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Abstract—As the arguments for and against the use of pay-as-bid
(PAB) or marginal pricing (MP) in electricity pools tend to be qual-
itative, we compare the quantitative behavior of the two markets
assuming that generators submit the best strategic offers that cor-
respond to the specified pricing method. In Part I of this two-part
study, assuming that the system marginal costs for PAB and MP are
random with known probability density functions, we develop gen-
erator strategic offers by maximizing the corresponding expected
values of the generator profits over the offer parameters. In Part II
relations are established between the SMCs for each market type
and a common random demand, thus allowing the two markets
to be compared through the expected values and variances of the
individual generation profits and of the consumer payments. This
comparison demonstrates both theoretically and through simula-
tion that: 1) the expected values of the individual generator profits
as well as of the consumer payments are the same under MP and
PAB and 2) the variances of the individual generator profits and of
the consumer payments however are larger under MP than under
PAB. The primary conclusion is then that although MP and PAB
yield identical expected generator profits and consumer payments,
the risk of not meeting these expected values is greater under MP
than under PAB.

Index Terms—Expected profit, marginal pricing, pay-as-bid,
perfectly competitive markets, strategic offers, system marginal
cost, uncertainty.

I. INTRODUCTION

WHETHER “pay as bid” (PAB) pricing can or should re-
place the more common marginal pricing (MP) in elec-

tricity pool markets is the subject of an on-going spirited debate
[1]–[5]. Under both approaches, a centralized system operator
(SO) schedules the system generation by minimizing the com-
bined cost of all the generation offers. However, under marginal
pricing, generators are remunerated at a rate equal to the system
marginal cost (SMC), while under PAB pricing the generators
are paid the exact cost that they quote to the SO. Thus, to make
a profit under PAB, generators must submit offers greater than
their true costs, while under MP generators may still earn a profit
even if they offer to generate at their true costs. In terms of auc-
tion theory, PAB is a variation of sealed first-price auction while
MP is a variation of sealed second-price auction [9].

One argument against MP is that generators with market
power may “game” by submitting offers above their true cost in
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order to increase their share of the profits. Then, a market that
minimizes the total offered cost does not necessarily maximize
social welfare. Under PAB however, whether generators game
or not, the resulting market equilibrium always minimizes the
total consumer payment. A further argument expressed in favor
of PAB pricing is that since it is based on an average rather than
a marginal price, it may be less volatile to gaming. Critics of
PAB contend that only under marginal pricing does the market
price reflect a surplus or deficit of generation capacity, thus
sending a “correct” long-term economic signal to potential
investors. This economic argument is very persuasive and has
resulted in the implementation of marginal pricing as the domi-
nant scheme in many types of markets. One recent exception is
the case of the electricity market in England and Wales where
a scheme based on bilateral agreements which are essentially
PAB has been adopted recently.

Nonetheless, it has been maintained that under PAB, genera-
tors would quickly learn how to adjust their offers so as to attain
profits that would equal or exceed those profits obtained under
MP [5]. A Blue Ribbon Panel [3] contends that methods such
as PAB pricing “would do consumers more harm than good”
since, in attempting to earn acceptable profits, the average cost
of electricity would be driven higher.

Since the debate between PAB and MP methods is rooted
on qualitative or numerical simulation arguments [11]–[13],
we have conducted a rigorous quantitative comparison of
the behavior of electricity markets under both pricing ap-
proaches. This comparison recognizes that generators will
adapt their profit-maximizing strategic offers to the specific
pricing scheme, thereby altering the resulting market behavior
in terms of generation schedules, system and marginal costs,
and consumer payments.

The comparative study assumes a perfect market where the
system marginal cost is unaffected by any individual generator
offer. This assumption could be eventually relaxed to repre-
sent oligopolies where some competing entities possess market
power. The difficulty with “imperfect” market models however
is that comparative statements between PAB and MP cannot be
made without extensive numerical simulations and, especially,
without specific assumptions about how individual competitors
respond to risk. The perfect market assumption is a compromise
that allows us to develop general comparisons of a quantitative
nature that do not rely on market simulations and risk tolerance
assumptions. One significant characteristic of a perfect market
is that individual generators have no advantage in gaming and,
in fact, were a generator to game, it would increase its risk of
making less profit.

The results are presented in a two-part paper. In this first part,
we develop the “best” generator offers for both PAB and MP
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recognizing that since the system demand cannot be exactly
predicted, the forecast of the system marginal costs (SMC) are
also uncertain. Part I then develops strategic generator offers
that maximize the expected value of their profit under PAB and
MP. It assumed that the SMCs are random variables with known
probability density functions that are generally different from
one pricing scheme to the other, and that these functions can be
obtained from historical SMC data. The generator strategic of-
fers and the corresponding best expected profits are then derived
in analytic form for the PAB and MP pricing rules, clearly indi-
cating a number of fundamental differences.

Since the strategic offers vary according to the pricing
method, the relation between the system marginal cost and the
system demand also differs between PAB and MP. As a result,
a fair comparison of the behavior of the two markets cannot
be made at this stage. To do this in an equitable manner, both
markets must operate under common demand conditions, in
other words, under the same demand probability distribution
for both pricing methods.

Part II [10] therefore first develops analytic expressions re-
lating the SMCs under PAB and MP to the common system de-
mand. When the generators submit the strategic offers derived
in Part I, these relations then permit us to compare the behavior
of the two markets demonstrating both theoretically and through
simulation that: 1) The expected value of the individual gener-
ator profits and the consumer payments are the same under MP
and PAB and 2) the variances of the individual generator profits
and the consumer payments are however larger under MP than
under PAB.

The main conclusion of Part II is then that although MP and
PAB yield identical expected generator profits and consumer
payments, the risk of not meeting these expected values is
greater under MP than under PAB.

II. MARKET MODELLING ASSUMPTIONS

In an electricity pool, under either PAB or MP pricing, each
generator submits an offer to sell power. A centralized entity
like the system operator (SO) is responsible for scheduling the
generators (unit commitment), and for dispatching the power of
those units that are scheduled on (economic dispatch). A fun-
damental assumption is that, under either MP or PAB, a power
pool schedules generation by minimizing the total offered cost.
In its most basic form, this problem takes the following form:

(1)

The cost offered by generator , for simplicity, is here
characterized by only one parameter , that is

(2)

However, as discussed in Appendix B, a more general for-
mulation of the cost offer can be considered consisting of sev-
eral different blocks. As shown in Appendix B, the strategic of-
fers derived for MP and PAB can be applied to each block as if

it were an independent generating unit. As a result, the single
block offer assumption can be made without loss of generality.

The generation output is restricted to lie between two
technical limits

(3)

where the binary variable denotes whether the corre-
sponding unit is scheduled off or on.

The offer parameter may differ from the true value , the
difference reflecting the possibility that the th generator offers
to produce power at a cost other that its true cost as an inten-
tional gaming strategy aimed at increasing its profit. In fact,
under PAB, the offer must be different from its true value
if a generator is to make a profit.

In addition, as part of the offer, a generating unit could submit
upper and lower bounds that differ from their true values, how-
ever to simplify the presentation, we assume that the offer is
based on the true generation limits [7].

Under both PAB and MP markets, the objective function (1)
is subject to the individual generation limits in (3), as well as to
the power balance1 between the total generation and the inelastic
demand,

(4)

It is important to re-emphasize that irrespective of whether mar-
ginal or PAB pricing is used, the market is cleared by solving
the same type of optimization problem defined by (1)–(4).

The system marginal cost, , is derived from the
common market clearing procedure (1)–(4), and is equal to
the Lagrange multiplier associated with the power balance
(4), to which we assign the symbol . We note that under MP,

becomes the price of electricity charged to the consumers
and paid to the generators. Under PAB, however, the price of
electricity charged to the consumers is the average cost of the
scheduled generators, which is not necessarily equal to the
SMC.

Notwithstanding this common market clearing approach,
since the strategic offers, , may generally differ from one
pricing method to the other, the corresponding generation
schedule, costs, profits, consumer payment and system mar-
ginal cost may also differ between MP and PAB.

III. GENERATION SCHEDULING SOLUTION

For both PAB and MP, in a perfect market, the unit com-
mitment solution of the market clearing optimization problem
(1)–(4) says that a unit is scheduled on by the SO if the SMC,

, is greater than or equal to the offered incremental cost, .
Alternatively if the system marginal cost is less than , the unit
is scheduled off [8]

(5)

1This model assumes a single price for energy as is the case in many real
markets where transmission losses and congestion are accounted for through
separate uplift charges.
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In addition, if , the generator is on and is dispatched by
the SO at its maximum output. Thus, for all units, except those
with , the generation output is

(6)

The units whose offers are equal to the system marginal
cost, , are called the marginal generators. These units operate
somewhere between their upper and lower limits in order to bal-
ance the generation and demand. However, since under the per-
fect market assumption the maximum output of any generator is
negligible compared to the system demand, the marginal gener-
ators can also be assumed to operate at their maximum output
with negligible error.

Then, for both PAB and MP, the output of any unit now takes
the form of (6), while its offered cost becomes

(7)

The SMC under PAB is denoted by , a value that,
for the same demand, , may generally differ from the SMC
under marginal pricing, . Similarly, the offers under
PAB and MP, respectively, and , may differ. In Part
II [10], we show that, for identical demand conditions, a rela-
tionship exists between the true SMCs, and , which
allows us to compare the two pricing rules on a common basis.

Under PAB, the profit of unit is given by the following:

(8)

while under MP, the profit of unit is

(9)

In both (8) and (9) the profit is defined by the revenue minus
the true cost, but the resulting functions are different.

IV. STRATEGIC OFFERS WITH UNCERTAIN INFORMATION

If we recognize that the system load can only be predicted
with some degree of uncertainty, then the corresponding SMCs
will also be uncertain, as will the generator profits. One way
to quantify a randomly varying profit is through its expected
value and standard deviation, in which case the probabilistic
strategic goal of a generator is to maximize the expected value
of its profit.

We now assume that the corresponding SMCs have known
probability density functions, and ,
both derived from publicly available historical data. Moreover,
these probability density functions cannot be influenced by any
single individual offer.

TABLE I
EXPECTED PROFIT UNDER MP WITH UNIFORMLY RANDOM �

SUCH THAT � � � � �

We additionally assume that the SMC in both pricing
methods is uniformly distributed2 within the known range

for MP and the possibly different but known range
for PAB. In general, a uniformly distributed

random variable over the interval has the prob-
ability density distribution, , where

(10)

Then, the expected value of the profit of this random variable
is given by

(11)

while the variance is found from the following relation:

(12)

The variance is analyzed in Part II of this paper [10], where
the two pricing methods are compared under common demand
conditions.

A. Strategic Offer Under MP

Under MP, the expected value of the profit of unit for a given
offer parameter, , is found by solving (11) over the known
uncertainty range using relations (9) and (5) to de-
fine the profit function. The resulting expected profit function,
denoted here by , is readily found analytically as
summarized in Table I for three possible ranges of the offer .

The probabilistic strategic offer of unit under MP that max-
imizes its expected profit is now defined by the following:

(13)

The value of that solves (13) and the corresponding max-
imum expected profit, denoted respectively by and
by , can be solved analytically
as shown in Table II (see Appendix A).

2Other SMC probability distributions such as normal are possible but less
tractable analytically. The maximum expected profit strategy as well as the max-
imum expected profit and its variance would then have to be found numerically
by searching over the offer parameters.
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TABLE II
STRATEGIC OFFERS UNDER MP WITH UNIFORMLY RANDOM �

SUCH THAT � � � � �

TABLE III
EXPECTED PROFIT UNDER PAB WITH UNIFORMLY RANDOM �

SUCH THAT � � � � �

TABLE IV
STRATEGIC OFFERS UNDER PAB WITH UNIFORMLY RANDOM �

SUCH THAT � � � � �

B. Strategic Offer Under PAB

Under PAB, the expected value of the profit of unit is also
found by solving (11), but this time over the possibly different
range of SMC, . Moreover, relation (8) is now
used to define the profit function for an arbitrary offer param-
eter, . The mean profit integral under PAB (11) can also be
solved analytically and the results are summarized in Table III.
The resulting expected profit as a function of the offer param-
eter is denoted by .

The probabilistic strategic offer of unit under PAB that max-
imizes its expected profit is defined by

(14)

In Appendix A, we show that the strategic offer that solves (14),
denoted by , and the corresponding maximum, de-
noted by , can be found an-
alytically as shown in Table IV.

C. Comparing PAB and MP Strategic Offers

Referring to Table II, for MP we note that under two of the
conditions on the true incremental cost, , and the SMC uncer-
tainty limits, the maximum expected profit can be obtained by
nonunique strategic offers. However, under all conditions, the
unique strategic offer always gives the max-
imum possible expected-profit. This result concurs with the well
known idea that the best strategy under MP is to offer the true
cost [5], [6], [8], even in the presence of SMC uncertainty.

From Table IV, we note that under PAB the probabilistic
strategic offer differs significantly from the best strategy under
MP. Here, as expected, the best offer is not at true cost, but a
combination of the true cost and the uncertainty limits.

Other than the above comments, one cannot claim at this stage
that one pricing strategy is superior or inferior to the other since
the SMC uncertainty ranges under PAB and MP are different
and have not yet been linked by common demand conditions.
This is developed in the second part of this paper [10].

V. CONCLUSION

This paper develops generator strategic offers in perfect
electricity markets operating under marginal and pay-as-bid
pricing.

Recognizing that the system marginal cost cannot be pre-
dicted exactly, it is modeled as a random variable with known
probability density function developed from historical data. The
strategic generator offers under PAB and MP are then those that
maximize the corresponding expected profit. These strategic of-
fers are derived as analytic expressions assuming that the SMC
is uniformly distributed over a known range which usually dif-
fers between the two pricing methods.

Among the possible strategic offers under MP, one of these is
the true cost offer. Under PAB, however, the strategic offer is a
combination of the true cost and the SMC uncertainty limits.

A fair and quantitative comparison of the two pricing methods
under their respective strategic offers cannot be done at this
stage, since such a comparison requires that the SMC uncer-
tainty limits under PAB and MP correspond to a common set of
loading conditions. This comparison is the subject of Part II of
this paper.

APPENDIX I

A. Maximum Expected-Profit Under MP

The expected profit is a piece-wise function de-
fined in Table I for three possible ranges of the offer parameter,

. The maximum expected profit problem reduces then to
maximizing over the offer parameter for the
each of the three ranges and taking the one that yields the highest
expected profit.

For any value of in the offer range defined by Case A, the
expected profit is a constant given by

, however this expected profit can also be reached when
in case B. Similarly, for the range of offers de-

fined by case C, the expected profit is always zero, a value that
can also be obtained in case B when . The conclu-
sion then is that to find the maximum expected profit over cases



REN AND GALIANA: PAB VERSUS MP—PART I 1775

A,B, and C we need only calculate the maximum for Case B, in
other words to maximize the quadratic function

(15)

over the range, . This constrained max-
imum occurs when

(16)

However, by comparing cases B and C, if
then any offer satisfying will yield the
same maximum expected profit of zero. Similarly, by com-
paring cases B and A, if , then any offer satisfying

will yield the same maximum expected profit of
. Combining these observations

with (16), the MP strategic offer of unit over all SMCs is

(17)

B. Maximum Expected-Profit Under PAB

Under PAB, the analytic expression for the expected profit,
, in terms of the offer parameter, , is shown in

Table III. This function is then maximized over all feasible
to obtain the best expected profit strategy. This maximization
is subject to the inequality defining the case and to the
constraint common to all three cases guaranteeing
a nonnegative profit.

As with MP, this piece-wise optimization problem would
have to be solved for each case, taking the one that yielded
the highest of the three maxima. Here, we again argue that the
highest maximum profit is always given by the maximization
problem of Case B. This is so since the value of the objective
function, , is continuous at and

, and since the maximum expected profit in Case
A at can also be reached in Case B with the
same offer. Similarly, the best expected profit in Case C of zero
can be obtained with the offer , a maximum that
can also be reached in Case B with the same offer.

For Case B, the expected profit is a quadratic function in
, that is,

(18)

whose maximum over the range occurs
when

(19)

However, we note that if , any offer such that
yields the same profit of zero. Thus, the

PAB strategic offer of unit over all SMCs is

(20)

APPENDIX II

A more general model for the offered generation cost by gen-
erating unit is to specify linear segments or generation
blocks, each characterized by its offered incremental cost and
maximum output, . Strategically,
the arbitrary generator could submit an offer for each block,

, that differs from the true block incremental cost, . Then,
the expected profit of generator is as follows:

(21)

Since the profit of block , is a function of the SMC,
, of the offer, , and of the true incremental cost , which

is a known parameter, the mean profit of segment then
is a function only over the variable . Therefore, the problem
of maximizing the expected profit of generator can be decom-
posed into maximizing the expected profit for each block, that
is

(22)

In other words, by following the single-block strategic offer for
each block, a generator with multi-block offers will maximize
its expected profit.

If the true generation cost contains a fixed cost component,
, plus blocks, a possible offer strategy is for each block

to independently use the single-block strategy, with the fixed
cost added to the first block, thus increasing its break-even
SMC value. However, under this method it is possible for the
first block not to be scheduled while subsequent blocks are.
This infeasible result can be avoided however by combining all
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Fig. 1. Offered cost curve with four segments, or offered incremental cost
curve with four blocks.

segments with incremental costs less than the break-even SMC
into one block [5]. Only then, can the single-block strategy
work with all remaining segments being selected sequentially
according to their incremental cost order. This strategy is
further clarified through the following example.

Fig. 1 shows the cost curve of generator with four seg-
ments and its associated incremental costs. The break-even
SMC, denoted by , is defined by the condition that the
SMC be equal to the average generation cost. In this example,

,
which is the slope of the dotted line in the left graph tangent to
the cost curve. Then, the first two segments are combined into
one, resulting in three incremental cost blocks now defined by

, and . Since
these segments are monotonically increasing, the problem is
convex and the blocks will be scheduled sequentially. Then, the
strategic offers derived for MP and PAB can be applied to each
block as if it were an independent generating unit.

ACKNOWLEDGMENT

The authors gratefully acknowledge fruitful discussions with
Prof. A. Conejo and Prof. G. Gross.

REFERENCES

[1] R. Green, “Draining the pool: The reform of electricity trading in Eng-
land and Wales,” Energy Policy, vol. 27, pp. 515–525, 1999.

[2] Y. Ren and F. D. Galiana, “Minimum consumer payment scheduling and
pricing in electricity markets,” in Proc. 14th PSCC, Sevilla, Spain, June
2002. Session 15, paper 2.

[3] A. E. Kahn et al.. (2001, Jan.) Pricing in the California power exchange
electricity market: Should California switch from uniform pricing to
pay-as-bid pricing?. [Online]. Available: http://www.ucan.org/law_
policy/energydocs/BlueRibbonPanel%20Final%20Report%201-231.
htm.

[4] I. Kockar et al., “Pay-as-bid pricing in combined pool/bilateral elec-
tricity markets,” in Proc. 14th PSCC, Sevilla, Spain, June 2002. Session
07, paper 6.

[5] S. Jia, “A study of England and Wales power pool,” Master’s thesis,
Dept. Elect. Comput. Eng., McGill Univ., Montreal, QC, Canada, Nov.
1998.

[6] G. Gross and D. J. Finlay, “Optimal bidding strategy in competitive
electricity market,” in Proc. 11th PSCC, London, U.K., Aug. 1996, pp.
815–823.

[7] G. B. Shrestha et al., “Strategic bidding for minimum power output in
the competitive power market,” IEEE Trans. Power Syst., vol. 16, pp.
813–818, Nov. 2001.

[8] E. Radinskaia and F. D. Galiana, “Generation scheduling and the
switching curve law,” IEEE Trans. Power Syst., vol. 15, pp. 546–551,
May 2000.

[9] Agorics, Inc.. Going, Going, Gone! A Survey of Auction Types. [On-
line]. Available: http://www.agorics.com/Library/auctions.html.

[10] Y. Ren and F. D. Galiana, “Pay-as-Bid versus marginal pricing: Part II:
Market behavior with strategic offers,” IEEE Trans. Power Syst., vol. 19,
pp. 1777–1783, Nov. 2004.

[11] Power Web, Electricity Market Simulator. Dept. Elect. Comput.
Eng., Cornell Univ., Ithaca, NY. [Online]. Available: http://www.pserc.
cornell.edu/powerweb/.

[12] A. J. Conejo et al., “Price-taker bidding strategy under price uncer-
tainty,” IEEE Trans. Power Syst., vol. 17, pp. 1081–1088, Nov. 2002.

[13] G. Federico and D. Rahman. (2001, Apr.) Bidding in an electricity
pay-as-bid auction [Online] http://www.nuff.ox.ac.uk/conomics/pa-
pers/2001/w5/federico-rahmansept2001.pdf

[14] Ineco. How does NETA operate. [Online]. Available: http://www.in-
encogroup.com/new_electricity_trading_arrangement.html

Yongjun Ren (S’03) received the B.Eng. degree in electrical engineering from
Tsinghua University in 1993 and the M.Eng. degree in electrical engineering
in 2001 from McGill University, Montreal, QC, Canada, where he is currently
pursuing the Ph.D. degree in power systems economics, reliability, control, and
optimization.

He was with Jiangsu Electric Power Company, Nanjing, China, from 1993 to
1999.

Francisco D. Galiana (M’72–SM’85–F’91) received the B.Eng. (Hons.) degree
from McGill University, Montreal, QC, Canada, in 1966, and the M.S. and Ph.D.
degrees from Massachusetts Institute of Technology, Cambridge, in 1968 and
1971, respectively.

He spent some years at the Brown Boveri Research Center and held a faculty
position at the University of Michigan, Ann Arbor. He joined the Department
of Electrical Engineering, McGill University, in 1977, where he is currently a
Full Professor.


	toc
	Pay-as-Bid versus Marginal Pricing Part I: Strategic Generator O
	Yongjun Ren, Student Member, IEEE, and Francisco D. Galiana, Fel
	I. I NTRODUCTION
	II. M ARKET M ODELLING A SSUMPTIONS
	III. G ENERATION S CHEDULING S OLUTION
	IV. S TRATEGIC O FFERS W ITH U NCERTAIN I NFORMATION

	TABLE I E XPECTED P ROFIT U NDER MP W ITH U NIFORMLY R ANDOM $\l
	A. Strategic Offer Under MP

	TABLE II S TRATEGIC O FFERS U NDER MP W ITH U NIFORMLY R ANDOM $
	TABLE III E XPECTED P ROFIT U NDER PAB W ITH U NIFORMLY R ANDOM 
	TABLE IV S TRATEGIC O FFERS U NDER PAB W ITH U NIFORMLY R ANDOM 
	B. Strategic Offer Under PAB
	C. Comparing PAB and MP Strategic Offers
	V. C ONCLUSION
	A. Maximum Expected-Profit Under MP
	B. Maximum Expected-Profit Under PAB


	Fig.€1. Offered cost curve with four segments, or offered increm
	R. Green, Draining the pool: The reform of electricity trading i
	Y. Ren and F. D. Galiana, Minimum consumer payment scheduling an
	A. E. Kahn et al. . (2001, Jan.) Pricing in the California power
	I. Kockar et al., Pay-as-bid pricing in combined pool /bilateral
	S. Jia, A study of England and Wales power pool, Master's thesis
	G. Gross and D. J. Finlay, Optimal bidding strategy in competiti
	G. B. Shrestha et al., Strategic bidding for minimum power outpu
	E. Radinskaia and F. D. Galiana, Generation scheduling and the s
	Agorics, Inc. . Going, Going, Gone! A Survey of Auction Types . 
	Y. Ren and F. D. Galiana, Pay-as-Bid versus marginal pricing: Pa

	Power Web, Electricity Market Simulator . Dept. Elect. Comput. E
	A. J. Conejo et al., Price-taker bidding strategy under price un
	G. Federico and D. Rahman . (2001, Apr.) Bidding in an electrici
	Ineco . How does NETA operate . [Online] . Available: http://www



