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Analysis of Mechanism Design for the Optimal Bilateral Contract
in the Competitive Electricity Market
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Abstract — Although electricity market structures may be different from each country, they have a long—term forward
market and a short-term spot market in general. Particularly, a bilateral contract transacted at a long-term forward
market fixes the electricity price between a genco and a customer so that the customer can avoid risk due to price-spike
in the spot market. The genco also can make an efficient risk-hedging strategy through the bilateral contract. In this
paper, we propose a new mechanism for deriving the optimal bilateral contract price using game theory. This mechanism
can make the customer reveal his true willingness to purchase so that an adequate bilateral contract price is derived.
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1. Introduction

In many parts of the world, the electricity industry is
undergoing unprecedented changes. The essence of these
changes is to establish the deregulated and competitive
electricity market. Electricity is therefore not supplied by
traditional vertically-integrated utilities but transacted between
gencos and customers with total or partial competition.

Although electricity market structures are different
according to each country’s condition, they generally have
a long-term forward market and a short-term spot
market. Spot prices are set by gencos’ and/or customers’
bids (practically retailers’ bids) at the electricity pool
market. Studies on these strategic behaviors in the spot
market have been performed extensively [1]. If we have
only a spot market, the efficient power system operation
may be accomplished through spot prices which are sent
to gencos and customers as price signals. In this
situation, however, gencos and customers are exposed to
risks caused by extremely volatile and unforecastable spot
prices. The California electricity crisis is a proof that the
electricity market depending on low spot prices without
hedging is very risky [4].

Bilateral contracts which are bargained directly or
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transacted at a long-term forward market between
gencos and customers can be one of solutions to arrange
the problems related to these risks [5]. Since bilateral
contracts fix electricity prices in advance, customers can
avoid risks due to price-spikes in the spot market
through these contracts. Experiences in England & Wales,
Norway, Australia, and San Diego etc. show that most
customers prefer electric charges fixed by bilateral contracts
to linking with spot prices. As a result, electricity markets
are likely to be advanced as follows: Most customers
take electricity service at fixed rate from retailers and
retailers enter into a variety of bilateral contracts as
hedging arrangements to manage the risk of these fixed
rate sales. Gencos hold a portfolio of bilateral contracts
that provide a significant part of their income and new
entries in generation compete with existing gencos for
bilateral contracts. Therefore, the spot market provides
appropriate price signals at the margin to unhedged
generation and load for the supply-demand balancing.

In this environment, gencos can also device efficient
risk-hedging strategies to minimize uncertainty at
electricity sales and secure a major portion of revenues
through the bilateral contracts. However, studies on the
long-term forward market, particularly price-setting mechanism
at bilateral contracts, have been merely -elementary
investigations on price estimation but there are not
substantial researches from contracting parties stand.

In this paper, we provides a mechanism design to
establish an adequate bilateral contract. This mechanism
makes a customer reveal his true willingness to purchase
electricity so that the optimal bilateral contract price can
be derived.
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2. Information Problem of the Bilateral Contract

A customer may purchase a part of his demand
through bilateral contracts [7]. At this time, contract
amount may be varied according to his preference to risk
of price-spike in the spot market. The customer can
minimize risk of purchasing electricity through bilateral
contracts and obtain opportunities to minimize his total
purchasing cost through bids in the spot market.
Therefore, the customer may resign his purchasing
amount to achieve these two goals simultaneously.

A genco may also minimize risk of selling electricity
and maximize its own profits simultaneously. For these
goals, the genco should device the optimal -electricity-
sales portfolio by estimating the customers expected
bilateral contract amount exactly. If the genco sets the
bilateral contract prices without regard for customers’
willingness to purchase, customers will have an incentive
to distort their willingness to purchase for the maximum
benefits (i.e. the customer’s surplus) and it will result in
a loss of opportunity for the genco to increase its profits.
For example, suppose that a genco sets a bilateral contract
price too high. Then, a customer may purchase electricity
less than his expected through this bilateral contract and
the genco may be exposed to high risk due to a loss of
opportunity for the stable electricity-sales in consequence.
On the other hand, if a genco sets a bilateral contract
price too low, then a customer may purchase electricity
more than his expected. As a result, the genco may miss
an opportunity to increase its profits due to decreasing
sales amount to other customers and/or spot market.

However, the genco cannot exactly acquire any
customer’s willingness to purchase the bilateral contract
amount, since it is each customer’s private information.
Therefore, the genco should design the mechanism to
device the optimal electricity-sales portfolio without this
customer’s private information.

3. Mechanism Design

To solve this information problem, an economic
technique, called as “mechanism design”, has been
developed. Thisis special form of incomplete information
game. Mechanism means a set of game rules performed
by an uninformed player, "principal” and an informed
player, "agent” [13].

The mechanism should following features to satisfy the
mechanism-designer’'s goals. First, to make a contract
with the agent, the principal should offer him a contract
that guarantees benefits more than his reservation utility.
If the agent expects his benefits by this contract to be
less than his reservation utility, the agent may reject the
contract. This constraint is called as the individual
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rationality or participation constraint.

The mechanism should also satisfy the incentive
compatibility constraint simultaneously. This means the
constraint that makes the agent reveal true private
information as his optimal strategy. In mechanism design,
this state is called that "truth-telling” the agent’s private
information is the equilibrium strategy. However, the
incentive compatibility constraint does not always
guarantee that the agent does truth—telling. It solely
means that the agent may obtain maximum benefits in

case of doing truth-telling.

3.1 Customer’s Benefit Function

In this paper, we design the mechanism as follows.
First, a customer offers a genco his bilateral contract
amount. At this time, the offered contract amount needs
not be identical to his true willing purchase amount (i.e.
degree of aversion to risk of price-spike in the spot
market). When the customer has offered his purchase
amount, the genco will set the contract price on this
offer. Figure 1 shows the overall flow on this procedure.

principal

Offering a mechanism (or contract)
to the agent

\

v
agent

No o . . 0 -
. . sy principal's payoff = 0
Accepting this mechanism? { agent's payoff = reservation utility

l Yes

The agent determines his action
The principal behaves to the
mechanism (or contract)

Implementing final payoff

Fig. 1 Structure of mechanism design

According to the law of diminishing marginal utility in
economics, the customer’'s marginal utility decreases in
proportion to the electricity purchase amount. Assuming
that the customer’s marginal utility decreases linearly, the
marginal utility function can be defined as follows:

u(q) =b,—kDq (1)

D is the customer’s total demand and ¢ is the degree of
willingness to purchase through the bilateral contract (i.e.
degree of aversion to risk of price-spike in the spot
market) where 0 < ¢<1. Therefore, the customer’'s
electricity purchasing amount from a genco through the
bilateral contract is calculated as Dgq. Since the value of
q is the customer’s private information, the genco cannot
know this value. b, is the value of a unit electricity
consumed first and k means the change rate of marginal
utility for additionally consumed electricity. In this paper,



we assume that the genco estimates exactly the
customer’s marginal utility function coefficients, b, and k.

The customer’s total utility is the value of integral for this
marginal utility function. Therefore, total utility for the
marginal utility function defined at (1) is calculated as follows:

a 1
U(q)=f0u(q) clq:bof1—§/<fl7q2 (2)

In this mechanism, the genco sets the bilateral contract
price, A on electricity purchase amount offered by the
customer. If the customer purchases his offered amount
at the price set by the genco, then he can pay
P(q) = ADq. Therefore, the customer’s benefit obtained by
this bilateral contract is calculated as follows:

Blg) = Ulg) ~ Plg) =bya— 3 kD = \Dg 3

If the customer does not agree on this bilateral
contract, that is, ¢=0, then he will obtain the zero
benefit through this contract. This zero benefit is defined
as the customer’s reservation utility.

3.2 Contract Design

The genco should set adequate bilateral contract price
on the customer’'s offered purchase amount so that it
device the optimal electricity—sales portfolio. At this time,
the genco should satisfy following constraints.

B /ndividual rationality constraint

When the customer agrees on the contract at the price
set by the genco, the customer’'s benefit obtained this
contract should be larger than this reservation utility.
That is, the bilateral contract price should guarantee the
customer a nonnegative benefit.

B(g) =0 (4)
boqf%quQf)\DqZ 0

B /ncentive compatibility constraint

The customer should not distort his willingness to
purchase from the genco’s setting price. That is, the
bilateral contract price should guarantee that the customer
can obtain a maximum benefit by offering his true
willingness to purchase.

B(q) = B(q) (5)
byg— %quZ —\Dq = by q— %kpff— ADyq

where, & is the degree of willingness to purchase
through the bilateral contract offered by the customer to
the genco.

PR

SS

il

HMAAFOIAM L MY MAY AH MY e AT

Trans. KIEE. Vol. 59P, No. 3, SEP., 2010

B Feasibility constraint

When the bilateral contract is concluded at the
customer’s offered purchase amount, the genco should
obtain a profit through this contract. That is, the bilateral
contract price should be larger than a unit of service cost
on this contract.

m(q) =ADg= C(q) )
\ = Cla)
Dq

where, ﬂ(&) is the genco’s revenue obtained by selling the
contract amount D& at a price of A and C(}}) is the service

cost function paid to supply the contract amount DZ]‘

Therefore, this mechanism, as a function on the
customer’s offered degree of willingness to purchase,
should set the bilateral contract price satisfying the above
constraints simultaneously.

3.3 Derivation of the Optimal Contract Price

If the mechanism is incentive compatible, the customer
will recognize that his optimal strategy is to reveal his
true willingness to purchase. Therefore, the genco derives
first the price function satisfying this incentive
compatibility constraint. Then, the genco evaluates
whether the price derived on the customer's offered
willingness to purchase satisfies the customer’s individual
rationality constraint and guarantees the genco’s profit.
Based on this result, the genco can set the adequate
bilateral contract price.

In this mechanism, the genco minimizes the customer’s
expected additional benefit obtained by distorting his
willingness to purchase so that the customer reveals his
true private information. From (5), this additional benefit

is calculated as follows:

AB(q.q) = Blq) — B(q) ) )
~by(g=3) = 3k D(¢ =)~ AD(g— )

- 1 -
= (q_ (I) b()_EkD(Q'i‘ q)—/\D

Differentiating (7) on ¢, the following equation can be
derived:

24B(¢.9) _ —by+kDg+AD (8)

q
By the first order necessary condition for minimization,
equation (8) should be zero. Therefore, the optimal
bilateral contract price is calculated as follows:

—by+kDg+\'D=0 9)

. by—kDgq
A=

265



M7|stsl ==X 50PA 3% 20104 9%

Substituting this optimal bilateral contract price, A" for
(5), the incentive compatibility constraint can be derived

as follows:

= 2|-56—a]=0 (10)

From (10), if the customer purchases electricity less
than his true willingness through this contract, that is, if

- - 1 -
q>q, then (g—¢q) will be positive and —E(q— q) wil

be negative. Consequently, his expected additional benefit
is negative. On the other hand, if the customer purchases
electricity more than his true willingness, that is, if

¢< ¢, then the customer’s expected additional benefit is

also negative due to the negative value of (q—&) and

1 -
the positive value of —g(q— q). Therefore, when the

customer offers true willingness to purchase, that is,

when ¢= Z], he can obtain zero as the maximum of
additional benefit. This shows that the
compatibility constraint is satisfied.

incentive

This bilateral contract price derived from the incentive
compatibility —constraint also satisfies the individual
rationality constraint. Substituting this bilateral contract
price for (4), the following condition can be derived:

b,—kDq

< ) (11)

Consequently, since the optimal bilateral contract price

satisfies  the individual rationality and incentive
compatibility constraint simultaneously, the customer will
tell the genco a truth by revelation principle [14].

Finally, if the above bilateral contract price also
satisfies the feasibility constraint, (6), the genco can
device the optimal electricity—sales portfolio by concluding

the contract at this price.

3.4 Analysis on the Optimal Bilateral Contract Price
From (9), it shows that the optimal bilateral contract
price has the following features:

e The optimal bilateral contract price function has a
form decreasing in proportion to the customer’s
purchase amount. Therefore, the genco can induce the
customer to increase his purchase amount using the
price discrimination which has a discount form to
reduce the price according to the customer’s purchase
amount. Consequently, this price discrimination

provides an incentive to reveal the customer’s true

willingness to purchase for his benefit maximization.

e The bilateral contract price is calculated as the value
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of marginal utility on the customer’s purchase amount
divided by his total demand. If the genco exactly
knows the customer’s willingness to purchase, it can
have the customer’'s whole benefit from this bilateral
contract by setting the price as his possible maximum
payment. That is, the genco can set the bilateral
contract price for the value of the customer’s benefit

, 1
function to become zero, A :(bO—Equ)/ D from

(3) so that the customer’'s benefit comes into its
profit. However, if the genco does not know the
customer’s q exactly, then the bilateral contract price

*

1. -
will be set as )‘:(bo_EkD‘I)/D by (9.

Consequently, this result causes the genco to miss the
. . ’ * ]- .
chance of profit increase as A’ —\ = Ekq per a unit

of selling amount. This is "the information
payment”that the genco pays the customer to reveal
his true willingness to purchase. Therefore, in this

case, the customer can obtain the maximum benefit as

L 1 o
(N =X)Dq= 5qu2 by revealing his true q.

4. Conclusion

In this paper, we design a new mechanism for deriving
the optimal bilateral contract price using game theory.
Since the customer’s willingness to purchase through the
bilateral contract is his private information, a genco
cannot know this value. This mechanism can make the
customer reveal his true willingness to purchase so that
an adequate bilateral contract price is derived for the
genco to device the optimal electricity—sales portfolio.

Although results in this paper are a little analytic, we
expect that these results provide basic information for the
bilateral contract design in future wholesale competitive
electricity market. Moreover, for the complete bilateral
contract design, we expect to perform additional studies
on considering multiple customers and estimating the
customer’s benefit function.

References

[1] K. Bhattacharya, M. H. Bollen, and J. E. Daalder,
Operation of Restructured Power Systems, Kluwer
Academic Publishers, 2001.

[2] A. J. Wood, and B. F. Wollenberg, Power Generation,
Operation, and Control, John Wiley & Sons, 1996.

[3]1 P. F. Penner, Electric Utility Restructuring: A guide
to the competitive era, Public Utilities Reports Inc.,
Vienna, Virginia, 1997.

[4] E. D. Kee, “Vesting contracts: A tool for electricity
market transition,” 7The Electricity Journal, vol.l4,



issue 6, pp.11-22, July 2001.

[5] M. A. Einhorn, From Regulation to Competition:
New fontiers In electricity markets, Kluwer
Academic Publishers, 1994.

[6] S. Borenstein, and J. Bushnell, “An empirical analysis
of the potential for market power in California’s
electricity industry,” Journal of Industrial Economics,
XLVII, 1999.

[71 Y. Liu, and X. Guan, “Purchase allocation and demand
bidding in electric power markets,” IEEE Transactions
on Power Systems, vol.18, no.l, pp.106-112, Feb. 2003.

[8] C. Silva, B. F. Wollenberg, and C. Z. Zheng, “Application
of mechanism design to electric power markets,” /EEE
Transactions on Power Systems, vol16, nol, pp.l-7,
Feb. 2001.

[9] M. Fahrioglu, and F. L. Alvarado, “Designing incentive
compatible contracts for effective demand
management,” [EEE Transactions on Power Systems,
vol.15, no.4, pp.1255-1260, Nov. 2000.

[10] M. Fahriogly, and F. L. Alvarado, “Using utility information
to calibrate customer demand management behavior
models,” [EEE Transactions on Power Systems, vol.16,
no2, pp.317-322, May 2001.

[11] H. R. Varian, Microeconomics Analysis: 3rd ed., W.
W. Norton & Company Inc., 1992.

[12] M. J. Osborne, and A. Rubinstein, A Course in Game
Theory, The MIT Press, 1994.

[13] P. K. Dutta, Strategies and Games, MIT Press, 1999.

[14] R. B. Myerson, “Incentive compatability and the bargaining
problem,” Econometrica 47, pp. 61-73, 1979.

He received his B.S., M.S., and Ph.D.
degrees from Hongik University, Seoul,
Korea, in 2001, 2003, and 2007, respectively.
He is currently working, as a Senior
Researcher, for the Smart Grid Research
Center in Korea Electrotechnology Research
Institute (KERI). His research interests
include optimization modeling and game

theory for electricity market analysis,
public pricing, and smart grid power
system operation & planning.

H

il

HMAAFOIAM L MY MAY AH MY e AT

Trans. KIEE. Vol. 59P, No. 3, SEP., 2010

Jae—Hyung Roh

He received the B.S. degree in Nuclear
Engineering from Seoul National University,
Korea, in 1993 and the M.S. degree in
Electrical  Engineering from  Hongik
University, Korea, in 2002. He received
Ph.D. degree in Electrical Engineering
from Illinois Institute of Technology, Chicago,
USA. For 1992-2001, he was with Korea
Electric Power Corporation, and for
2001-2010, he was with Korea Power
Exchange. Since 2010, he has been with
Electrical Engineering Department at
Konkuk University, Seoul, as an Assistant
Professor. His research interests include
power systems restructuring, smart grid
and resource planning.

Ki-Seon Cho

He received his B.E., M.S. and Ph.D.
degrees in Electrical Engineering from
Konkuk University, South Korea, in 1996,
1998, and 2003, respectively. Since 2005,
he has been a Senior Researcher at
Korea Electrotechnology Research Institute
(KERI). His research interests are energy
policy on new & renewable, Renewable
Portfolio Standard, and power system

planning and economic studies.

Hak-Man Kim

He received his B.S., M.S. and Ph.D.
degrees in Electrical Engineering from
Sungkyunkwan University, Korea
in 1991, 1993, and 1998, respectively.
He was a senior researcher of the Korea
Hectrotechnology Research Institute (KERI)
from Oct. 1996 to Feb. 2008. Currently
he is a professor in the Department of
Electrical Engineering, University of
Incheon, Korea. His research interests
include power system engineering and
applied information science.

267



