = 1 and Assumption 1 holds. Then, F;nm < P,

Proposition 7 demonstrates that the firm with the less valuable resource (firm 1) is willing to
accept a lower price in the renewable auction (i.e., P} < P, ). The intuition behind this result
is the following. Under the specified conditions, using (6), P, = < P, holds when:

(57 — IS0 + (N5, — T€9%,) > (055 — TS5%) + (U575, — U575 . (7)

~~ ~~ ~~
Conv Conv Conwv Conv
AHI,H AHLL AH2,H AH2,L

From Assumption 1, firm 1 (firm 2) has the less (more) valuable renewable resource which
generates more output in the low demand (high demand) hour. Regardless of who wins the
renewable auction, spot market profits from conventional generation decreases in the presence of
renewable output because the spot price decreases. This price reduction is larger in the high (low)
demand hour when firm 2 (firm 1) wins the renewable procurement auction under Assumption 1.
Consequently, if firm 1 wins the renewable auction its conventional generation spot market profit

is higher (lower) in the high demand (low demand) hour compared to the case where firm 2 wins

ZUsing numerical simulations, Brown and Eckert (2018) relax the symmetric cost and demand slope assumptions
in order to illustrate that the conclusions in Proposition 7 holds more generally.

14



the renewable auction (i.e., AII{%" > 0 and AII{9™ < 0). Similarly, if firm 2 wins the renewable
auction its conventional spot market profit is higher (lower) in the low demand (high demand) hour
compared to the case where firm 1 wins the renewable auction (i.e., ATI§%" < 0 and AIISF™ > 0).

The increase in firm 1’s conventional spot profit during the high demand hour by winning
the procurement auction exceeds the increase in firm 2’s conventional spot profit during the low
demand hour when it wins the renewable auction (AII{%" > AIIF9™). Further, the reduction in
firm 1’s conventional spot profit during the low demand hour by winning the procurement auction
is less than the reduction in firm 2’s spot market profit during the high demand hour when it wins
the renewable auction (JAIIT9™| < |AII§4]). Hence, inequality (7) holds.

To summarize, the firm with the less valuable resource has an incentive to win the renewable
auction in order to prevent its rival with the more valuable renewable resource from winning the
auction and suppressing both firms’ subsequent conventional generation spot profits. As a result,
firm 1 wins the renewable procurement auction by undercutting its rival’s minimum bid Pmm by

some small amount € > 0.%4
5.2 Premium-Priced Feed-in Tariff

Suppose the regulator announces that the winning renewable resource will be compensated
via a premium-priced FIT. Further, suppose initially that the firms compete in the renewable
procurement auction for a homogeneous renewable resource with the same capacity utilization
profile in each period: 6 = 0y, = 01, and 01y = 0y = 0. Lemma 6 characterizes properties of

the subsequent spot and forward market equilibrium outcomes.

Lemma 6. Suppose 0; = 0, = 0, 01, = 0>, = 0, and 01y = O3y = Oy. In equilibrium, for each
firm 4,7 = 1,2 with ¢ # j, the following inequalities hold in each period ¢: (i) Qﬁ,m - qz{;Rj > 0;

Lemma 6 demonstrates several useful findings. Inequality (i) demonstrates that a firm’s forward
contracted quantities are higher when it is allocated the renewable capacity (recall Proposition 4).
Inequality (ii) demonstrates that a firm’s total spot market quantity is higher when it receives the
renewable capacity. Inequality (iii) demonstrates that firm i’s conventional generation is higher
when its rival receives the renewable capacity. This arises because firm ¢ withholds conventional
generation when it is able to produce a positive amount of zero marginal cost renewable output.

Define m™ to be the premium above the spot price that makes firm ¢ indifferent between it
and its rival receiving the renewable capacity. This reflects the minimum amount that firm ¢ is

willing to bid into the renewable procurement auction.

Lemma 7. Under the premium-priced FIT:

24Formally, this represents an epsilon-Nash Equilibrium in the renewable auction. However, a standard Nash
Equilibrium arises if we focus on a setting where the firms submit bids on a grid (e.g., in cents) and firm 1 slightly
undercuts its rival’s minimum bid on the grid of possible offers. A similar result follows when d; = d2 = 0 below.
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min __ F 1 Spot .. . . .
m; = W — W t:;H AHi,t for each 1,) = 1, 2 with ¢ 7é ] (8)

t=L,H t=L,H

Spot __ 11Spot Spot
where AHi,fo = Hi,ff;%i - Hi,z(})?,j = Pt(Q;Ri)q;t,Ri - Oit(th,Ri) - [Pt(Q;Rj)th,Rj - Cit(%it,Rj)]'

Lemma 7 characterizes each firm’s minimum premium-priced bid. The first term in (8) reflects
the average fixed cost. The second term includes AILT" = Hf P — Hf r%; which reflects the
change in firm 7’s total spot market profits in period ¢ earned by both its conventional and renewable
generation when it wins the renewable resource compared to its rival j wins the renewable capacity.
Unlike the minimum bids in the fixed-priced setting illustrated in (6), firms consider the impact
of owning the renewable capacity on their total spot market profits because renewable output is
exposed to spot market prices. This has important implications on bidding incentives.

Proposition 8 ranks the firms’ minimum premium-priced bids in the homogeneous renewable

resource case.

Proposition 8. Suppose §; = 0y = 0, 01, = 0o = 01 and 015 = O = 0. Then, mP" = mi" <
F

> 0aR”
t=L,H

Proposition 8 demonstrates that a firm is willing to bid for the renewable capacity below its
average fixed cost because a firm’s total spot market profits are higher when it owns the renewable
resource compared to the rival owning the resource (i.e., the second term in (8) is positive). If both
firms have symmetric marginal cost, both firms’ incentives to deter their rival from owning and
operating the renewable resource are symmetric such that m = mZ*". This results in intense
competition in the procurement auction where the unique equilibrium entails each firm ¢ bidding
at m™" and winning the procurement auction with probability % under randomized rationing.

Now we consider the setting with heterogeneous potential renewable capacity investments.
Suppose Assumption 1 holds such that firm 1 has the “less valuable” resource that generates more
output in the low demand period (¢ = L) and firm 2’s potential resource generates more in the
high demand period (¢ = H). Proposition 9 ranks the minimum bids in the premium-priced FIT
setting. To identify the key forces, we focus on the case with symmetric cost functions and assume

the slope of the demand curves are symmetric across periods.?®

Proposition 9. Suppose §; = d; = 0, Assumption 1 holds, and zi—g > z;—i or ay is sufficiently

min min

large. Then, my"" < mJ

Proposition 9 characterizes conditions under which the firm with the more valuable resource is

man

willing to offer a lower price in the procurement auction (i.e., mj"" < m{*"). The intuition behind

ZBrown and Eckert (2018) utilize numerical simulations to demonstrate that this result holds more generally.
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min

this result is the following. Under the specified conditions, using (8), m7" < m7*" holds when:

Spot Spot Spot Spot Spot Spot Spot Spot
(H2,H,R2 - H2,H,R1> + <H2,L,R2 - H2,L,R1) > < 1,H,R1 — Hl,H,RQ) + ( 1,L,R1 — Hl,L,RQ) : (9>

Spot Spot Spot Spot
AHQ’H AH2,L AHl,H AHl,L

Under a premium-priced FIT, firms’ renewable output is compensated at the spot market
price. Further, while renewable output reduces the spot market price and spot profit earned by
conventional generation, total spot market profit increases when a firm wins the renewable auction
compared to its rival receiving the capacity. Consequently, each of the terms in (9) are positive.

Proposition 9 demonstrates that if the capacity utilization of firm 2’s resource (f2p) or market
demand () in the high demand hour are sufficiently large, then the change in firm 2’s total spot
profits from acquiring the renewable resource is larger than the change in firm 1’s total spot profits
(i.e., inequality (9) holds). This is driven by two factors. First, acquiring a renewable resource
results in a downward shift in a firm’s spot market marginal cost curve. In the high demand
hour firms are producing more conventional output (i.e., we are “higher up” on the marginal cost
curve). As a result, for any level of renewable output, the cost reductions associated acquiring
the renewable resource is larger in the high demand hour. These cost efficiencies are magnified for
firm 2 because its potential renewable investment generates more during the high demand hour
under Assumption 1. Second, the firms are exercising more market power and earning higher spot
profits in the high demand hour. This elevates firm 2’s strategic benefit for acquiring the renewable
resource that is more productive in period ¢t = H.

To summarize, under plausible conditions, the firm with the more valuable resource has stronger
incentives to win the renewable procurement auction due to the larger cost efficiencies and strategic
benefit in the subsequent spot markets. As a result, firm 2 wins the renewable procurement auction

by undercutting its rival’s minimum bid m{*" by some small amount € > 0.
5.3 Comparing Across Procurement Policies

We have characterized the equilibrium renewable investments and subsequent forward and spot
market competition in a setting with commonly implemented renewable compensation policies. In
this section, we compare the level of welfare under the fixed-priced and premium priced FITs.
We maintain from the previous section the assumptions that g, = g = 3, ¢ = ¢ = ¢, and
R; = Ry, = R. Again, robustness of our results to asymmetry across firms or periods is considered
in Brown and Eckert (2018).

From Proposition 5, aggregate quantities are lower and spot market prices are higher when
renewable output is compensated at a premium-priced FIT because firms have a stronger incen-
tive to withhold output to elevate prices. However, in the setting with heterogeneous renewable
resources, Propositions 7 and 9 provide conditions under which the less valuable resource wins

under the fixed-priced FIT and the more valuable resource wins the procurement auction under
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the premium-priced FIT. Consequently, the welfare ranking of these two compensation policies is
ambiguous due to the trade-offs of elevates market power execution in the spot market under a
premium, and the incentives to invest in renewable resources that are more highly correlated with
market demand in the renewable procurement auction.

Proposition 10 provides sufficient conditions under which welfare is strictly higher under the

premium-priced FIT compared to the fixed-priced FIT.?

Proposition 10. Suppose that Assumption 1 holds. Then, in equilibrium, welfare is higher under
the premium-priced than the fixed-priced FIT compensation policy if ay, ¢, and 6,y — 01y are

sufficiently large and positive.

Proposition 10 demonstrates that if demand in the high demand period (t = H), the difference
between capacity utilization of firm 2’s and firm 1’s renewable resources during the high demand
period (02 — 01y), and cost of production from conventional generation (c) are sufficiently large,
then the production efficiencies of increased renewable output dominate the increased incentives
for market power execution under the premium-priced FIT. The larger production efficiencies arise
because firm 2 owns the renewable resource that produces more during peak demand periods when

we are operating at a higher point on the increasing marginal cost function.
5.4 Numerical example

The following numerical example illustrates our main results. Let oy = 700, ag = 1000, and
Br, = Bu = b, so that the market demand is Pp(Qr) = 700 — 5Q, in the low demand period and
Py (Qy) = 1000 —5Q g in the high demand period. We assume that ¢; = ¢co = 1. These parameters
were chosen to yield an elasticity of demand at the perfectly competitive outcome equal to 0.1,
broadly consistent with the literature (Faruqui and Sergici, 2010), and a marginal cost for marginal
generation in equilibrium of approximately $70, consistent with a “peaker” natural gas plant (CEC,
2016). Finally, we let R = 60, and suppose that firm 2 has the more valuable renewable resource:
017, = 0oy = 0.75 and 0,y = 6o = 0.25. These numbers were chosen so that when firm 2 wins
the auction, renewable production in the high demand period accounts for approximately 30% of
conventional generation in the baseline no renewables scenario. Note that these parameter values
satisfy our Assumption 1 and the conditions in Proposition 9 because gf—z = z;—i =3B

Table 1 presents equilibrium outcomes of the forward and spot markets, for both the fixed
and premium-priced FITs, assuming first that the renewable capacity is awarded to firm 1, and
then to firm 2. For comparison, Table 1 also reports the baseline outcome with no renewable
generation. Reported quantities reflect total output (including renewable generation). Revenues

earned through a fixed-priced FIT (P;) or premium-priced FIT (m;) for renewable output are

excluded. However, in the case of a premium compensation mechanism, profits include revenues

26We employ numerical simulations in the Appendix to demonstrate that this result holds more generally.
2TWe present additional numerical results in Brown and Eckert (2018) to demonstrate that our key qualitative
conclusions hold under general conditions.
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earned by renewable generation at the spot price. Profits, production costs, and total surplus
(welfare) does not include the costs of renewable capacity. Renewable capacity costs do not affect
total surplus comparisons since they are incurred in all four scenarios; however, for this reason one

cannot compare the total surplus without renewable generation to the scenarios with renewables.?

Table 1: Results from Numerical Example by Compensation Policy

Variable No Renewables Fixed-Priced Premium-Priced

R Awarded to: R Awarded to:

Firm 1 Firm 2 Firm 1 Firm 2
Py 190.07 128.97 169.70 173.68 184.60
Py 271.52 251.16 210.43 266.06 255.13
¢, 23.18 15.73 20.70 26.67 22.51
@, 23.18 15.73 20.70 21.18 24.34
¢y 33.11 30.63 25.66 34.28 31.11
q{H 33.11 30.63 25.66 32.45 36.60
qir 50.99 79.60 45.53 58.67 49.53
Gor 50.99 34.60 60.53 46.60 53.55
qiH 72.85 82.38 56.46 75.41 68.45
Qo 72.85 67.38 101.46 71.38 80.52
Iy, 8,391.96 3,864.15 6,690.02 10,096.00 7,916.43
Iy, 8,391.96 3,864.15 6,690.02 7,006.97 9,142.70
Iy 17,126.4 14,653.80 10,286.60 18,238.10  15,121.10
Ilox 17,126.4 14,653.80 10,286.60 16,444.10 19,913.20
IT, 25,518.36 18,517.95  16,976.60 28,334.0  23,037.60
I, 25,518.36 18,517.95  16,976.60 23,451.10  29,055.90
CSy, 26,003.20 32,607.10  28,121.60 27,701.70  26,563.40
CSy 53,067.80 56,076.30  62,342.00 53,866.90  55,482.80
Total C'S 79,071.00 88,683.40  90,463.60 81,568.60  82,046.20
Prod. Costsy, 2,600.32 1,197.34 2,072.96 1,179.01 1,969.62
Prod. Costsy 5,306.78 4,540.62 3,187.38 4,372.14 2,973.60
Total Prod. Costs 7,907.10 5,737.96 5,260.34 5,551.15 4,943.28
TSy, 42.786.22 46,138.13  44,047.02 44.805.98  43,622.35
TSy 84,721.16 89,149.40  92,385.73 88,549.71  90,515.86
Total T'S 127,507.33 135,287.54 136,432.75 133,355.69 134,138.21

Notes. C'S and T'S denotes consumer and total surplus, respectively.

Our example first illustrates findings from Section 5. The ratio of forward quantities to spot
market output (qf;* /q;;) are approximately 0.45 in all cases for both firms, with the exception
of when the firm is awarded renewable capacity under a fixed-priced FIT. When the renewable
capacity is awarded to firm 1 its forward contracting ratio falls to 0.20 in low demand and 0.37 in
high demand; likewise, being awarded renewable capacity under a fixed-priced FIT reduces firm

2’s forward contracting ratio to 0.34 in low demand and 0.25 in high demand. These results are

28Note also that in the case of the fixed-priced FIT, total surplus exceeds the sum of consumer surplus and profit
because it includes revenues to renewable generation, but excludes the fixed cost of capital investment.
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consistent with that of Proposition 3.

Consistent with Proposition 4, awarding renewable capacity to a firm’s rival causes the firm
to reduce its forward quantity; being awarded the renewable capacity causes a firm to decrease
forward quantity under a fixed-priced FIT, but to increase it under a premium. Finally, as noted
in Proposition 5, holding constant the firm with renewable capacity, in both high and low de-
mand periods spot price is higher under the premium-priced policy than if renewable capacity is
compensated through a fixed-priced FIT.

To illustrate results from Section 5, first suppose that renewable capacity will be compensated
through a fixed-priced FIT, and that both firms face a fixed cost of renewable capacity equal to
F. If firm 1 wins the renewable auction, its profits are 18517.95 — F' + 60 P;, where P; is the
fixed price for renewable output. If instead firm 2 wins, firm 1’s profits are equal to 16976.60.
Therefore, given that the capacity will be awarded to one of the two firms, the minimum P; firm 1
is willing to accept to develop the renewable capacity satisfies 18517.95 — '+ 60?71712'” = 16976.60,
or F;mn = 2154135 - Ty contrast, firm 2’s profit if it wins the auction is 16976.62 — F + 60 Ps,

60
versus 18517.95 if firm 1 wins. Therefore, the minimum P, firm 2 would accept to develop the
renewable resource, assuming that otherwise firm 1 will develop it, is ??m = %. Because

—=min

firm 1 is willing to accept a lower premium to develop the renewable resource (P, < Py ), it
would be awarded to firm 1, meaning that the least valuable renewable resource is developed.

Next, suppose that the winner of the renewable auction is compensated using a premium-priced
FIT; renewable generation is paid the spot price plus a mark up. If firm 1 wins the auction, it earns
profit of 28334.00 — '+ 60 my, where m; is the markup. In contrast, if firm 2 wins the auction 1’s
payoff is 23037.60. Therefore, the lowest my firm 1 would accept to develop the renewable capacity
satisfies 28334 — F + 60m """ = 23037.6, or m{"" = £=22964  The lowest premium firm 2 is willing
to accept to develop the renewable capacity, if the alternative is for the renewable capacity to be
developed by firm 1, satisfies 29055.9 — F + 60mJ"™ = 23451.1, or mj"" = %. Since firm 2
is willing to accept a lower premium (m3"" < m"), firm 2 wins the renewable auction.

These results highlight our findings in Section 5.3. In this example, the least valuable resource
wins under the fixed-priced FIT, but the most valuable resource wins under the premium. Com-
pensation via a premium, with firm 2 winning the auction, results in higher prices in both demand
periods than does the fixed-priced FIT with firm 1 as the winner. As a result, consumer surplus is
lower than under a fixed-priced FIT with firm 1 winning the auction. While production costs are
lower under the premium when firm 2 wins, this effect is dominated by the reduction in consumer
surplus, so that the fixed-priced FIT with firm 1 winning maximizes total surplus.

In our example, the finding that total surplus is greater when firm 1 gets the renewable capacity
under a fixed-priced FIT than when firm 2 gets the renewable capacity under a premium is a func-
tion of our parameter assumptions. To illustrate, Figure 1 plots combinations of ay € [1000, 1400]
and ¢ € [1,3] for which total surplus is higher under the premium, holding all other parameters

constant. As Figure 1 illustrates, and as predicted by Proposition 10, total surplus under the
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premium exceeds total surplus under the fixed-priced FIT when ay and ¢ are sufficiently large.

3.0fgF552 ST T
2.5¢
.. TS greater under premium

c 2.0t

1.5¢

1.0" L L L 11
1000 1100 1200 1300 1400

ay

Figure 1: Numeric Example. Set of ay and ¢ for which Total Surplus is higher under Premium

6 Competitive Fringe Entry

Finally, we consider the possibility that the contract for renewable capacity may be won not by
an incumbent oligopolist, but by a new entrant with no conventional generation. Here, our focus
is on whether new entry will be prevented by the incumbent firms, and whether this incentive can
result in entry being prevented even when it possesses the more valuable renewable technology.

We continue to assume that there are two incumbent firms 1 and 2, with conventional generation
technology described by ¢; = ¢o = ¢. Now, suppose that in addition to incumbent firms 1 and
2, there is a potential entrant, firm 3. Firm 3 possesses no conventional generation, but has the
potential to develop renewable generation capacity R. We continue to suppose that there are two
periods, with ay, < ag, B, = By = [, and such that market demand to be served by conventional
generation at a given price is larger in the t = H period (i.e., ag — f6;5R > ar — B0;,R for
i,j7 =1,2,3). Denote firm 3’s renewable capacity utilization by 63, for t = L, H.

We initially suppose that the renewable technologies of all three firms are homogeneous, with
the same fixed costs and profile of capacity utilization over periods. Define F;ﬂmm (F?m) to be

the fixed-price FIT that makes firm ¢ = 1,2 (firm 3) indifferent between receiving the renewable

capacity and its rival j = 1,2, 3 winning the auction with ¢ # j.

Proposition 11. Suppose d; = d3 = 93 = 1 and firms have a homogeneous potential renewable

resource with capacity R and capacity utilization 6, € [0, 1] for both t = L, H. ?anm = ?Tinm =
HminRl — —=minR3  zminRl  —sminR2 F
P2 —P2 —P3 —P3 —Zt:L,HetR.

The intuition for Proposition 11 is the same as for Proposition 6. The minimum fixed-price
FIT is the one that exactly covers the fixed costs because there is no strategic benefit from owning
renewable capacity in this setting. As a result, with a homogeneous renewable technology, our

model makes no prediction regarding which firm will win the competitive process.

21



A different result emerges if renewable generation is compensated through a premium-price in
minRj
i

the homogeneous setting. Define m (m%"") to be the premium-price FIT that makes firm
i = 1,2 (firm 3) indifferent between receiving the renewable capacity and its rival j winning the
auction. Proposition 12 illustrates that if all three firms have homogeneous renewable technologies,
whether the incumbent firms are willing to provide the renewable capacity for a lower premium

than the potential entrant depends critically on the marginal cost for conventional generation.?’

Proposition 12. Suppose §; = d; = 3 = 0, the firms have homogeneous renewable technologies
with capacity R and capacity utilization 6, € [0, 1], and oy — 386, R > 0 for t = L, H. Then, for

min minR3

1 =1,2, m§"" < m] if ¢ is sufficiently small.

This result resembles the classic horizontal “Merger Paradox” result in a Cournot model.
Suppose initially that ¢ = 0, so the incumbents have zero marginal costs of conventional generation.
For an incumbent firm, the choice of whether to win the auction or to allow firm 3 to enter is
analogous to the choice of whether to merge with firm 3, who has the same renewable technology.
Following the “Merger Paradox”, in the absence of any cost efficiency gain, it is not profitable for
two firms to merge, unless they form a near-monopoly in the market. However, as ¢ increases, the
additional cost-reducing benefits for the incumbent ultimately make it profitable to acquire the
renewable generation.®® Proposition 12 demonstrates that if ¢ is sufficiently large, an incumbent
firm has an incentive to acquire the renewable resource, preventing entry of the potential entrant.
The condition that o, — 386, R > 0 for t = L, H is a sufficient condition to ensure that we are at
an interior solution where the incumbents produce a positive amount of conventional generation.

The remainder of this section considers asymmetric renewable resources. To highlight compe-
tition between the incumbents and the new entrant, we suppose that the incumbents continue to
have symmetric resources; however, the entrant’s renewable resource may be either more or less

valuable than those of the incumbents. These two cases are captured in the following assumptions:

Assumption 2 (More Valuable Entrant). Suppose that 61, = 0y, = 0, by = oy = Oy,
031, < Or, O3 > O, and (01 + O] = [0or + O] = [O31 + Os1).

Assumption 3 (Less Valuable Entrant). Suppose that 61, = 6y, = 01, 61y = by = Oy,
031, > Or, Oy < O, and (b1 + b15] = [0or + O] = [O31 + Os1).

Assumption 2 considers the case in which the entrant has the more valuable resource, while
Assumption 3 describes a setting in which the incumbents have superior renewable resources.
In the context of a fixed-priced FIT, results with a potential entrant parallel the findings

presented in Section 5.1. Propositions 13 and 14 demonstrate that: (i) the entrant wins the

29We focus on a setting where the incumbent firms have symmetric marginal cost and demand has the same slope
across periods. However, using numerical simulations we demonstrate that Proposition 12 holds more generally.

30For a detailed treatment of the “Merger Paradox”, see Salant et al. (1983).

31This finding parallels the results of Perry and Porter (1985) which demonstrate that horizontal mergers can be
profitable when the merging firms acquire capital assets that reduce costs.
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auction when the incumbents have the more valuable resource and (ii) the auction is won by an
incumbent when the entrant’s resource is more valuable.?? This latter result arises because of the
incumbents’ strong incentive to win the renewable auction to prevent the more valuable resource

from winning and suppressing subsequent conventional generation spot profits.

Proposition 13. Suppose 0; = 6, = 03 = 1 and Assumption 2 holds. Then, for ¢ = 1,2,

—minR3 —min

P; < Py

7

Proposition 14. Suppose 9; = 6, = 03 = 1 and Assumption 3 holds. Then, for ¢ = 1,2,

—min —minR3

P, <P

(2

More interesting is the case of asymmetric resources and entry when renewable generation
is compensated via a premium-priced FIT. Assumption 4 presents a setting where the potential
entrant has a more valuable renewable resource that is parameterized by the parameter n > 0,

while the incumbents have homogeneous potential investments.

Assumption 4 (More Valuable Entrant - 1). Suppose 01, = 6, = 01, and 615 = 05 = 0y
Suppose the entrant has a superior technology with 63, = 6, —n and 635 = 0y +n, for some n > 0.

Proposition 15 provides conditions under which the potential entrant is willing to accept a

lower premium in the renewable auction than the incumbents.

Proposition 15. Suppose d; = d = 63 = 0 and Assumption 4 holds. Then, for ¢ = 1,2 the

minR3 __ min

difference m;] my"" is increasing in ay, and is increasing in 1 provided oy is sufficiently

large.

Proposition 15 demonstrates that the incumbents are less likely to prevent entry of the potential
entrant (i.e., mMrf — mmin > () if demand is sufficiently large and the entrant’s resource is
sufficiently more productive in the high demand hour. More specifically, an incumbent ¢ has an
incentive to submit a lower premium-priced bid than the entrant when its spot market profits
when it wins the renewable auction exceed the summation of its spot profits and the entrant’s
spot profits when the entrant wins the renewable auction (i.e., Hffg > Hfﬁ‘g + Hg’g).g‘?’ However,
when the potential entrant’s renewable resource is sufficiently productive in the high demand hour
(compared to the incumbents) and demand is sufficiently large in the high demand hour, it is too
costly for the incumbent to prevent entry in the renewable procurement auction (i.e., Hg%’; is too
large). Consequently, the potential entrant with a more valuable resource wins in this setting.

To illustrate Proposition 15 , consider the following variation on our example from the previous
section. As before we suppose there are two incumbent firms (firms 1 and 2) with conventional

generation capacity. Again let ap = 700, oy = 1000, and B, = Sy = 5, and suppose that ¢; =

32The Proofs of Propositions 13 and 14 present the detailed expressions on the minimum fixed-priced offers.
33This parallels the findings in the preemptive patenting literature (e.g., see Gilbert and Newbery (1982)).

23



co = 1. In contrast to our previous example, suppose that the two incumbent firms have identical
potential renewable resources, with Ry = Ry = 60, 61y = 0oy = 0.25 and 61, = 0y = 0.75.
However, suppose as well that there is a potential entrant (firm 3), with more valuable renewable
technology described by R3 = 60, 035 = 0.25+n and 63, = 0.75 —7. Note that as n increases from
0 to 0.5 we move from firm 3 having the same technology as the incumbents to the case where the
entrant’s technology produces 45 units of renewable generation in the high demand period, and 15
in the low demand (i.e., the reverse of the incumbent technology).

To consider the values of n for which firm 3 wins the procurement auction, Figure 2 illustrates
the difference between the combined spot profits of firms 1 and 3 when firm 3 wins and enters,
and firm 1’s spot market profit if it wins and firm 3 does not enter; that is, Allg; pg = Hfﬁg +
H;?ﬁg; — H‘i’ﬁf. As explained above, when this difference is positive, firm 3 wins the procurement
auction, while an incumbent wins when this difference is negative. Figure 2 demonstrates that for
small values of 1 (less than approximately 0.05), the incumbent wins the renewable procurement
auction despite having the less valuable resource. However, this reverses for higher values of 7,

with firm 3 winning the auction.

Figure 2: Numeric Example. Firms 1 and 3’s Profits with Entry — Firm 1’s Profit Without Entry

To summarize, under a fixed-priced FIT with a homogeneous renewable resource, the incum-
bents and potential entrant have symmetric investment incentives, so that the model makes no
prediction regarding which firm wins the auction. However, with heterogeneous renewable re-
sources, the firm with the least valuable renewable resource wins paralleling the findings in Section
5.1. Under the premium-priced FIT, more interesting incentives arise. When the firms have ho-
mogeneous renewable technologies, the entrant fails to win the renewable auction if the cost of
production from conventional technologies is sufficiently large. Alternatively, the entrant wins the
renewable auction when its resource is sufficiently more productive and demand is sufficiently large

in the high demand hour.

7 Conclusion

We develop a model of electricity market competition where firms compete over renewable

capacity in a procurement auction prior to choosing forward and wholesale market quantities. We

24



consider two forms of renewable compensation: a fixed-priced and premium-priced FIT. We demon-
strate that the renewable compensation policy has important impacts on the renewable resources
that win the auction, firms’ forward contracting incentives, and wholesale market competition.

Under a premium-priced FIT, firms have increased incentives to exercise market power in the
spot market as renewable output is exposed to spot prices. However, firms also have increased
incentives to sign forward contracts. This latter effect mitigates some, but not all of the increased
market power incentives. Wholesale prices are higher under a premium-priced FIT for a given
level and configuration of renewable capacity.

We find that the renewable compensation policy impacts the types of resources that win the
auction. Under a fixed-priced policy, renewable resources whose output is less correlated with
market demand and prices win the auction. However, we identify conditions that result in the
more valuable resource winning the auction under the premium-priced policy. While firms have
stronger incentives to exercise market power under a premium policy, welfare can be higher when a
premium-priced FIT is employed if the cost-reduction from adopting the “more valuable” renewable
resource is sufficiently large. Lastly, we demonstrate that incumbent firms have incentives to
prevent entry of a new competitor under a premium-priced policy. As a result, the incumbents can
potentially prevent entry of an entrant with a more valuable renewable resource. Alternatively,
under a fixed-priced policy, the least valuable renewable resource continues to win the auction.

These findings identify the numerous trade-offs under the premium-priced and fixed-priced
compensation policies. Our model highlights the importance of considering the impacts of com-
pensation policies on investment incentives in potentially heterogeneous renewable resources and
on the nature of wholesale market competition in imperfectly competitive electricity markets. This
has important policy implications as jurisdictions continue to move towards deploying renewable
capacity via procurement auctions, and as regulators debate the appropriate compensation policy
to employ in these auction mechanisms (Attia et al., 2017; CEER, 2017).3*

We analyzed a stylized model in order to most clearly illustrate the impacts of renewable com-
pensation policies on investment incentives and forward and spot market quantity decisions. The
basic forces persist more generally. For instance, they persist when renewable output is stochastic
prior to firms forward contracting and renewable investment decisions.?® Under a premium-priced
policy, firms continue to have increased incentives to sign forward contracts and exercise market
power in the wholesale market. Further, under a premium-priced (fixed-priced) policy, the renew-
able resource that is more (less) correlated with market demand continues to win the renewable
procurement auction. In addition, we focused on a setting with two strategic incumbents for ana-
lytical tractability. We anticipate that the strategic considerations will persist in the setting with

N > 2 competitors. The critical feature of our analysis is that renewable output is exposed to

34In the European Union, premium-priced FITs are becoming increasingly mandatory for utility-scale renewable
procurements (CEER, 2017).
35Brown and Eckert (2018) present a detailed extension of our model in the presence of stochastic renewable output.
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spot market prices under a premium-priced policy. We have outlined how this important factor
impacts forward contracting decisions, spot quantity choices, and strategic investment incentives.
Alternatively, under a fixed-priced policy, renewable output simply shifts residual demand to be
served by the firms’ conventional generation inward regardless of who owns the resource.

In concluding, we discuss several extensions that merit further consideration. First, we have
abstracted from risk aversion in both firms’ forward contracting and renewable investment incen-
tives. A formal analysis that considers risk aversion in renewable investment and risk-hedging
incentives when firms sign forward contracts warrants formal investigation.?® Second, future re-
search should consider additional modeling complexities including non-convexities in conventional
generators’ cost functions (e.g., minimum stable generation and start up costs), corner solutions
in conventional generation production decisions, and the potential for renewable curtailment.

Third, in the renewable procurement auction we assumed that there was no existing renewable
generation capacity. While our forward and spot market equilibrium account for this by considering
a generic distribution of renewable capacity across the incumbents, existing renewable capacity was
not formally considered in the renewable auction. We anticipate that under the premium-priced
FIT, the correlation with both market demand and existing renewable generation will determine
the relative value of the various renewable resources, and who wins the renewable auction. However,
the details of the analysis remain to be determined.

Fourth, we focused on two commonly employed renewable compensation policies. Additional
compensation policies exist or have been proposed. One key design parameter in the premium-

37 For example, regulators can impose caps and floors

priced FIT is the design of the premium.
on renewable payments in a premium policy to mitigate risks of payments being too low or high.
We anticipate that the key incentives identified in our analysis will persist. A formal analysis
that considers alternative compensation policies is the subject of future research. Fifth, we as-
sume that costs are certain and common knowledge among all firms. A formal consideration of
cost uncertainty and information asymmetry in the renewable auction, and subsequent strategic
behavior in the forward and spot market is the subject of future research.®® Finally, we focused
on a setting with a winner-take-all renewable auction. A model that considers multiple potential
winners warrants investigation. While the precise features of the renewable auction equilibrium

will change, we anticipate the key incentives we have identified will persist.

36Couture et al. (2010) and Shrimali et al. (2016) emphasize the increased risk of investing in renewable capacity
under a premium-priced FIT. The consideration of risk aversion will likely introduce a higher risk-premium in a
premium policy. However, we anticipate that the additional strategic forces identified in the model will persist.

37See CEER (2017) pages 74 -76 for a detailed treatment of premium-priced policy designs.

38Voss and Madlener (2017) model cost uncertainty and information asymmetry in renewable procurement auctions.
However, the authors focus on the design of the auction and abstract from subsequent market competition.
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Appendix

Proof of Lemma 1. Using (1) and assuming an interior solution:

87@ .
a;i) = P/(Q)gi — 0xR; — QZJ;] + P(Q:) — Cly(qir) + PL(Q:)(1 — 6;,)04R; = 0
oy + 0 Ri(By 05 + i) + By Q-J; — Biqje
L= ¢ ) 1
= QZt 2 Bt + Cit ( O)
Define:
ki = 0uRi(Bid1 + cu) + 5tQ{t > 0; (11)
ky = 09 Ro(B12 + co) + ﬁtqgt > 0; and (12)
At = (2615 + Clt)(Qﬁt + Cgt) — /6t2 > 0. (13)
Using (10) - (13):
¢, = ar (B + car) + kltéfﬂt + cot) — Bt th; (14)
¢, — o (B + c1e) + k2tf§t25t +ci) — B klt. (15)

Using (14) and (15):

Q; = Ai{at(2ﬁt + c1p + o) + (B + cor)kae + (B + 1)k}

P(Qf) = Ait{at(ﬁt + ) (Be + ca) — Bi(Be 4 ca)kre — Bi(Br + o)k}

Using (11) - (13), it is straightforward to show that ki, and ko are non-negative and A; is
positive because 3, > 0, ¢;; > 0, §; € [0,1], 0, R; > 0, qi’; > 0 for both ¢ =1,2.
Using (11) — (15) and that g, > 0, ¢;; > 0, §; € [0, 1], and A; > 0 from (13):

oq;; _ (28¢ + 1) (Bidi + car) < 0 gy’ _ (28; + ¢jt) B = 0:
00;: R; Ay " 004 R; 06 A, ’
Oai,  _ BBt _ o Oan _ Bi@Bited) o 04 _  0xBiB
(99]tRj At ’ an}; At ’ 85] At ’
q;; B q;, it R; Be(26; + c;¢) dq;; 0w Ri B (2B + cjt)
- _ = . — : = . (1
o, A, <% %, A, =0 %, A, > 0. (16)

It is without loss of generality to define i = 1 and j = 2. Using (13), (16), and that ¢, € [0, 1]:

oq7, _ (28; + cat) (Bior + c1e)
001, R, A,

<1 & —B2(3-26)—Biew(2-06) < 0;
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g, Bi(Beda + cau)

LR I — > —1 = —53(3 — 02) — Brcar — 2Bicrr — cuecar < 0
2t 112 t
aq; 2
aq? = B ijl+62t) <1 < —Btz — 2Bic1s — Brear < 0;
a1y t
8 * 2
8q;f = — i—t € (-1,0) < —2@2 — 2Bic1s — 2649t — ey < 0. W
9t t

Proof of Lemma 2. Tt is without loss of generality to assume ¢ = 1 and j = 2. For any ¢; € [0, 1]
and dy € [0, 1], using (13) and (14) and holding forward quantities constant:

dqy, — 0y (25t+62t)(ﬂt51+clt)_ 1 B .
00 R A, L= - [BB-2)+ew2-0)] <0 (7)

g}, — 01 1y B )
W - A, [ﬁt 02 +5t02t] < 0. (18>

Suppose d; = dy = 1. Using (17) and (18), it can readily be shown that % = %.
Suppose §; < 1 or §; < 1. Using (17) and (18):

8@5 — 0 R
00, R;

3@2@ — 0 R;
89thj

=4 6752(3_251_52)+ﬁt02t(1_51) > 0. N

Proof of Proposition 1. Using (13), and (16):

8(1;5 > 36];: (2ﬁt + Cjt)(ﬂtéi + Cit) > Bt (2 ﬁt —+ Cjt) -
00y R; < (?qi]; “ Ay < Ay < G2 (1 él)ﬁt' u

Proof of Lemma 3. Using (3) and assuming an interior solution:

g, (- (.
— PUQ)g ) — 04 R (agqtp i gqﬁ) + pon %)

N O dg (1) | 04;()
— Ci(q)——= + Pl(Q7)(1 = &;) 0y R; S+ = 0. 19
t(qt) 3(]{1 t(Qt)( ) t @qi 3q£ ( )

Adding and subtracting P} (Q5) ¢}, aq” and recognizing that P/(Q)[¢%(ql,, ¢d,) — 0: 0: Ri — ¢)] +
P,(Q7) — Cl(q:) = 0 from (2), (19) can 'be rewritten as:

qzt Q’Lft

70 g,
P/(Q7) g aqlt + P/(Qt)[%t(qltaq%) 0; Oy Ry ——— 4 0 =0. N

Proof of Proposition 2. Using (14), (15), and Lemma 1, S;; = 5 2 1a; — 0: 0 R;]. Consequently,
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using (13) and (16):

aSit ﬂt { aq%t 6z:| = /6? [—6152(% — Bt(%cjt + Cit Cjt (]_ — (51) + 251& Cit (]_ — 51)} . (20)

904R; A, |004R; CA2

From (20) and that 8, > 0 and A, > 0 from (13), 9% is monotonically decreasing in d;,

’ agitRz .
8‘25 F 1521 <0, and a‘ZSR > 0. Consequently, using (20), there is a §; = §;; € (0,1) where:

5= 5,=0

Y y ’ N ' (26 + cjie)
- 25@' — (SZ‘C‘ +Cit ¢4 ]-_5z +2 C; 1_6z =0 = (51 = Ct( J |
B 0it — Bi0it it t ]t( t) B t( t) t Bt(5t+0jt) +Cit(2ﬁt+cjt)

Proof of Proposition 3. Using (4), (14), (15), (16), and Lemma 1, the optimal forward contract
position set by firm ¢ satisfies:
By

_ f ta o 5 9 R jt _ 0 (]lt _ 21
o 3%& Pl ) aqzt < q; — 0i 0y R; 28+ ¢ (21)

An increase in 0; 0;; R; increases the left-hand side of equation (21), holding qf;* and ¢}, constant.
Because the right-hand side of equation (21) does not vary with respect to 6; 0, R; , then either
qﬁ* must decrease and/or ¢, must increase when 0; 0;; R; increases in order for condition (21) to

f
hold. This implies that the ratio qqi—i is strictly decreasing in 6,0 R;. W
it

Proof of Proposition 4. Using (4), and (16), firm ¢’s optimal forward quantity satisfies:

- f*aqn— aqt — f* Bt * SN, .
B q; " ol Bilq;, — 0: 0 R C]jt =0 e ¢ = (—2@5 n Cjt) (g5, — 0; 03 Ry). (22)
Define:
_ By 1 .
o = (2@ + CZt) |:(26t + 1) (208 + o) — 253} > 0; (23)
ki = au(Be + c2t) + OB [(28; 4 ca) (Bi01 + c1e) — Aibr] = Bibae Ra(Bid2 + car); (24)
_ By 1 ‘
ks = (Qﬁt + c1t> {(2/3,5 + c14)(28; + C2) — 2&2} > (;and (25)
k,’Gt = at(ﬁt + Clt) + HQtRQ[(z/Bt + Clt)(5t52 + CQt) — At52] — /BteltRl (ﬁtél + Clt)- (26)

Using (13), (14), (23), (24) and defining i = 1 and j = 2, (22) can be rewritten as:

Fro_ Bt oy (B + cor) + ki (28¢ + cor) — Br ko 500 R
dy; 2B + e A, 1 V1 £y
& dq, = k3t{/€4t — @2(15:}- (27)
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Using (13), (15), (23), (24), and defining i = 2 and j = 1, (22) can be rewritten as:

A < B ){at(ﬁt+cu>+k%(2ﬂt+cu>—,Btklt
2t -

— 0969 R
28 + c1e Ay 2 2]

g Qgt* = kSt{th_ﬂtQQ{t*}'
(28)
Using (28), (27) can be rewritten as:

* * * k
q{t = kSt{k4t—5t2k5t [k?ﬁt - ﬁtQQ{t ] } g Q{t = ( 43t ‘) [k4t - @2 K kﬁt} . (29)
1 — Bf kst kst

Using (27), (28) can be rewritten as:

ks

th = ]{,’5t{k’6t_/3t2kz3t |:k;4t - /Bt2q2t :| } = q2t - (m

) (ke — B7 ke ka] - (30)

It is without loss of generality to focus on player 1. Using (23) - (26) and (29):

0 t* ks
agcﬁRl = (%) [(28; + c20)(Bi01 + 1) — Aedr + B} ks {Be(Bed1 + c1r)}] . (31)
Using (23) and (25):

ks

— 2 >0 & 1—=8kyksy >0
1= 5 b b P b B

& 1568 + 4087 [cry + car) + B1[32¢3, + 84cyicor + 32¢3,] + BE[8CES, + 562, cor 4 56cyict, + 8C3,]

+ Bf[l?cic% + 320?750315 + 1261tc§t] + 6 [C?tcgt + C%tcgt] + C?tcgt > 0. (32)

Using (13), (25), (31), and (32):

8(]11‘,*
00, Ry

= (284 car) (Bron +c10) — [3@2 +28ic11 4 2B o + Cre2) 01 +5§ kst (Beo1+c1t) = By (33)

Using (25), (33) is monotonically decreasing in d;

0B,

% Bi(2B; + car) — [367 + 2Bicrr + 2Bicar + crpcar) + Bl ksy < 0
1

& 382 + B14cy; + 8ea] + BE[14cT, + 22¢15090 + 43y

+ 52 [40:1))15 + 17C%t62t + 801tcgt] + B [40?75 + Cot + 50%150%1&] + C?tcgt > 0.
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Evaluating (33) at 6; = 0:
Bt‘glzo = (2B¢ + cat)ew + B ksecir > 0.
Using (25) and evaluating (33) at §; = 1:
Bt|51:1 = (26 + c2) (Bt + c1e) — [367 + 2Becrr + 2Bicar + creear] + B kst (Be + 1) < 0

& 38 + B [Bew + 8eu] + BP2¢], + 10ci,000 + 4cs,] + BE3ct,co0 + dcricsy] + Bictycs, > 0.

Consequently, because (33) is monotonically decreasing in d;, negative when ¢; = 1, and positive
when d; = 0, then there exists a 0y, € (0,1) where (33) equals zero. Using (25) and (33):

(26 + C2t)(5tg1t +c1) — [35152 + 2Bic1r + 2Bcar + Cltc2t]glt + 523 Fse (ﬁtglt +ci) =0

(28; + ca)ere + Bkatclt
B% + 20,10 + Bicar + crcar — Bikse

Using (13), (23) - (26), (29), and (32):

= 51t -

€ (0,1).

a(ht* _ ( Ky

009 R5 1 — Btk k5t> [_Bt(6t52 + car) — 5t2k5t{<25t + c11)(Bid2 + cor) — Aé}}} (34)

w

= — Bi(Beda + cu) — Biksi{[1 — 62)(2Bscar + crecar) — 82 Be(Be + c1t)} = D (35)
Using (25), (34), and (35):

a(ht

004 Ry = — Brear — Bikse{(2Brca + crecar)} < 0.

52=0
Using (25), (35), and the 5, > 0, ¢;; > 0, and ¢y > 0:

0Dy

96 = - 5,52 + BtQkSt{zﬁtC% + c1iCor + 5152 + Bicrt} < 0
2

& 355’ + Bf(5clt + 2¢q1) + @(20% + 3c109t) + c?t cor > 0.

.
8‘1{t

3‘7{15 ‘
002¢R2 155=0

002¢ Ro

f *
implies that 24t~ < 0 for all &, € (0,1]. M

is decreasing in 9 and T

Because

Proof of Propositon 5. Using (14) and (15):

1
Qi = Z{Oét (28¢ + 1t + co) + 01 Ricre(Be + car) + 02 Rocor(Be + c1r)

+5tQ{,t,m* (Bi+car) +thg,t,m* (Be+cw) } ; (36)
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1
Qt,ﬁ* = X{at (26¢ + 1 + co) + 01 Ra (By + 1) (B + cat) + 020 Ro( By + c11) (Be + c2t)
¢

+ b CI{J;*(/@ + cat) + B q;tf* (B¢ + cur) } (37)

Using (13), (36), and (37):

Q7 — Qum’ = 01R1 By (Be + o) + 02 Ro(Be + c1e) B — Be(Br + cat) [Q{,t,m* - Q{7t7f*]

~ BB+ o) [dem ), 5] (33)
014 Ry 0ot Ry
= (——= 7 — | Z
(1 —6;*1@1@&) e (1 —6z*k3tk5t) . 39
where
Zy = (Bitca— (Betcu) ks B7) [1 = kae [B7 + 2Bscn + Bicar + cucarl ] ; (40)
Zy = (Be+cr— (Be+ o) ks B7) L — kst [B7 + Brcrs + 2By + crecan]. (41)

Using (23) and (25), it can be shown that Z;; > 0 and Zy; > 0. See Brown and Eckert (2018)
for a detailed proof. Consequently, Q, 5" — Q" defined in (39) is positive. 1

Proof of Lemma 4. Suppose §; = do = 1. It is without loss of generality to focus on firm 1.
Using (24), (26), and (29), in period t = L, H:

. k
Q{t Rl — —43t ar(Br+co) H0 R[(2B:+car) (B +c1) — Ad]
” 1 — B} ks ks

- 53 ks [ou (B + c1r) — B R(By + Clt)]} ;o (42)

. k
q{,t,RQ = (TM) |:Oét(ﬁt+62t)_ﬁtetR(Bt‘f‘CZt)

— B kst [ou (B + 1) + O R[(28; + 1) (Be + car) — At]]:| - (43)
Using (13), (42), and (43):

* * k
q{,t,Rl - Q{,tﬁg = (%) {QtR [2@52 + 2Bic1y + Brear + crica — 367 — 2Bicn
t

— 2Bycar — cuco + B7 + Bicat] + B ks 0r R[267 + 2Bicar + Brcn

+ C1¢Cop — 3@52 — 281 — 2Bcor — CreCo + 6t2 + Brey } = 0.
(44)
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Using (11), (12), and (14):

1
Np1 = Xt {Oét (B + co) + (26¢ + co0) [ R(By + c10) + BtQ{;,RI] — B [ﬂtqﬁim]} ; (45)

Npe = Ait [@t (Be + car) + (28; + CQt)[ﬁtQ{;,Rﬂ — B [0 R(Be + car) + 5tqg,?m]] : (46)

Using (13), (45), (46), and that qZZRQ = q{fzm for i = 1,2 from (42) - (44):
* * 1 2
Gitr1 — Q1t,R2 = A O:R[3B; + 2Bic1s + 2B4car + cuca] | = OpR.
¢
Consequently, because g7, gy = ¢4 go + 0 and @3, gy = G54 g1 + O :

Qipi —Qire = Uam + Gur — (G ope+Gire) = OR—0R = 0. A

Proof of Lemma 5. Suppose §; = d; = 1. Using (1), firm ¢ is indifferent between receiving the
renewable capacity and its rival receiving the renewable capacity when —Ln Tty pis q;t n) =
Zt:L,H Wit(th7Rj7 qj,t,Rj) implying:

" ( Z 9tR> = F- Z {Pt(Q;Ri) [th,Ri_etR]_Cit(QZt,Ri)

t=L,H t=L,H

- [Pt(Q:,Rj) th,Rj - Cit(QZt,Rj)]}' u

Proof of Proposition 6. Suppose §; = 65 = 1. It is without loss of generality to focus on firm

1. From Lemma 4, Qf gy = Qf pa, ¢i 1.p1 — 012 = ¢} ; po- Consequently, (7) can be rewritten:

n C %
P (Z 9tR> = F- {;qqmﬁ—[ql,t,Rl—etRP)} -F u
t=L,H t=L,H

Proof of Proposition 7. Suppose d; = d2 = 1. Using (7) and that > 60;;R= > 0 R under
Assumption 1, F;nm < F;nm implies:
5 { Qi) Wi = 0] = Culaham) + [PAQi) G — Caltim)]
t=L,H
t=L,H

- {Pt (1) €172 = Cua( 1 m0)] + POl ) [q;,t,m—em—czt<q;,t,m>}. (47)
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Using (11), (12), (14), (15), (23) - (26), (29) and (30), the equilibrium values of (q]} r;. 4} so.
q{y’;m,q{’;m,qitvm,qitvm,q;,tvm,q;tvm) when ¢; = 03 = 1 can be characterized. Utilizing these
spot and forward quantities in equilibrium and Mathematica to simplify the analytical expression,

under the specified conditions (47) can be rewritten as:

((552 +5150+02)2) { [2 (28 + ¢)(B* + 3Bc + ¢*) — 0(25—1—0)2} o

[(an — B0 R)® — (s — B R)* + (ar — BOLLR)? — ( — 03 R)° ] } >0
<~ 20&]{[92[_]—91]{]+2CKL[92L—91L]+5R[9%H—(9§H+9%L—9§L] > 0. (48)

Under Assumption 1, 62, — 02, = (015 + O251) (015 — Oopr), 03, — 02, = (01 + Oo1) (011 — Oa1),

011 + 01 = O, + Oop such that Oy — 61, = 015 — 0oy, (48) can be rewritten as:

02 — O1m) { (g — BRO1m) — (o, — BRO1L) + (o — fRO:m) — (o, — BROyp) } > 0. (49)
(49) holds because 0y > 015 and ay — Sy 0;gR > o — 1 0;LR for bothi,j =1,2. W

Proof of Lemma 6. The proof parallels the Proof of Lemma 4. For a detailed Proof of Lemma
6, see Brown and Eckert (2018). W

Proof of Lemma 7. Suppose §; = d; = 0. Using (1), firm ¢ is indifferent between receiving the

renewable capacity and its rival j when >° Wit(qit’ riv @, ri) = > Wit(qit’ rj» o, Rj):
t=L.H t=L.H

Z {Pt(Q:,Rz‘) th,Ri - Oit(‘ZZt,m) + m?m@tR} - F = Pt(QZRj) th,Rj - Oit(th,Rj)

t=L,H

: F 1 Spot
in — - ATISP,
< S R | S GR t;H

t=L,H t=L,H

Proof of Proposition 8. Using (51), when the renewable resources are homogeneous, fop = 6o,

and QQHQQL = 91H91La then mmm = mg””. [ |

Proof of Proposition 9. Suppose §; = d; = 0. Using (8) and Assumption 1:

mgmn < m71nm g Z {Pt Qt R2) q2tR2 C2t(Q2tR2) (Pt(Q:,Rl)q;,t,Rl_CQt(q;,t,Rl))
t=L,H

- [B@;RJq;t,m—cu<qit,m>—<Pt<@:,m>q;tm—01t<qf,t,m>>]} - 0. (50)
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Using (11), (12), (14), (15), (23) - (26), (29) and (30), the equilibrium values of (q]} r;. 4} so.
qg;,m:qg;,m:qit,maqik,t,qu;,t,qu;,t,Rl) when ¢; = 03 = 0 can be characterized. Utilizing these
spot and forward quantities in equilibrium and Mathematica to simplify the analytical expression,

under the specified conditions (50) can be rewritten as:

cR 1 1
(e r1op) (raserion) (msmrrmrap) * {fon— euloa o
845335¢° 4 802487t + 59463°cS + 49595%¢* + 28108%c” + 189437¢* 4- 8804°c® + 4025 ¢
+1758%° 4 365 4 20810 + cll] + BR (021051, — 01161 1)] [224385%5 + 2353757 ¢
+145935°c% 4- 165183%¢® 4 6484 3™ + 74143%c* + 193453 4- 19328¢
+ 3708%c” + 2258 + 418" + 2011} > 0. (51)

The inequality in (51) holds because ay > ayp, 0oy > 1y, and Ooybsr, > 01561, (or if ay is

sufficiently large) under the specified conditions. W

Proof of Proposition 10. Under the specified conditions, firm 2 wins the renewable auc-
tion when 6; = 9 = 0 and firm 1 wins the renewable auction when d; = &y = 1. Define
(QFr1 G ar1 Garr) and (Qf ga, @1 r2> G r2) t0 be the equilibrium aggregate and firm-specific
quantities under the fixed-priced FIT and the premium-priced FIT, respectively. Define W =
Y oierm 105t + mi(+) + mar(-) — Gt} to be aggregate welfare, where my;(+) and ma(+) reflects firms’
profits, C'S; = fo " P,(Qy) dQy reflects consumer surplus, and G; reflects government spot market

payments for renewable generation. Using (1), welfare is higher under the premium-priced FIT if:

Qi ko
AW:W51:62:O_W51:52:1 >0 < Z {/ Pt(Qt)dQt_clt((ﬁ,t,lm)_CQt(q;,t,R2>
0

t=L,H

Q} Rr1
—{ / PAQt)d@t—at(q;t,Rn—c%(q;,t,Rl)]} - 0. (32)

Using (11), (12), (14), (15), (23) - (26), (29) and (30) to solve for (Q;Rl,qitﬁl,q;,tﬁl) and
(Qf ros Q412> Gag.ro), We utilize Mathematica to simplify the analytical expression of (52). See

Brown and Eckert (2018) for a detailed presentation. Differentiating (52) with respect to ay:
OAW
80[[{

= 012(‘92H — 01H) + 22 6115(02}[ — QlH) + 6511(108 02[{ — 204 91[_[)

+ 82211 Oy — 21261 5) + 2B0(1098 Oyy — 1528 01p7) + ¢ B3(1162 Oypr — 1178 01 p7)

+ A B14070 0oy — 4180 0151) + 37 (4656 Ooy — 572261 51) + ¢ 3°(9482 Oop — 9908 6,1 17)
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¢ B5(10899 oy — 125240, 77) + ®B5(14921 Oapy — 15946 6117)
4+ BT(15770 Oy5r — 17366 017) — 9 82601 > 0. (53)

When 0y — 015 and ¢ are sufficiently large, the inequality in (53) is satisfied. Consequently,

AW is positive if ay, 0oy — 01, and c are sufficiently large and positive. W

—minRj

Proof of Proposition 11. Suppose 6 = 6y = d3 = 1. P, and F;ij for j = 1,2, 3 follows
directly from the Proof of Proposition 6. Firm 3 is indifferent between receiving the renewable
capacity and its rival j = 1,2 when:

—minRj F

Tat(Qi s r3 Boprs) = 0 & P ==——55 =~ (54)
t:ZL;H 1,t,R3> 92,t,R3 3 S nOR

Proof of Proposition 12. Suppose d; = 9, = 03 = 0. For i =1, 2, m;nij follows directly from
Proposition 8. Firm 3 is indifferent between receiving the renewable capacity and an incumbent

rival receiving the renewable capacity when:

Z T3e(ql o ps Gors) = 0 & Z {[P(Q} gs) + m§""| O3 Rs} — F = 0

t=L,H t=L,H

<:> mmzn — _ P . 0 R |
’ > 03Rs Y. OxRs <t§H 1(Q rs) Ot 3)

t=L,H t=L,H

Using Proposition 8, under the specified conditions:

m?mRS - mgnin = Z {Pt(Q;Rl)Qit,Rl - Clt(@lft,m) - (Pt(Q;R?))qit,R?) - Clt((ﬁ,tﬂg))}

t=L,H

B Z Pi(Q% rs) O3 . (55)

t=L,H

Using (11), (12), (14), (24), (26), (29), and that the fringe’s renewable output adjusts residual
demand to be served by the incumbents by P(Q;) = a; — i Q¢ = oy — Bibsi Rs — Bi(que + qor):

. k [ ]
Q{t R3 — + (e — Bib3 R3) (By + cor) — ﬁtz ksi (o — Bi0siR3)(By + c11) | (56)
” 1 — B karkse ) |

: k | ]
qgt,RE} = + (ar — B3 Rs) (Be + c1) — B ke (au — Bibl Rs) (By + car) | - (57)
’ 1— B ksekse ) | ]

1
Qors = A, {(Oét — B3 R3) (B¢ + cor) + (26; + CQt)[ﬁtQ{;Rg] — B [ﬁtqg;,R?)] ; (58)
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Qo1 Ry = Ait {(Oét — BifsuRs) (B + c1t) + (2B8; + 1) [Bead s gs) — Be [5tQ{;,Rg]] : (59)

Using (11), (12), (14), (15), (23) - (26), (29) and (30) to solve for (Q; g1, 171> 6411 €1 1,51 T 1)
(56) — (59), and utilizing Mathematica to simplify the analytical expression, under the specified

conditions (55) can be rewritten as:

mminR3 _ mmzn _ 1 ? 1 2 1 ? 62 R
! S B+ Be+022] | B4 E8c+ 2| | B2+ 3Bc+ 2] | 225
3 3

X { B 0u[9ay — 2780uR) + B2 c0y[60ay — 256.5304 R)

+8% ¢ O [1540 — 108980 R] + B7 ¢® 01201y — 2669.530 1 R

+8% ¢ 0 [1450 — 415360 R] + 3° ¢® Oy [58ay — 4284801 R]

+84 P Oy [12ay — 298580, R + 3° ¢ Oy lay — 1406805 R)

+80, 90, — 2780 R] + 37 c0.[60a, — 256.580, R]

+8% c? 0 [154ar, — 108980 R] + 87 ¢* 0,[201a, — 2669.580. R)

+8% 0L [145ar, — 415330, R] + B° ¢ 0, [58a, — 428430, R]

+8* P OL[120 — 298560, R] + 82 ¢" O [ap, — 140650 R]

—87.58%° R0, + 07] — 108 R[637, + 67]

—%CHR[% + 602] — 44083 R[03, + ei]}. (60)

Using (60), as ¢ — 0, under the specified conditions:

lim mn i pmin — 1 FoR E 0,90, — 2756,R] > 0. A
50 1 3 - 512 225 t t t .
t=L,H

Proof of Proposition 13. Suppose §; = d; = d3 = 1. It is without loss of generality to focus on

firm 1. Using (1), firm 1 is indifferent between receiving the renewable capacity and firm 3 when:

—minR3 F 1

' >, OuR > O0uR tng{ t<Qt7R1>[q1¢le 16 ] 1t<ql,t,R1)

t=L,H t=L,H

- [Pt(Q;fk,RS) qit,R?, - Olt(qit,RS)]}' (61)
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Using (54) and (61), under Assumption 2:

—=min —minR3 s % * *
Py - P = Z {Pt(Qt,Rl) [‘h,t,m —0uR] — Clt(fh,t,m)

t=L,H

- [Pt(QZR?)) qit,R3 - Olt(Qik,t,Rii)]}‘ (62)

Using (23) — (30), and and that the fringe’s renewable output adjusts residual demand to be
served by the incumbents by P,(Q:) = o — B Qr = ap — Bibsi Ry — Bi(que + qot):

q{;,m = (%) (ay — B3 R) (By + o) — B7 kst (e — BibsiR) (By + 1) | (63)
— Py R3e kst ) |

@rps = (ﬁ—5) (ar — BibsiR) (B + 1) — B2 ke (a — BubsiR) (B +car) | (64)
1= Blksiks ) |

Using (11) — (15):

O _

Ny = a (ot — B3 R) (Be + cat) + (28 + c20)[Beals gs] — B: 18eads sl | (65)
O _

Qo1 p3 = T (o — BibseR) (B + c1t) + (28 + 1) [Bead s gs) — B: [Beals vl |- (66)

Using (11), (12), (14), (15), (23) - (26), (29) and (30) to solve for (Q} g1, 41 1 1> B4 51> 111> B0
(63) - (66), and utilizing Mathematica to simplify the analytical expression, under the specified

conditions (62) can be rewritten as:

Z {Pt(Qf,Rl) [th,Rl — 0 R] — Clt(Qit,m) - [Pt(Q:‘:R?)) qr,t,R:’) - Clt(Qit,R?))]}

t=L,H

= [CYH - aL][93H - 91H] + 5R[Q%H - 91H93H - 91H93L + 93H93L]

= |03y — 014 [(CYH — BROvy) — (ar, — BRO3)| = O3y — Ov. (67)
Under Assumption 2, 035 > 61y such that F;m > Flnng. Similarly, it can be readily shown
that anm > ?;nng under Assumption 2 because O3y > by, M

Proof of Proposition 14. Suppose 6; = 03 = 05 = 1. Using (62) - (67), under Assumption 3
—minR3 —minR3

O3y < 01 such that ?;m < P . Similarly, it can be readily shown that ??m < P,

because O3y < Oy under Assumption 3. M

Proof of Proposition 15. Suppose §; = §; = d3 = 0. It is without loss of generality to focus
on firm 1. Using (11), (12), (14), (15), (23) - (26), (29) and (30) to solve for (Q} ry, ¢} s r15@.¢.R15
q{i RL> qgi r1)s (56) — (59), we utilizing Mathematica to simplify the analytical expression in (55).
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See Brown and Eckert (2018) for a detailed presentation. Differentiating (55) with respect to 7:
o minR3 min s
(mi 7 =M™ s s [3550(yr — ) — T980BR(2n + 01y — 6011)]

+8°°[1037(ayy — ) — 22498R(2n + 0157 — 011)]
+5%c"°[194(ayr — ar) — 4088R(2n + 011 — 611)]
+Bc" 21 (o — o) — 43BR(2n + b1y — 611)]
+c?[(ag — ar) — 2BR(2n + 61y — 011))
+8°c"[8140(avyy — aur) — 190908 R(2n + b1y — 6011)]
+6"2 9oy — o) — 54BR(2n + 01y — 611)]
+8°c [12712(apr — ) — 31370BR(2n + 01y — 611)]
+8°c°[13493(oyy — avr,) — 35439BR(2n + b1y — 011)]
+8"c[168(ay — o) — T38BR(2n + 1 — 611)]
+8%c*[9554(ayy — aup) — 27132BR(2n + b1y — 6011)]
+8"c*[1180(avyy — avr,) — 42548 R(2n + O15r — 611,)]
+8%¢* (4341 (o — ) — 136418R(2n + 01 — 011)].  (68)

Condition (68) depends critically on the sign of Aj(ay — ap) — AsfR(2n + 015 — 611) where
Ay, Ay are positive constants, the largest differential between A; and A, arises when A; = 9 and

Ay =54, and 2n+ 015 — 01, = 01y +n— (01 — 1) = O3y — O51, then (68) is strictly positive when:
9(CYH — OZL) — 54BR(27’] + ng — 91[,) = 90zH — 545}%93]{ — (QCYL — 54BR93L) > 0. (69)

(69) holds when demand in the high demand period is sufficiently large compared to the low
demand period when the fringe wins the renewable auction (i.e., ay is sufficiently large).

In addition, differentiating (55) with respect to ag:
a(maninR?) mgmn)

8aH

= B4e33550n 4 331037y + 5201941 + Bt 21n + P+ BT [8140n + 0, 4]

+ 962N + 015] + BOcC[12712n + 120, 5] + B7c°[13494n + 580, 4]
+ B c[168n + 60015 + B3¢ [9554n + 1450, 5] + B0c*[1180n + 1546, 4]

+ B2c%[4341n + 2016,] > 0. W
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