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ABSTRACT
This paper evaluates market equilibrium under different pricing

mechanisms in a two-settlement 100%-renewables electricity mar-

ket. Given general probability distributions of renewable energy,

we establish game-theoretical models to analyze equilibrium bid-

ding strategies, market prices, and profits under uniform pricing

(UP) and pay-as-bid pricing (PAB). We prove that UP can incen-

tivize suppliers to withhold bidding quantities and lead to price

spikes. PAB can reduce the market price, but it may lead to a mixed-

strategy price equilibrium. Then, we present a regulated uniform

pricing scheme (RUP) based on suppliers’ marginal costs that in-

clude penalty costs for real-time deviations. We show that RUP can

achieve lower yet positive prices and profits compared with PAB
in a duopoly market, which approximates the least-cost system out-

come. Simulations with synthetic and real data find that under PAB
and RUP, higher uncertainty of renewables and real-time shortage

penalty prices can increase the market price by encouraging lower

bidding quantities, thereby increasing suppliers’ profits.
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1 INTRODUCTION
Uniform pricing (UP) is a widely adopted auction design in dereg-

ulated electricity markets. The clearing market price under UP
is identical to all the suppliers (in one location or zone), regard-

less of their bidding offers [9]. If there exists no market power,

UP can achieve market efficiency [13], and is also transparent in

terms of selecting the least-cost suppliers [11]. In practice, suppliers

can exercise market power, such as reporting a price higher than
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its marginal cost or withholding capacity, to increase the market

price [8][17]. For conventional dispatchable generators, it may not

be difficult for the market monitor to mitigate market power by

comparing offers to marginal costs and generation capacities [5].

However, the UP mechanism still faces some challenges when

variable renewable energy (VRE) dominates the market. First, VRE

has zero marginal costs, which may cause low and volatile day-

ahead market prices if suppliers bid at true marginal costs [10].

Second, VRE generation is variable and uncertain. Re-balancing

due to uncertain outputs may cause substantial real-time costs. The

above two considerations may aggravate profit losses to suppli-

ers and encourage strategic behaviors, e.g., withholding bidding

quantities, to increase market prices. There are discussions around

allowing VRE suppliers to offer at prices higher than zero marginal

costs [14]. However, since the re-balancing cost and generation

capacity of VRE are uncertain and variable, it is challenging for the

market monitor to assess what constitutes competitive bidding.

The challenges of implementing UP under high VRE levels open

doors for discussing other auction designs, such as pay-as-bid pric-

ing (PAB), where suppliers are paid directly at bidding prices. By

introducing price competition, PABmay reduce the average market

prices and revenues compared with UP and thus benefit consumers

[15][4][2]. One drawback of PAB is that it may fail to reveal the

true marginal costs of suppliers and thus leads to market ineffi-

ciency [1]. The market price under PAB is also hard to predict

and regulate [6]. However, since VRE suppliers’ re-balancing cost

and generation capacity are uncertain, UP may also face similar

challenges to PAB under high penetration levels of VRE.

Electricity market design for high penetration levels of VRE is

still an open question, and the literature on equilibrium analysis

under PAB and UP is under-explored. Son et al. [15] analyzed the

Nash equilibrium of suppliers’ bidding strategies based on game

theory but did not take into account uncertainty from VRE. In con-

trast, some works analyzed the Nash equilibrium of VRE suppliers’

bidding strategies. Ju et al. [7] and Taylor et al. [16] focused on

UP and PAB, respectively, which both only focused on the single-

settlement market and neglected uncertainty-related costs in real

time. Zhao et al. [18] analyzed the market equilibrium under PAB
for VRE considering real-time penalty costs. However, the work did

not characterize the equilibrium under UP nor make a comparison

between UP and PAB. In contrast, in this paper, we provide an

analysis of market equilibrium under UP and compare it with PAB.
We also propose a regulated uniform pricing scheme (RUP) that
takes into account real-time deviation costs. We summarize the

contributions of this paper in the following.

Nash equilibrium analysis in a two-settlement market with VRE
only: We evaluate the strategic behaviors of suppliers in VRE-only
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markets, which takes account of day-ahead revenues and real-time

shortage penalty costs. We establish game-theoretical frameworks

to model suppliers’ bidding strategies under UP and PAB. Given
general probability distributions of VRE, we characterize the Nash

equilibrium of suppliers’ bidding prices and quantities, and analyze

equilibrium market prices and profits.

Market mechanism comparison: We compare equilibrium prices

and profits under UP and PAB. We prove that under UP suppliers

can exercisemarket power to cause price spikes.PAB can reduce the

market price compared with UP by differentiating prices. However,

no pure strategy equilibrium exists under PAB. We propose RUP
as a potential regulation benchmark for renewable energy, which

can achieve lower yet positive prices and profits compared with

PAB under duopoly competition.

Simulation insights: We utilize both synthetic- and real-world

data to perform simulations, which show that RUP leads to the

lowest market prices and profits. We also observe that under PAB
and RUP, higher uncertainty in VRE and a higher real-time penalty

price may increase market prices by encouraging conservative

bidding quantities thereby increasing suppliers’ profits.

2 SYSTEM MODEL
We introduce the model of renewable-energy suppliers, the setting

of electricity markets, and some assumptions.

We consider a 100%-VRE electricity market (e.g., solar and wind),

where a set of VRE suppliers is denoted by I = {1, 2, ..., 𝐼 }. In the

rest of the paper, we use suppliers to refer to VRE suppliers. For one

certain hour, the output of supplier 𝑖 ∈ I is denoted as a random

variable 𝑋𝑖 , which has the support over [0, 𝑋 𝑖 ]. We assume that the

random generation 𝑋𝑖 has a continuous cumulative distribution

function (CDF) 𝐹𝑖 with the probability density function (PDF) 𝑓𝑖 .

We assume zero marginal production costs for VRE suppliers.

We model a two-settlement electricity market, which consists

of a day-ahead market (DAM) and a real-time market (RTM) [3].

In the DAM, any supplier 𝑖 submits the bidding price 𝑝𝑖 with a

cap 𝑝 , quantity 𝑞𝑖 , or supply curve 𝑄𝑖 (·) to the system operator.

Based on suppliers’ bidding strategies and demand 𝐷 , the system

operator clears the market with the price 𝜋𝑖 and supplier delivery

commitment 𝒙 = (𝑥𝑖 , 𝑖 ∈ I). In the RTM, if supplier 𝑖’s actual

generation falls short of the committed quantity, i.e., 𝑥𝑖 > 𝑋𝑖 , it

needs to pay the real-time penalty price 𝜆, resulting in the penalty

cost 𝜆(𝑥𝑖 −𝑋𝑖 ). We assume that 𝜆 > 0 is fixed (or the expected value

of the random penalty price independent of random generations).

Such a penalty cost will reflect the cost of other flexible resources

addressing the deviation. Overall, the profit of supplier 𝑖 is

𝑅𝑖 =𝑥𝑖 · 𝜋𝑖 − E𝑋𝑖

[
𝜆 · (𝑥𝑖 − 𝑋𝑖 )+

]
. (1)

We clarify some assumptions in this paper which we will further

generalize in future work.

Assumption 1. (i) The system demand𝐷 > 0 is fixed and inelastic;
(ii) The penalty price is positive, i.e., 𝜆 > 0; (iii) There is no reward or
penalty on the excessive generation (i.e., 𝑥𝑖 < 𝑋𝑖 ) in real time, and
the excessive generations are simply curtailed; (iv) Suppliers are price-
takers in the RTM; (v) Suppliers have complete market information.

In Sections 3- 5, we will discuss different market clearing mech-

anisms in the day-ahead market: UP, PAB, and RUP, respectively.

We will analyze the equilibrium market price and profits based on

game-theoretical models.

3 UNIFORM PRICING
We will characterize the Nash equilibrium of suppliers’ bidding

prices and quantities under UP.
Before going into details, we will first present an optimal day-

ahead commitment for suppliers based on the cleared price, which

can help analyze bidding quantities under different mechanisms

later. Based on the profit formulation (1), Lemma 1 characterizes

the optimal day-ahead committed quantity.

Lemma 1 (optimal commitment). If supplier 𝑖 is paid at the price
𝜋𝑖 in the DAM, the cleared commitment 𝑥𝑖 = 𝑦∗

𝑖
(𝜋𝑖 ) in the following

will maximize its profit.

𝑦∗𝑖 (𝜋𝑖 ) = 𝐹−1

𝑖

(
min( 𝜋𝑖

𝜆
, 1)

)
. (2)

Lemma 1 is easily proved based on the first order condition of

(1). Here 𝑦∗
𝑖
(𝜋𝑖 ) is non-decreasing over 𝜋𝑖 ∈ [0, 𝑝]. When the price

is zero, any supplier should commit zero quantity in the DAM and

zero profits, i.e., 𝑦∗
𝑖
(0) = 0 to avoid penalty costs in real time. If

𝜋𝑖 ≥ 𝜆, the supplier will just bid the maximum quantity 𝑋 𝑖 . Next,

under UP, we will first consider that suppliers are required to bid

zero prices and then generalize it to any prices in Appendix B.

3.1 Pricing mechanism
Each supplier bids the price 𝑝𝑖 = 0 and quantity𝑞𝑖 ≥ 0. The clearing

price 𝜋∗ and commitment 𝒙∗ are characterized in the following.
1

If

∑︁
𝑖

𝑞𝑖 ≤ 𝐷, 𝜋∗ = 𝑝 and 𝑥∗𝑖 = 𝑞𝑖 . (3a)

If

∑︁
𝑖

𝑞𝑖 > 𝐷, 𝜋∗ = 0 and

∑︁
𝑖∈I

𝑥∗𝑖 = 𝐷. (3b)

This mechanism leads to bipolar prices. Note that at the point∑
𝑖 𝑞𝑖 = 𝐷 , the market price is not continuous. To maintain a pure

strategy Nash equilibrium, we consider that the market price is

right-continuous in

∑
𝑖 𝑞𝑖 , i.e., 𝜋 = 𝑝 when

∑
𝑖 𝑞𝑖 = 𝐷 .

3.2 Game-theoretical model
Each supplier 𝑖 decides on the bidding quantity 𝑞𝑖 ≥ 0 to maximize

its profit. We formulate a game-theoretical model as suppliers’

decisions are coupled due to the market clearing price.

• Players: Suppliers I
• Strategy: Bidding quantity 0 ≤ 𝑞𝑖 ≤ 𝑋 𝑖 of supplier 𝑖

• Payoff: Profit 𝑅𝑖 of supplier 𝑖

𝑅𝑖 (𝑞𝑖 , 𝑞−𝑖 ) = 𝑥∗𝑖 (𝒒) · 𝜋
∗ (𝒒) − E𝑋𝑖

[
𝜆 · (𝑥∗𝑖 (𝒒) − 𝑋𝑖 )+

]
, (4)

where 𝜋∗ and 𝒙∗ are given by (3).

Definition 1 defines the pure-strategy bidding-quantity equilib-

rium of suppliers, where no supplier can increase its profit through

unilateral deviation.

Definition 1 (pureqantity eqilibrium). A bidding quantity
vector 𝒒∗ is a pure price equilibrium if for any supplier 𝑖 ∈ I,

𝑅𝑖
(
𝑞∗𝑖 , 𝑞

∗
−𝑖
)
≥ 𝑅𝑖

(
𝑞𝑖 , 𝑞

∗
−𝑖
)
, ∀𝑞𝑖 ≥ 0. (5)

1
Since all suppliers bid the same price, we assume that the system operator will allocate

demand by a random merit order.
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3.3 Nash equilibrium
The Nash equilibrium of bidding quantities is affected by supply

and demand. First, if there is supply shortage, i.e.,

∑
𝑖 𝑦

∗
𝑖
(𝑝) ≤ 𝐷 ,

any supplier 𝑖 just bids the quantity at 𝑦∗
𝑖
(𝑝), which leads to the

price cap 𝑝 . It means there is not enough generation capacity in the

market. However, if there is adequate supply, i.e.,

∑
𝑖 𝑦

∗
𝑖
(𝑝) > 𝐷 ,

the Nash equilibrium is given as follows.

Proposition 1 (Eqilibrium biddingqantity 𝒒∗). If
∑
𝑖 𝑦

∗
𝑖
(𝑝) >

𝐷 , the following conditions give a Nash equilibrium.

(i)
∑︁
𝑖

𝑞∗𝑖 = 𝐷 ; (ii) 0 ≤ 𝑞∗𝑖 ≤ 𝑦∗𝑖 (𝑝),∀𝑖 ∈ I, (6)

where the market clearing price is 𝜋∗ = 𝑝 . Furthermore, all the Nash
equilibria satisfy 𝜋∗ = 𝑝 and

∑
𝑖 𝑞

∗
𝑖
= 𝐷 .

We show the proof in Appendix A. Proposition 1 shows that

the total bidding quantity of suppliers is exactly at the demand

𝐷 , which achieves the price cap 𝑝 . Excessive bidding leads to zero

price and deficit bidding will encourage some suppliers to bid more.

Since suppliers bid the same zero price, it is not unique how to

determine the merit order. Theoretically, some suppliers can get a

larger share of demand while some get a much smaller one.

Although most current markets require suppliers to bid at mar-

ginal costs, they cannot fully capture the cost incurred by renew-

ables’ uncertainty in real time. Therefore, we further generalize

the setting in Appendix B and allow suppliers to bid any price in-

stead of zero. One Nash equilibrium in the generalized case will

coincide with Proposition 1 at bidding price zero 𝑝∗
𝑖
= 0,∀𝑖 , where

the clearing price reaches the price cap 𝑝 .

In summary, under UP, suppliers can easily exercise market

power to incur high prices. Since suppliers have zero marginal

costs with uncertain generations, it can be harder for the market

monitor to regulate compared to conventional generators.

4 PAY-AS-BID PRICING
Next, we will introduce the PAB mechanism, corresponding game-

theoretical model, and analysis of Nash equilibrium.

Under PAB, suppliers are paid at their bidding prices. Each sup-

plier 𝑖 decides the bidding price 0 ≤ 𝑝𝑖 ≤ 𝑝 and bidding quantity

0 ≤ 𝑞𝑖 to maximize its profit 𝑅𝑖 .

𝑅𝑖 (𝒑, 𝒒) =𝑥∗ (𝒑, 𝒒) · 𝑝𝑖 − E𝑋𝑖

[
𝜆 · (𝑥∗ (𝒑, 𝒒) − 𝑋𝑖 )+

]
, (7)

where the commitment 𝒙∗ follows the merit order given by the

solution to ProblemMO in Appendix B.

For theNash equilibrium, first, if there is supply shortage

∑
𝑖 𝑦

∗
𝑖
(𝑝) ≤

𝐷 , any supplier 𝑖 just bids the quantity at 𝑦∗
𝑖
(𝑝) and the price cap

𝑝 . Then, if
∑
𝑖 𝑦

∗
𝑖
(𝑝) > 𝐷 , the Nash equilibrium results have been

discussed in [18]. In summary, for the bidding quantity, there is

a weakly dominant strategy 𝑞∗
𝑖
= 𝒚∗ (𝑝𝑖 ) for supplier 𝑖 given its

bidding price. For the price equilibrium, however, there is no pure-

strategy price equilibrium,
2
but a mixed price equilibrium exists.

The equilibrium price under PAB is lower than the price cap 𝑝 .

However, it is challenging to characterize or predict in practice the

mixed price equilibrium under general probability distributions of

2
If we generalize the support from [0, 𝑋 𝑖 ] to [𝑋 𝑖 , 𝑋 𝑖 ] with𝑋 𝑖 > 0, the pure-strategy

price equilibrium may exist due to the stable minimum generation𝑋 𝑖 . We will include

this generalization in future work.

renewables. Also, a finite number of suppliers may still have market

power to set a high price. Next, we examine a regulated supply-

curve-based uniform pricing (RUP), which can further reduce the

market price and provide benefits to consumers.

5 SUPPLY-CURVE-BASED UNIFORM PRICING
Under RUP, any supplier 𝑖 truthfully reports its inverse CDF func-

tion 𝐹−1

𝑖
(·) of random generations, based on which we have 𝑦∗

𝑖
(·)

as the supply curve. The system operator sets up the cumulative

supply curve 𝑄 (𝑝).
𝑄 (𝑝) =

∑︁
𝑖∈I

𝑦∗𝑖 (𝑝), 𝑝 ≤ 𝑝. (8)

The operator clears the market with price 𝜋∗: If 𝑄 (𝑝) ≥ 𝐷 , then

𝜋∗ is achieved at 𝑄 (𝜋∗) = 𝐷 . If 𝑄 (𝑝) < 𝐷 , then 𝜋∗ is achieved at 𝑝

and the capacity is not adequate.

We build the connection between RUP and a benchmark of

near-least system cost in Proposition 2.

Proposition 2. The cleared day-ahead commitment and market
price underRUP give the optimal primal solution 𝒙∗ and dual solution
𝜋𝑒 , respectively, to the following problem.

min

𝒙

∑︁
𝑖∈I
E𝑋𝑖

[
𝜆 · (𝑥𝑖 − 𝑋𝑖 )+

]
+ 𝑝 · 𝑥0 (9a)∑︁

𝑖∈I
𝑥𝑖 + 𝑥0 = 𝐷, : 𝜋𝑒 (9b)

𝑥0 ≥ 0, 𝑥𝑖 ≥ 0,∀𝑖 ∈ I, (9c)

where 𝑥0 denotes the lost load.

The above proposition is easily proven based on KKT conditions.

If suppliers’ generation variables are independent, the objective

function (9a) is exactly the system cost. Since suppliers make deci-

sions based on their own generations, the generation correlation

between suppliers cannot be captured. Future work will consider

how to distribute the correlation information among suppliers.

This mechanism captures the total marginal cost across the DAM

and RTM, making it suitable as a regulation benchmark. First, it

approximates the least-cost system solution. Second, each supplier’s

profit is maximized at the clearing price. Third, the clearing price

is easily obtained compared with the mixed price equilibrium in

PAB. Lastly, it will lead to lower prices compared with UP and

PAB. If we consider a duopoly case, the price under RUP (denoted

by 𝜋RUP) is lower than the minimum expected equilibrium price

of two suppliers (𝜋PAB) under PAB. We compare the prices in the

following proposition, which is proved in Appendix C.

Proposition 3 (Eqilibrium price comparison). Considering
a duopoly market, the equilibrium (expected) market price satisfies

𝑝 ≥ 𝜋PAB ≥ 𝜋RUP > 0. (10)

If suppliers can report any supply curve, the Nash equilibrium

in Proposition 4 under uniform pricing is one possible result. The

system operator needs to monitor and evaluate the generation

information of generators to mitigate market power.

6 SIMULATION RESULTS
We simulate the results of market prices and suppliers’ profits under

UP, PAB, and RUP of two suppliers. The results show that RUP

238



e-Energy ’23, June 20–23, 2023, Orlando, FL, USA Dongwei Zhao, Audun Botterud, and Marija Ilic

0 0.5 1 1.5 2 2.5 3 3.5
Standard deviation 

0

0.2

0.4

0.6

0.8

1

M
ar

ke
t p

ric
e 

(k
$/

M
W

h)

UP
PAB: supplier 1
PAB: supplier 2
RUP

(a)

0 0.5 1 1.5 2 2.5 3 3.5
Standard deviation 

0

0.2

0.4

0.6

0.8

1

P
ro

fit
 (

k$
)

UP: supplier 1
PAB: supplier 1
RUP: supplier 1

UP: supplier 2
PAB: supplier 2
RUP: supplier 2

(b)

Figure 1: (a) Equilibrium price; (b) Equilibrium profit. Both
are with supplier 2’s standard deviation of generations.
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Figure 2: (a) Equilibrium price; (b) Equilibrium profit, as a
function of penalty price.

leads to the lowest price and profits for suppliers. We investigate

the impact of generation uncertainty and real-time penalty price

based on synthetic data and real data, respectively.

We simulate two case studies: (i) we assume a truncated normal

distribution of suppliers’ renewable-energy generations and exam-

ine how the market price and suppliers’ profits will change with

generation uncertainty ; (ii) we use historical real data to establish

the probability distribution of generations and investigate the im-

pact of real-time penalty prices. We set demand at 2MW and set

the bidding price cap at 𝑝 = 1k$/MWh.

6.1 Synthetic data
6.1.1 Setup. For both suppliers, we assume their generations fol-

low normal distributions with a mean value of 1.5MW, which are

truncated between [0,3] MW. We fix supplier 1’s standard deviation

(std) at 1MW and vary supplier 2’s. We set the real-time penalty

price at 𝜆 = 1.5k$/MWh and assume two suppliers equally share

the demand under UP.

6.1.2 Results. We show that UP can lead to the highest prices

and profits for suppliers. Also, Under both PAB and RUP, one
supplier’s increased generation uncertainty will reduce its own

profit and increase the other supplier’s profit.

In Figures 1, we show equilibriummarket prices in (a) and profits

in (b) by varying supplier 2’s std of generations.UPwill always lead

to price cap 𝑝 (black curve) in Figure 1(a) and highest profits (black

curve) in Figure 1(b). As we assume that two suppliers equally share

the demand, supplier 1’s profit (black solid curve) remains constant

while supplier 2’s profit (black dotted curve) decreases as supplier

2’s generation uncertainty increases. Under PAB, in Figure 1(a),

supplier 1’s equilibrium bidding price (blue solid curve) increases

while supplier 2’s price (blue dotted curve) decreases. The profits

in Figure 1(b) show the same trend. The increased uncertainty of

supplier 2 gives advantages to supplier 1 in market competition.

Under RUP, in Figure 1(a), the uniform market price increases as

supplier 2’s generation uncertainty increases. The reason is that

supplier 2 will bid more conservatively if its generation uncertainty

increases and the operator needs to set a higher price to meet

the demand. Accordingly, supplier 1’s profit (red solid curve) will

increase while supplier 2’s profit (red dotted curve) will decrease

as shown in Figure 1(b).

6.2 Real data
6.2.1 Setup. We use the historical data of solar energy in Hong

Kong from the year 1993 to the year 2012 [18] to establish renewable-

energy probability distribution. Specifically, for hour 4pm in July, we

use 20-year historical data at this hour of this month to establish the

empirical CDF of suppliers’ renewable generations and approximate

the continuous CDF [12]. We focus on two homogeneous suppliers

and vary the real-time penalty prices. We simulate the mixed price

equilibrium by discretizing the price. We assume two suppliers

equally share the demand under UP.

6.2.2 Results. UP will still lead to the highest prices and profits of

suppliers, which is not beneficial to consumers, whileRUPwill give

the lowest prices and profits. We also find that a higher real-time

penalty price can both increase the market price and even increase

a supplier’s profit under PAB and RUP.
In Figures 2, we show equilibriummarket prices in (a) and profits

in (b) by increasing the real-time penalty price 𝜆. UP will always

lead to price cap 𝑝 (black curve) in Figure 2(a) and highest profits

(black curve) in Figure 2(b). Under PAB and RUP, in Figure 2(a),

suppliers’ equilibrium bidding prices (blue and red curves) increase,

which can encourage suppliers to bid more quantities under the

impact of higher penalty prices. This increased price actually im-

proves suppliers’ profits(blue and red curves) in Figure 2(b) when

the penalty price is low. However, as the penalty price further in-

creases, the penalty cost will dominate and suppliers’ profits will

decrease. By comparing between PAB andRUP, the regulatedRUP
can achieve lower prices and profits, which are still always positive.

7 CONCLUSION
In this work, we analyze market equilibrium under different pric-

ing mechanisms in a two-settlement 100%-renewables electricity

market and provide insights into market design. We establish game-

theoretical models to compare equilibrium bidding strategies, mar-

ket prices, and profits between UP and PAB. Without regulation,

UP can induce the price cap while PAB can lead to lower market

prices and profits. We present a new uniform-pricing mechanism

RUP as a regulation benchmark, which can achieve even lower

yet positive prices and profits compared with PAB. Synthetic- and
real-data simulations show that under PAB and RUP a higher un-

certainty of renewables and a higher real-time shortage penalty

price can both increase the market price by encouraging lower

bidding quantities and even increase suppliers’ profits.

In future work, several assumptions can be generalized. For

example, we will model elastic demand, provide a comprehensive

analysis of real-time deviation prices, and consider correlations

between suppliers’ random generations.
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A PROOF OF PROPOSITION 1
The Nash equilibrium given by (6) can be easily proved based on

Definition 1, where any unilateral deviationwill not strictly increase

a supplier’s profit.

We now prove that all the Nash equilibria satisfy 𝜋∗ = 𝑝 and∑
𝑖 𝑞

∗
𝑖
= 𝐷 . (i) suppose 𝜋∗ = 0 (i.e.,

∑
𝑖 𝑞

∗
𝑖
> 𝐷) at the equilibrium.

Any supplier bidding a positive quantity will get negative profits

and it can always bid zero to get better off, which shows that 𝜋∗ = 0

is not the equilibrium. (ii) Suppose

∑
𝑖 𝑞

∗
𝑖
< 𝐷 at the equilibrium.

If there exists 𝑗 such that 𝑞∗
𝑗
< 𝑦∗

𝑗
(𝑝), this supplier 𝑗 can always

increase its bid a bit to 𝑞∗
𝑗
+ 𝜖 such that

∑
𝑖≠𝑗 𝑞

∗
𝑖
+ 𝑞∗

𝑗
+ 𝜖 < 𝐷 ,

which will increase its profit based on Lemma 1 and contradict

the Nash equilibrium definition. If for any 𝑖 ∈ I, 𝑞∗
𝑖
≥ 𝑦∗

𝑖
(𝑝), i.e.,

𝐷 >
∑
𝑖 𝑞

∗
𝑖
≥ ∑

𝑖 𝑦
∗
𝑖
(𝑝), which contradicts

∑
𝑖 𝑦

∗
𝑖
(𝑝) > 𝐷 . □

B GENERALIZATION OF BIDDING PRICES
UNDER UNIFORM PRICING

Although most current markets require suppliers to bid at marginal

costs, they cannot fully capture the cost incurred by renewables’

uncertainty in real time. Therefore, we further generalize the setting

and allow suppliers to bid any price instead of zero. One Nash

equilibrium in the generalized case will coincide with Proposition

1 together at price zero 𝑝∗
𝑖
= 0,∀𝑖 , where the clearing price reaches

the price cap 𝑝 . This Nash equilibrium, however, may not be unique.

We give another example of Nash equilibrium in Appendix B, where

the clearing market price may not be at 𝑝 but still be manipulated by

marginal suppliers whose bidding price will be the clearing price.

B.1 Market-clearing mechanism
Each supplier bids the price 0 ≤ 𝑝𝑖 ≤ 𝑝 and quantity 0 ≤ 𝑞𝑖 . The

commitment 𝒙∗ and clearing market price 𝜋∗ are characterized as

follows.

First, the demand allocation 𝒙∗ is based on merit order, which is

equivalent to the following problem MO.3 For notation simplicity,

we regard the system operator as supplier 𝑖 = 0 who bids at the

price cap 𝑝0 = 𝑝 and quantity (shed load) 0 ≤ 𝑞0 ≤ 𝐷 . We let the

set I′ = I⋃{0}.
MO: Demand allocation based on merit order

max

𝒙

∑︁
𝑖∈I′

(𝑝 − 𝑝𝑖 ) · 𝑥𝑖 , (11a)

s.t.

∑︁
𝑖∈I′

𝑥𝑖 = 𝐷, (11b)

0 ≤ 𝑥𝑖 ≤ 𝑞𝑖 ,∀𝑖 ∈ I′ . (11c)

Then, we introduce how the cleared price 𝜋∗ is set. To begin with,
we denote the set of suppliers who get positive committed quantity

as 𝐼𝛿 = {𝑖 ∈ I′ |𝑥∗
𝑖
> 0}. The supplier index with the highest price

in the set 𝐼𝛿 is 𝑖𝛼 = arg max𝑖∈I𝛿 (𝑝𝑖 ). The supplier index with the

lowest price in the set I′ \ I𝛿
is 𝑖𝛽 = arg min𝑖∈I′\I𝛿 (𝑝𝑖 ). The

cleared price 𝜋∗ is given by
4

(i) If 𝑥∗𝑖𝛼 < 𝑞𝑖𝛼 , 𝜋
∗ = 𝑝𝑖𝛼 . (ii) If 𝑥

∗
𝑖𝛼 = 𝑞𝑖𝛼 , 𝜋

∗ = 𝑝𝑖𝛽 . (12)

B.2 Game-theoretic model
Any supplier 𝑖 ∈ I decides both the bidding price 0 ≤ 𝑝𝑖 ≤ 𝑝 and

quantity 0 ≤ 𝑞𝑖 to maximize its profit.

𝑅𝑖 ((𝑝𝑖 , 𝑞𝑖 ),𝒑−𝑖 , 𝒒−𝑖 ) =𝑥∗𝑖 (𝒑, 𝒒) · 𝜋
∗ (𝒑, 𝒒)

− E𝑋𝑖

[
𝜆 · (𝑥∗ (𝒑, 𝒒) − 𝑋𝑖 )+

]
, (13)

where 𝒙∗ is the solution to Problem MO and 𝜋∗ is given by (12).

We have a definition of Nash equilibrium similar to Definition 1.

3
If some suppliers bid the same price, we assume that the system operator will allocate

demand to these suppliers by a random merit order.

4
We neglect the case of zero total bidding quantities from suppliers.
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B.3 Nash equilibrium
The Nash equilibrium is affected by supply and demand. First, if

there is supply shortage

∑
𝑖 𝑦

∗
𝑖
(𝑝) ≤ 𝐷 , any supplier 𝑖 just bids the

quantity at 𝑦∗
𝑖
(𝑝), which leads to the price cap 𝑝 . The bidding price

will not matter. Then, if

∑
𝑖 𝑦

∗
𝑖
(𝑝) > 𝐷 , one Nash equilibrium will

coincide with Proposition 1.

Proposition 4 (Nash eqilibrium). If
∑
𝑖∈I 𝑦∗

𝑖
(𝑝) > 𝐷 , we

have one Nash equilibrium characterized by the conditions: 𝑝∗
𝑖
=

0, ∀𝑖 ∈ I and (6), where the market clearing price is 𝜋∗ = 𝑝 .

Proof:We have the above proposition proved based on the Nash

equilibrium definition. Suppose that any supplier 𝑖 deviates from

the equilibrium strategy to (𝑝′
𝑖
, 𝑞′

𝑖
) unilaterally.

• If 𝑝′
𝑖
≥ 0 and 𝑞′

𝑖
+∑

𝑘∈I/𝑖 𝑞
∗
𝑘
≤ 𝐷 , the clearing price is still

𝑝 but supplier 𝑖’s allocated demand 𝑥 ′
𝑖
≤ 𝑞∗

𝑖
≤ 𝑦∗

𝑖
(𝑝). Thus,

the profit of supplier 𝑖 will not increase.

• If 𝑝′
𝑖
≥ 0 and 𝑞′

𝑖
+∑

𝑘∈I/𝑖 𝑞
∗
𝑘
> 𝐷 , the clearing price is now

dropped to price 𝑝′
𝑖
≤ 𝑝 . Supplier 𝑖’s new allocated demand

remains unchanged, i.e.,𝑥 ′
𝑖
= 𝑞∗

𝑖
since its bidding price 𝑝′

𝑖
≥ 0

Thus, the profit of supplier 𝑖 will not increase. □

At the equilibrium in Proposition 4, suppliers tend to bid low

prices so as to be scheduled in the day-ahead market, and withhold

bidding quantities to achieve high prices. This Nash equilibrium,

however, may be not unique. We give another example next, where

the clearing market price may not be at 𝑝 but still be manipulated by

marginal suppliers whose bidding price will determine the clearing

price.

B.4 Another example of Nash equilibrium
We give another example of Nash equilibrium, where the clearing

market price may not be at 𝑝 but still may be manipulated by

suppliers who bid high prices.

Proposition 5 (Nash eqilibrium). We have one Nash equilib-
rium characterized by the following conditions, where we define a
new subset of suppliers I𝛾 and let 𝑗 be the supplier index with the
lowest price in the set I \ I𝛾 , i.e., 𝑗 = arg min𝑖∈I\I𝛾 (𝑝𝑖 ).

(i) 𝑝∗𝑖 = 0, ∀𝑖 ∈ I𝛾 , (14a)

(ii)
∑︁
𝑖∈I𝛾

𝑞∗𝑖 = 𝐷, (14b)

(iii) 0 ≤ 𝑞∗𝑖 ≤ 𝑦∗𝑖 (𝑝 𝑗 ),∀𝑖 ∈ I𝛾 , (14c)

(iv) 𝑞∗𝑖 ≤ 𝑞∗𝑗 ,∀𝑖 ∈ I𝛾 , (14d)

where the market clearing price is 𝜋∗ = 𝑝 𝑗 .

Proof:We have the above proposition proved based on the Nash

equilibrium definition. We discuss suppliers in sets I𝛾
and I \ I𝛾

,

respectively.

First, suppose that supplier 𝑖 ∈ I𝛾
deviates from the equilibrium

strategy to (𝑝′
𝑖
, 𝑞′

𝑖
), unilaterally.

• 𝑝′
𝑖
≥ 0 and 𝑞′

𝑖
+∑

𝑘∈I𝛾 /𝑖 𝑞
∗
𝑘
≤ 𝐷 :

– If 𝑝′
𝑖
≤ 𝑝 𝑗 , the clearing price is still 𝑝 𝑗 since 𝑞

∗
𝑖
≤ 𝑞∗

𝑗
. The

supplier 𝑖’s allocated demand 𝑥 ′
𝑖
≤ 𝑞∗

𝑖
≤ 𝑦∗

𝑖
(𝑝 𝑗 ). Thus, the

profit of supplier 𝑖 will not increase.

– If 𝑝′
𝑖
> 𝑝 𝑗 , since 𝑞

∗
𝑖
≤ 𝑞∗

𝑗
, the original allocated demand to

supplier 𝑖 will be taken by supplier 𝑗 . The new allocated

demand is 𝑥 ′
𝑖
= 0, which will decrease supplier 𝑖’s profit.

• 𝑝′
𝑖
≥ 0 and 𝑞′

𝑖
+∑

𝑘∈I/𝑖 𝑞𝑘∗ > 𝐷 :

– If 𝑝′
𝑖
≤ 𝑝 𝑗 , the clearing price is 𝑝′

𝑖
≤ 𝑝 𝑗 . Since 𝑝′

𝑖
≥ 0,

the allocated demand to supplier 𝑖 will not change, i.e.,

𝑥 ′
𝑖
= 𝑞∗

𝑖
. Thus, the profit of supplier 𝑖 will not increase.

– If 𝑝′
𝑖
> 𝑝 𝑗 , since 𝑞

∗
𝑖
≤ 𝑞∗

𝑗
, the original allocated demand to

supplier 𝑖 will be taken by supplier 𝑗 . The new allocated

demand is 𝑥 ′
𝑖
= 0, which will decrease supplier 𝑖’s profit.

Second, suppose that supplier 𝑖 ∈ I \ I𝛾
deviates from the equi-

librium strategy to (𝑝′
𝑖
, 𝑞′

𝑖
), unilaterally. Note that these suppliers

get zero demand and zero profit at the equilibrium.

• 𝑝′
𝑖
> 0: supplier 𝑖 still cannot be allocated to demand and the

profit will not change.

• 𝑝′
𝑖
= 0 and 𝑞′

𝑖
= 0: the profit is still zero.

• 𝑝′
𝑖
= 0 and 𝑞′

𝑖
> 0: the market clearing price is dropped to

𝜋∗ = 0. The profit of supplier 𝑖 is no greater than zero.

Overall, we discussed all the cases where any supplier will not

deviate unilaterally. We have Proposition 5 proved. □
In Proposition 5, supplier 𝑗 ’ bidding price will set the market

price, which still can be very high. Proposition 4 is a special case of

Proposition 5 if in Proposition 5, we regard the system operator as

supplier 𝑖 = 0 and replace the set I by I′
.

C PROOF OF PROPOSITION 3
We only need to prove 𝜋PAB ≥ 𝜋RUP > 0 when

∑
𝑖∈I 𝑦∗

𝑖
(𝑝) > 𝐷 .

(i) 𝜋PAB ≥ 𝜋RUP: Proposition 4 in [18] shows that the common

lower support 𝑙 of mixed price equilibrium of two suppliers satisfies

𝐷 ≤ ∑
𝑖 𝑦

∗
𝑖
(𝑙). Thus, we have 𝑙 ≥ 𝜋RUP since 𝐷 =

∑
𝑖 𝑦

∗
𝑖
(𝜋RUP),

which shows 𝜋PAB ≥ 𝜋RUP.

(ii) 𝜋RUP > 0: Under the mechanism RUP, if 0 < 𝜋∗ ≤ 𝜆, the

profit of supplier 𝑖 is

𝜆

∫ 𝐹 −1

𝑖

(
𝜋∗
𝜆

)
0

𝑥 𝑓𝑖 (𝑥)𝑑𝑥 > 0.

Note that 𝜋∗ > 𝜆 will not happen as 𝑄 (𝑝) will remain constant

when 𝑝 ≥ 𝜆. Besides, since 𝐷 > 0, 𝜋∗ = 0 is impossible. Notably,

𝜋RUP > 0 will hold for oligopoly markets. □
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