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1
Background

e This review of background material is based, in part, on:

— Part 1 ofPower System Economjdsy Steven Stoft, and
— EE394V, Locational Marginal Pricing.
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e Due Tuesday, February 9 by 10pm, via email, and
e each Tuesday thereafter.



1.1 Restructured electricity markets

e Until the 1990s, most electricity in North America was suegplby
regulated utilitiesthat each had a franchise service area:

— utility had right to sell electricity at retail in franchiservice area,

— prices for delivered energy to retail customers set by $&tatly and
were chosen to allow an opportunity to earn a mandated |éyebdit,

— some wholesale trade between utilities and other entligs,
competition for sales to retail customers essentially jwitdd,

— “cost-of-service” regulation of monopoly.

e Rationale for such arrangements was that a single firm caoldge
services more cheaply than multiple competing firms becafise
economies of scale

— cost of one firm providing all services lower than
— sum of costs of multiple firms providing services.

e An industry where it is cheapest for a single firm to providesatvices is
called a “natural monopoly.”



Restructured electricity markets, continued

e Typical criticisms of such arrangements include lack otmoves to
innovate and lack of incentives to keep total capital andaip®y costs at
minimum.

e Large-scale transmission networks, among other thing® abbowed for
a different arrangement where multiple owners of genesatompete to
sell their energy in a restructured electric market:

— geographical scope of restructured market, (for exampleE&R)
covers what were the franchise service areas of multiplelased
utilities (TXU, Houston Lighting and Power, etc),

— transmission and distribution functions remain regulabeder
assumption that building and operating transmission asitliblition are
still natural monopolies, typically consolidating thertsanission
operations of multiple utilities under an Independent 8ysOperator
(ISO, for example ERCOT),

— fierce competition amongst generation firms provides s&png
incentives to minimize costs and (arguably) incentivesriopvation,

— but, not clear that competition amongst firms is fierce!



Restructured electricity markets, continued

e Purpose of this course is to understand competitive intierechbetween
generation firms in restructured electricity markets:

— interaction between several, but not a huge number of, finaisare
assumed to maximize their profits over the choices they c&ema

— emphasize unique aspects of electricity, such as tranemiaad the
need to balance supply and demand collectively, which Sogmitly
affect operation of electricity markets.

e For reasons that will become clearer, we will usually negksues
related to limited competition betwe@uorchaserf energy.



1.2 Variable operating costs

e To produce electricity, generators incur “operating cbsthich include
fuel and other costs, such as maintenance:

— these costs would be avoided if the generator were out ofcgerv
e To emphasize the distinction between:

— those operating costs that depend onlévelof production, and

— “fixed” costs such as construction costs, “fixed” maintematwmsts, and
operating costs such as start-up costs that are not diretayed to
production level,

we will say “variable operating costs.”
e To emphasize the distinction between:

— thetotal variable operating costs of producing at a particular level

— thederivativeof the variable operating costs, and

— theaverageof the variable operating costs (variable operating costs
divided by production),

we sometimes say “total variable operating costs” for ‘alle operating
costs.”
e Phrases used to describe these concepts are not complafelyru



Variable operating costs, continued

e Assume each generatonas total variable operating cosis R — R that
specify the cost of operating (in dollars per hour) versusegation level.

— Recall that € : R — R” is shorthand for saying thaj is a function that
takes a real-valued argument (specified by théR3etnd returns a real
value (also specified by the dRj.

— In particular,ci(Q;) is the cost per hour of operating at the production
level Q;.

— We will follow the “economics” convention of writing or Q for
guantity andp or P for price (not reactive and real power—we will stay
away from reactive power prices!)

— We will also follow the economics convention of graphingces on the
vertical axis and quantity on the horizontal axis, whichieg¢he
“independent” variable in a particular formulation.

e ¢ may only be useful in some operating range, sucloas;].

— Recall that the notatiofy,G;] means the closed interval between some
lower capacity Ilmltq and some upper capacity lingt.



Variable operating costs, continued

e We typically assume that this variable operating cost fionats convexor
“bowl-shaped” orlq., G, although this often simplifies reality.
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Variable operating costs, continued

e Convex functions have a number of desirable properties.
e For example, convex functions are differentiablmost everywherdhat
IS, except at a finite number or countably infinite number oh{so

Gi(Qi)
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$50,000/h+ Fig. 1.2. Second ex-
ample of convex total
variable operating costs
Qi (MW) ¢ (Q) versus production

25=oo 2000 4500 Qi for a generator.



Variable operating costs, continued

e Typically, convex functions are piece-wise continuousfiedentiable.
e The derivative of the total variable costs function fromugl.2is
well-defined over the open intervéd, 4500 except at); = 2500 4000.
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1.3 Marginal costs

e The derivative of total variable operating costs is calleeiharginal
costs in dollars per megawatt-hour.

e At the points of discontinuity of the marginal costs, thewsjumps up
from theleft-hand marginal costo theright-hand marginal cost.

e We also define thenarginal cost rangeo be the interval between the
left-hand and right-hand marginal cost.

e A property of a convex function is that its derivative is@n-decreasing
function:

— marginal costs are non-decreasing,
— as shown in Figurd.3.



Marginal costs, continued
e At each point of differentiability of total variable openag costs:

— the left-hand and right-hand marginal costs are the same,
— the marginal costs are continuous, and
— the marginal cost range is a single point, namely equal tol¢hnieative.

e The left-hand marginal cost, evaluated at produc@prshows the
savings from reducing production beldyy.

e The right-hand marginal cost, evaluated at producfrshows the extra
cost of increasing production abo@.

e At maximum productiorg;, we can think of the right-hand marginal cost
as being infinite:
— as suggested by the upward arrow at quantity 4500 MW in theimedr

costs in Figurel..3,

e At minimum productiorg,, we can think of the left-hand marginal cost as
being negative infinite:
— as suggested by the downward arrow at quantity 0 MW in the imairg
costs in Figurel..3.



Marginal costs, continued

¢ In essentially all cases, from a practical perspective, areimagine
“smoothing out” the jumps in the marginal cost curve by assgm thin
interval of production over which marginal cost raises dapi

— Over a few megawatts, say, the marginal cost increases frem t
left-hand to the right-hand marginal cost.

— At maximum production, the marginal cost rises from the-kefhd
marginal cost towards infinity.

e Results with the smoothed marginal cost curve will almosigk be
essentially the same as with the discontinuous marginalcwoge and are
often easier to interpret.



1.4 Price-taking or competitive behavior

e A generator is grice-takerin the economics sense behaves
competitivelyif, given a price, it sets its production (or, arranges that i
production is set) so that the marginal cost range conthmgtice:

— this use of the phrase “price-taker” in an economics senbeltave
competitively isdifferentto a typical use of this phrase in electricity
markets where, for example, a generator schedules its giodwand
“takes” whatever the price happens to be.

— We will see that a price-taker in the “electricity marketehse may not
be behaving competitively!

— We will be careful to distinguish these two uses of the phrase
“price-taker”!



Price-taking behavior, continued

e If the marginal costs are continuous then a price-takererettonomics
sense (that is, a generator behaving competitively) crsomseluction so
that marginal cost equals price.

¢ With the smoothed-out marginal cost curve interpretatzoprice-taker in
the economics sense always chooses production so thatnalacgst
equals price:

— However, note that at the maximum production level, the shemb
marginal cost rises above the left-hand marginal cost.

¢ With piece-wise continuously differentiable marginal sos price-taker
in the economics sense always chooses production so thatatggnal
cost range contains the price.



Price-taking behavior, continued
e An analogous definition applies to load:

— the focus is on théenefitof consumption as a function of demand
bk(Dk) and on the derivative of benefits, which is called the
willingness-to-pay

— A price taking load chooses demand such that willingnegsatoequals
price (or willingness-to-pay range contains the price).

¢ In the context of benefits of consumption, the notion of a ixéemand
(that is, not associated with any finite willingness-topaymeaningless
since it implies an infinite desire for consumption!

e We will usually think of demands as having either:

— an explicit willingness-to-pay as specified by its “bid,” or

— an implicit proxy to thedis-benefit of involuntary curtailment, which is
called the “value of lost load” (VOLL), and which is usuallgecified in
practice by a price or offer “cap.”

e We will see that a fixed demand independent of price, or haaingry
high willingness-to-pay, is also problematic in the contexmarket
power!



1.5 Offer-based economic dispatch

e \We assume an electricity market where owners of generatake wifers
to sell electricity and representatives of demand maketbitisiy
electricity to an independent system operator (1SO):

— an offer for generataris a functionp; : R — R from quantity to price
that specifies, for each quanti®y produced, the minimum pricg (Q;)
to produce at that quantity;

— a bid for demandk is a functionwy : R — R from quantity to price that
specifies, for each quantiyx consumed, the maximum
willingness-to-payw(Dy) for that quantity,

— an offer or bid cap limits the highest allowable valueppbr w:

o currently $2250/MWh in ERCOT,
— an offer or bid floor limits the lowest allowable value gfor w.



Offer-based economic dispatch, continued

e The ISO seeks a pride* to “match” supply and demand.
e That is, the ISO finds quantiti€g" of production for each generator and
quantitiesDy for each demand such that:

— total generation equals total demantenerators Qf = Y demand Dk
— for each generatar
o Qr satisfiesp; (QF) < P* < pi(Q"), whereQ:" is any quantity larger
thanQy,
o so that generataris willing to produceQ;: for price P*, and
o would not prefer (based on its offer) to be producing moréiatprice
thanQy,
— for each demand:
o EF saDtisfieSNk(D@ > P* > wy(D,"), whereD}{ is any quantity larger
anDy,
o so that demand is willing to payP* to consuméd;, and
o would not prefer (based on its bid) to be consuming more atgthce
thanDy.



Offer-based economic dispatch, continued

e If we assume that the bids and the offers are continuous He=et
conditions simplify:
— total generation equals total demantenerators Qf = Y demand Dk
— for each generatar Q satisfiesp; (Q) = P*, and
— for each demandl D satisfiesw (D) = P*.

e The quantitie€) andDy and priceP* are calculated by the offer-based
economic dispatch algorithm:

— other issues such as reserves can also be incorporateltingesu
prices and quantities for reserves etc.

— other issues such as start-up costs can also be incorpdoatddis
greatly complicates the economic dispatch problem to baifumnit
commitment” problem, which is in general “non-convex.”

e We will focus on issues related to market power in energy aifidhat
discuss in detail market power in ancillary services marker in the
context of start-up costs.



Offer-based economic dispatch, continued

e A price that matches supply and demand is cafltedket clearingor
clears the market

— that is, supply equals demand, given the offers and bids.
e The process can be described as a type of “auction:”

— the ISO is an “auctioneer,” and
— many results from “auction theory” in economics can be usduktp
analyze electricity markets.

e Not all ISO rules result in market clearing prices:

— For example, the ISO may always use the highest offer prinee (t
“marginal offer price,”) even if demand is curtailed or if gjher
demand bid willingness-to-pay is actually the market cfepprice.

— 1SO rules that deviate from market clearing prices are lgbaked on
a desire to “keep prices low.”

— We will, however, usually assume that the ISO sets a markariclg
price.



Offer-based economic dispatch, continued

e Suppose that a generator is a price-taker in the econonmes $that is,
behaves competitively) in a market where market clearingeprare used.

e What offer should it make into such a market?

e By definition, being a price-taker in the economics sensa (#)
behaving competitively) means arranging for generatiam $hat the
marginal cost range contains the price.



Offer-based economic dispatch, continued
e Suppose that, for each quant@@y, the generator sets its offer(Q;)

equal to its marginal cogt%(Qi) atQ;:

— if there is a jJump in the marginal cost at quan@y, then setp; (Q;)
equal to the left-hand marginal cost@t

e Then, since the pricB* satisfiesp;(QF) < P* < pi(Q;") at the quantity
Q" desired by the ISO, the generator will be acting a pricertakéhe
economics sense by generating at this level (that is, begavi
competitively) since the marginal cost range will contdia price.

e We call this a price-taking or competitive offer.

e Similarly, a price-taking or competitive bid is where thd leiquals the
(left-hand) “marginal benefit” or willingness-to-pay ofresumption:

— we will usually assume that demand is acting as a price-takée
economics sense, with bid equal to the marginal benefit.



Offer-based economic dispatch, continued
e What is special about price-taking (that is, competitivehdwvior?
e Benefits of consumption minus costs of production is caled‘het
surplus” or sometimes the “total surplus.”
e With price-taking (that is, competitive) offers and bidse tmatching of
supply and demand corresponds to maximizing the net surplus
e To see this, consider the problem of maximizing the net sisrpl

max{ > k(D) — 5 Gi(Q)| YQ=5 Dy}

Qi,Dk

e Assuming thec; andby are differentiable and ignoring capacity
constraints, the first-order necessary conditions fomaigtng this
problem are that there is a pri€& such that:

0G; obk .
vi.k 35 (@) = gpe (DR =P

yQ = YDk
e That is, matching of supply and demand with competitiversfeand bids
results in maximizing net surplus.



Offer-based economic dispatch, continued

e Similarly, with piece-wise continuously differentiablests and benefits,
maximizing net surplus involves a pri€& such that:

— the marginal cost range of each generator contains the price
— the marginal benefit range of each demand contains the Pfiand
— supply and demand is matched.

e That is, with competitive offers, clearing the market résul maximizing
the surplus.

e Offer-based economic dispatch can be seen as an auctioe wipeice is
soughtthat:

— clears the market, and
— maximizes surplus, given that offers reflect marginal castsbids
reflect marginal benefits.

e This price is called theompetitive pricand is where the competitive
offers and bids intersect.



Offer-based economic dispatch, continued

e The competitive price is often, but not always, equal to tighdst
accepted generation offer price, (which is called the “nmaigpffer.”)

e Sometimes, the competitive price is equal to the willingrtspay of
demand, or, in the case of curtailment, equals a proxy to the
willingness-to-pay, such as “value of lost load.”

e Unless demand actively bids its willingness-to-pay, it haydifficult to
determine this willingness-to-pay:

— difficult to determine the competitive price in the case ofwén”
demand when generation capacity is limited.

e Traditional focus of electricity industry and, until re¢Bnelectricity
markets, has been on meeting a given demand, assumingdhereugh
generation capacity available:

— problematic in context of market power (prices may be above
competitive), and

— problematic in context of resource adequacy (prices mayehmb
competitive and therefore not provide enough revenue terdooth
operating costs and fixed costs).



Offer-based economic dispatch, continued

e The competitive price and the corresponding supply quaistitalled the
“competitive equilibrium.”

e The basic pricing rule is that all demand pays and all gererad paid
this price.

e Given the market clearing prid& and competitive offers, the market
clearing quantities maximize the profits (“producer susplwf the
generators and maximize the “consumer surplus” of the toads

— for each generatar for the given priceP*, the choiceQ maximizes the
producer surplu®*Q; — ¢;(Q;) over choices of);, and

— for each demand, for the given priceP*, the choiceDy maximizes the
consumer surpluby(Dy) — P*Dg over choices oDy.

e That is, the price aligns the profit-maximizing incentivéslemand and
generation to be consistent with maximizing the net surplus



Offer-based economic dispatch, continued

e When transmission constraints limit choices of generatios prices will
vary by bus, leading ttocational marginal pricing
— prices vary by bus,
— at any particular bus, all demand pays and all generatioaitstpe
same price.



Offer-based economic dispatch, continued

e Why would a generator behave as a price-taker in the ecosmsritse
and submit price-taking (that is, competitive) offers?

— If there are many competitors in the market then being a fiaker in
the economics sense (that is, competitive) is profit maxmngiz

— If there are few competitors then price-taking (competitdbehavior) is
not profit maximizing and the generator has “market power.”

e Market power is one reason why offer-based economic dibpaty falil
to result in the competitive equilibrium:

— Other reasons may include errors in market design (suchtlas if
pricing rule does not result in market clearing prices),
— Errors in market design may exacerbate market power.

e As mentioned, we will generally assume that the number aflasers of
energy is large enough so that they can be assumed to behave
competitively:

— that is, demand bids will be assumed equal to derivative oéfis,
— but this may be violated when the ISO acts on behalf of demand
collectively.



1.6 Example
e Suppose that there are three types of generators:

— “baseload,” ten units each of capacity 250 MW with margiradtof
$20/MWh, total baseload capacity 2500 MW.

— “Iintermediate,” ten units each of capacity 150 MW with maajicost
of $50/MWh, total intermediate capacity 1500 MW.

— “peaking,” ten units each of capacity 50 MW with marginal toofs
$80/MWh, total peaking capacity 500 MW.

e Total capacity is 4500 MW.

¢ Ignore start-up and min-load costs and variation of maikgiast with
production for each type of generator.

e Assume that prices are chosen to clear the market and thgétiezators
offer competitively.



Example, continued
e Competitive offers from the generators mean offers withgari

— equal to marginal cost for quantities over the range from neegawatts
up to generation capacity, and
— “Infinite” price for quantities higher than capacity (or ggiequal to the
maximum price allowed by the market rules, the “price cagidl
— “negative infinite” price for negative quantities.
e “Adding up” the 30 offers “horizontally” yields the “compéve supply”
q°.
e The inverse off°® is the corresponding “industry marginal cost function”
or “competitive offer”p®:
— marginal cost is $20/MWh for zero to 2500 MW,
— marginal cost is $50/MWh for 2500 MW to 4000 MW,
— marginal cost is $80/MWh for 4000 MW to 4500 MW,
— “infinite” for higher quantities, and
— “negative infinite” for negative quantities.
e Note the jumps in offer prices at 0 MW (from negative infiniféeo
price), 2500 MW, 4000 MW, and 4500 MW (to infinite offer price)



Example, continued

Price
$80/MWh1 J
Competitive supply®
$50/MWh4i
$20/MWh
| Quantity (MW)  Fig. 1.4. Competitive
| 2500 4000 4500 supply for example.



Example, continued
e Suppose that the demand bid was 2800 MW with a willingnegsatoof
$500/MWh. The price would be $50/MWh and all 2800 MW of demand
would be served, with 2500 MW generated by baseload and 300ayW
intermediate.

Demand bid
$80/MWh. Price N J
Competitive supply®
$50/MWh P U
$20/MWh
_ Fig. 1.5. Market clear-
| Quantity (MW)  ing for 2800 MW de-
2500 4000 4500 mand for example.



Example, continued

e Suppose that the demand bid was 3500 MW with a willingnegsatoof
$500/MWh.

— The price would be $50/MWh,
— all 3500 MW of demand would be served,
— with 2500 MW generated by baseload and 1000 MW by intermediat

e Suppose that the demand bid was 4200 MW with a willingnegsatoof
$500/MWh.

— The price would be $80/MWh,

—all 4200 MW of demand would be served,

— with 2500 MW generated by baseload, 1500 MW by intermedaatd,
200 MW by peaking.



Example, continued

e Suppose that the demand bid was 4900 MW with a willingnegsatoof
$500/MWh. The price would be $500/MWh and only 4500 MW of
demand would be served, with 2500 MW generated by basel680, 1
MW by intermediate, and 500 MW by peaking.

$800/MWH- Price
Competitive supply®

$500/MWh o
Demand bid

Fig. 1.6. Market clear-
| BB ing for 4900 MW de-

Quantity (MWPR500 4000 4500 mand for example.




Example, continued

e How about demands of 2500 MW, 4000 MW, 4500 MW, which
corresponds to jumps in offers?

¢ In these cases, the supply and demand intersect in a vestigaient.

e That s, there is a range of market clearing prices corredipgrto the
segment of overlap:

2500 MW Any price in the range $20/MWh to $50/MWh,
4000 MW Any price in the range $50/MWh to $80/MWh,
4500 MW Any price in the range $80/MWh to $500/MWh.

e In practice:

— can specify a tie-breaking rule such as lowest price in ramge
— computational implementation will pick a particular price
e One tie-breaking rule involves a price based on a though¢raxent:
— suppose that, in addition to actual generators, we are givastless
MW of generation,
— what is the value of that MW in terms of savings from reducing

generation or increased benefits of serving more demand?
— set price equal to this value, called the “marginal surplus.



1.7 Fixed demand and pivotal offers
1.7.1 Meeting fixed demand

e If we take the “traditional” view of meeting fixed demand, vaeé the
problem that there may be insufficient demand to meet supply.
e Suppose that the demand was fixed at 4900 MW.

‘ 1 Fixed Demand
$80/MWhi Price _T

Competitive supplyg®

$50/MWh-

$20/MWh

_ Fig. 1.7. Market does
Quantity (MW) not clear with fixed
2500 4000 4900 4900 MW demand.




Meeting fixed demand, continued

e Taken literally, this situation results in “involuntaryrtailment” of 400
MW:

— in practice, system operator may use deploy “reserves”daav
curtailment.

e There is no price that equates supply and demand.

e There is no well-defined price in case of curtailment, unless
re-interpret “fixed demand” as really being a demand bid withgh
willingness-to-pay, as in the previous example.



1.7.2 Market power implications

e Note that all offers are needed to meet more than 4500 MW obdem

e Highest priced offer will always be accepted in this case.

e Example assumed competitive offers, but firm owning a peplmt
could increase profits by increasing offer price.

e Actually, any firm could increase profits for a fixed demand ofethan
4500 MW by offering above $80/MWh, since some productiomnfro
every generator is required.

¢ A firm whose capacity is needed to meet fixed demand is callsdtad:”

— in absence of market power mitigation, firm can offer at angegpand
be sure of being at least partially dispatched.



Market power implications, continued
e Assuming each generator is owned by a different firm:

— for fixed demand more than 4450 MW, all firms are pivotal,

— for fixed demand more than 4350 MW up to 4450 MW, all except
peaking units are pivotal,

— for fixed demand more than 4250 MW up to 4350 MW, baseload are
pivotal,

— for fixed demand less than or equal to 4250 MW, no firms are givot

e If firms own multiple generators, then firms can be pivotaldemands
below 4250 MW.

e Being pivotal is an extreme form of market power.

e More subtle forms of market power can occur even if no firmvefal.

e Defining, understanding, modeling, and other aspects dt@haower are
the topics of this course.



1.8 Computational issues
e The dispatch and prices are solved as an optimization proble
e Theobjectiveis the “revealed” benefits minus the “revealed” costs:

revealed costsi(Qj) = OQi pi (Q)dQ,

. D
revealed benefitdy(Dy) = kwk(D)dD,
0

wherep; andw is the corresponding offer and bid.
e The offered capacity and bid demand specifipper and lower bound
constraints

generation: X Q; < Q;,
demand: X Dy < Dy,
whereQ; is the offered capacity aridy is the quantity where

willingness-to-pay falls to zero.
e The power balancequality constraints 3 generators Qi = Y demand Pk-



Computational issues, continued

e (Revealed) surplus (or revealed benefits minus costs) ismnneed
subject to the upper and lower bound constraints and therdosl@nce
constraint:

— with price taking (that is, competitive) offers and bids:

o € = cy, revealed costs equals actual costs, and

o by = by, revealed benefits equals actual benefits,

o S0 that the results of offer-based economic dispatch woualximmize
benefits minus costs.

e ThelLagrange multiplieron the equality constraint in the solution is a
market clearing price.



1.9 Forward contracts

e Because prices will vary with supply and demand, markei@pants are
exposed to the risk of high or low prices.

e It is possible to “lock-in” an agreed price for an agreed diram a
“forward contract.”

¢ In an offer-based economic dispatch market, the most Hdtarvaard
contract takes the form of a “contract for differences.”



Forward contracts, continued

e For example, suppose that a generator and demand agreerteaado
contract for 10 MW at $50/MWHh:

— that is, the generator commits to providing 10 MW to demarl raet
price paid by demand of $50/MWh.

e If the market clearing price is actualBthen the demand will pay 10
MW x P to the ISO:

— To make thenetpayment by the demand equal to 10 MMAS50/MWh,
the demand should pay to the generator:

10 MW x (50 $/MWh—P).

— the forward contract is implemented as an agreement by tineuole to
pay this amount, called a “contract for differences.”
— General form of payment under contract for differences:

(Contract quantity)x ( (Contract price)— P).

e There are many variations on this arrangement, but thigigd¢isn of
contract for differences will provide a useful model of f@ama contracts.



1.10 Summary

() Restructured electricity markets,

(i) Variable operating costs,

(iif) Marginal costs,

(iv) Price-taking assumption,

(v) Offer-based economic dispatch,
(vi) Example,

(vii) Fixed demand and pivotal offers,
(viii) Computational issues,

(ix) Forward contracts.



Homework exercise: Due Tuesday, February 9, by 10pm
e Break into ten groups, grougs= 1,2,3,4,5,...,10, of approximately
three people each.
e Each group will be assigned a portfolio of three generators.
e The task for each group is to find offers that maximize the aiag profit
(revenue minus generation costs) for the group over a dagsabion.



Types of generators
e Suppose that types of generators are as in the previous &xamp
— baseload, capacity 250 MW with marginal cost of $20/MWh.

— intermediate, capacity 150 MW with marginal cost of $50/MWh
— peaking, capacity 50 MW with marginal cost of $80/MWh.

e Ignore start-up and min-load costs and variation of maikgiast with
production.
e Groups have different mixes of generation:

1, 2 three baseload units,

3, 4 three intermediate units,

5, 6 three peaking units,

7, 8,9, 100ne of each type of unit.

e SO there are ten units of each type in total, as in the preazample.



Demand
e There are three pricing intervdls= 1, 2, 3, each of eight hours duration,
with demand:
(i) 2800 MW,
(i) 3500 MW, and
(i) 4200 MW,
respectively, with willingness-to-pay of $500/MWh.

Prices with competitive offers
e From the previous example, we know that if the generatorg wtered
competitively at marginal cost then the prices would be:

(i) $50/MWh for 2800 MW demand,
(ii) $50/MWh for 3500 MW demand, and
(iii) $80/MWh for 4200 MW demand.



Profit with competitive offers
e Operating profiper MWHh given competitive offers, for the generators:
2800 MW demand, $50/MWh price
— baseload ($50/MWh - $20/MWh) = $30/MWh;
— intermediate ($50/MWh - $50/MWh) = $0/MWh or (not
producing) $0/MWh;
— peaking (not producing) $0/MWh;
3500 MW demand, $50/MWh price
— baseload ($50/MWh - $20/MWh) = $30/MWh;
— intermediate ($50/MWh - $50/MWh) = $0/MWh or (not
producing) $0/MWh;
— peaking (not producing) $0/MWh;
4200 MW demand, $80/MWh price

— baseload ($80/MWh - $20/MWh) = $60/MWh;

— intermediate ($80/MWh - $50/MWh) = $30/MWh;

— peaking ($80/MWh - $80/MWh) = $0/MWh or (not producing)
$0/MWh.



Profit with competitive offers

e To find operating profit over day, multiply profit per MWh times
production times eight hours and sum across demand levels:

2800 MW demand, $50/MWh price

— baseload $30/MWh times 250 MW times 8 hours = $60,000;
— intermediate $0/MWh times production times 8 hours = $0;
— peaking $0/MWh times 0 MW times 8 hours = $0;

3500 MW demand, $50/MWh price

— baseload $30/MWh times 250 MW times 8 hours = $60,000;
— intermediate $0/MWh times production times 8 hours = $0;
— peaking $0/MWh times 0 MW times 8 hours = $0;

4200 MW demand, $80/MWh price

— baseload $60/MWh times 250 MW times 8 hours = $120,000;
— intermediate $30/MWh times 150 MW times 8 hours = $36,000;
— peaking $0/MWh times production times 8 hours = $0.



Auction rules for offers

e Submit unit specific offers, one for each of three unis1, 2, 3 for each
of three pricing intervals = 1, 2, 3 in each portfolio.

e No “physical withholding,” so maximum quantity must equaét
capacity.

e For each unit and pricing intervat specify anaffineoffer with an
interceptai; and slopéoj:

Pit (Qit) = ait + bt Qit.-
e Recall that the interpretation of the offer is that if uni$ asked to
produceQj then the price paid will be at leapk (Qit) = ait + bit Qit.-
e The offer must be non-decreasing:
— that is,by > 0,
— this means that the offer is the derivative of a convex funmcti
e A competitive offer would involve setting the offer equalthee constant
marginal cost:

— set the slopdy; = O for alli andt, and
— set the intercep;; equal to the marginal cost of production.



What offers would improve your profits?

e Your task is to increase profits over day compared to connbifers.
e Each group will submit an email to baldick@ece.utexas.eitln subject
“EE394V homework group g” where g is the group number (1,10),
with the specification of parameters in the body of the enwibdows:

ay1,011,011,@12,012,010, 13,013, 01 3;
ap1, 021,051, 22,022,050, 23, 023, T 3;
asi, b317 q3l7 aszp, b327 q327 aszs, b337 q33;

e That is, data is comma delimited, with a semi-colon at theadrehch
line.

e Unit 1 is specified on line 1, with the parameters for the thnésrvals
appearing in succession.

e “Physical withholding” is prohibited, sg; must match the capacity of
the unit you are specifying.

e You are completely free to specify tlag butb; > O:
— No market monitor except for capacity!



Timeline

e Email must be received by 10pm on Tuesday, February 9.

e cc the email to everyone in the group, so that | know who is ahegoup.

e If you are late or if the format of your email deviates from tiequired
specification, a competitive offer will be submitted instea

e We will discuss in class on Thursday, February 11.

e Each week, will will follow a similar pattern, with offers éwon Tuesday
and discussion the following class or in the following week.



Homework exercise: Due Thursday, February 11, at beginningf class

e Assume that the costs and benefity, are differentiable and that offers
and bids are competitive.

e Assume that the market clearing conditions involve a peitegenerator
quantitiesQ;, and demand quantities;.

e Show that the market clearing quantities maximize the @ ¢fgroducer
surplus”) of the generators and maximize the “consumergsitjpf the
loads.

e That is, show that:

(i) for each generatadr, for the given priceP*, the choiceQ:
maximizes the producer surpl@sQ; — ¢;(Q;) over choices of);,
and

(i) for each demand, for the given priceP*, the choiceDj
maximizes the consumer surplngDy) — P*Dg over choices of
Dy.
e SO, if profits are maximized given the prices, why would any market
participant choose to offer non-competitively?
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