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ELECTRICITY MARKET Enerqy Pricing and Uplift Payments

Energy dispatch is continuous but unit commitment requires discrete decisions. Bid-based,
security constrained, combined unit commitment and economic dispatch presents a challenge in

defining market-clearing prices.
e Continuous convex economic dispatch

o0 System marginal costs provide locational, market-clearing, linear prices
o0 Linear prices support the economic dispatch

e Discrete, economic, unit commitment and dispatch

o Start up and minimum load restrictions enter the model

o System marginal costs not always well-defined
o There may be no linear prices that support the commitment and dispatch solution



ELECTRICITY MARKET Enerqy Pricing

Energy dispatch is continuous, convex and yields linear prices.! A simplified example with two
generating units illustrates the total and marginal costs.
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! Paul R. Gribik, William W. Hogan, and Susan L. Pope, “Market-Clearing Electricity Prices and Energy Uplift,” Harvard University, December 31,

2007, available at www.whogan.com.




ELECTRICITY MARKET Enerqy Pricing and Uplift

Unit commitment requires discrete decisions. Now the second unit (B) has a startup cost.

Aggregate Cost: Two Generator Example Marginal Cost: Two Generator Example
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Marginal cost-based linear prices cannot support the commitment and dispatch. The solution has
been to make “uplift” payments to assure reliable and economic unit commitment.



ELECTRICITY MARKET Enerqy Pricing and Uplift

Selecting the appropriate approximation model for defining energy and uplift prices involves
practical tradeoffs. All involve “uplift” payments to guarantee payments for bid-based cost to
participating bidders (generators and loads), to support the economic commitment and dispatch.

Uplift with Given Energy Prices=Optimal Profit — Actual Profit

e Restricted Model (r)

o Fix the unit commitment at the optimal solution.
o Determine energy prices from the convex economic dispatch.

e Dispatchable Model (d)

0 Relax the discrete constraints and treat commitment decisions as continuous.
o Determine energy prices from the relaxed, continuous, convex model.

e Extended LMP (ELMP) Model (h)

o Equivalent formulations
» Select the energy prices from the convex hull of the cost function.
= Select the energy prices from the Lagrangean relaxation (i.e., usual dual problem for
pricing the joint constraints).
0 Resulting energy prices minimize the total uplift.



ELECTRICITY MARKET Minimum Uplift

Economic commitment and dispatch is a special case of a general optimization problem.

v(y):l\x/lixn f(x)

st. g(x)=y.

From the perspective of a price-taking bidder, uplift is the difference between actual and optimal profits.

Actual profits: z(py)=py-v(y)
Optimal Profits: 7" (p)=Max{pz-v(z)}

Uplift(p,y)=7"(p)-z(p,y)

Classical Lagrangean relaxation and pricing creates a familiar dual problem.

L(y.xp)=f(x)+p(y-9(x))
C(y,p)=Inf {f(x)+p(y-9(x))}

L' (y)=SupL(y, p):Sup{InI {f (x)+ p(y—g(x))}}
p p Xe
The optimal dual solution minimizes the uplift, and the “duality gap” is equal to the minimum uplift.

v(y)-L(y)= Ir;f Uplift(p, y).



ELECTRICITY MARKET Enerqy Pricing and Uplift

Comparing illustrative energy pricing and uplift models.

Comparison of Example Marginal Costs Comparison of Example Uplift Costs
Implied Marginal Cost Implied Uplift
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Both the relaxed and ELMP models produce “standard” implied supply curve. The ELMP model
produces the minimum uplift.



ELECTRICITY MARKET Enerqy Pricing and Uplift

Alternative pricing models have different features and raise additional questions.

Computational Requirements. Relaxed model easiest case, ELMP model the hardest. But not
likely to be a significant issue. Approximate solutions (e.g., NYISO model) may be workable.

Network Application. All models compatible with network pricing and reduce to standard LMP in
the convex case.

Operating Reserve Demand. All models compatible with existing and proposed operating reserve
demand curves.

Solution Independence. Restricted model sensitive to actual commitment. Relaxed and ELMP
models (largely) independent of actual commitment and dispatch.

Financial Transmission Rights. Transmission revenue collected under the market clearing solution
would be sufficient to meet the obligations under the FTRs. However, this may not be true for the
revenues under the economic dispatch, which is not a market clearing solution at the ELMP prices,
even though the FTRs are simultaneously feasible. The FTR uplift amount included in the
decomposition of the total uplift that is minimized by the ELMP prices. This uplift payment would be
enough to ensure revenue adequacy of FTRs under ELMP pricing.?

Day-ahead and real-time interaction. With uncertainty in real-time and virtual bids, expected real-
time price is important, and may be similar under all pricing models.
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ELECTRICITY MARKET ELMP Real-time Pricing

A real-time pricing model involves multiple periods and look ahead. Applying and ELMP
framework involves choices about what is fixed and what is variable.

e Real-time quantity anchor. Conditioning to reflect evolving economic dispatch and commitment.
For example, the pricing dispatch would account for ramping limits that constrain the degree that the
pricing dispatch could deviate from the actual dispatch to ensure that the price market-clearing
dispatch would always be feasible conditioned on the actual dispatch.

e Real-time price consistency. Given that the actual conditions equal the forecast conditions, the
methodology produces the same set of prices.

For actual commitment and dispatch, past decisions are sunk and real-time quantity anchors
apply.

The pricing model could employ more flexibility. The Restricted model can meet both conditions
by always ignoring fixed costs. ELMP in general incorporates intertemporal constraints and
reflects fixed costs of units not committed.



ELECTRICITY MARKET

ELMP Real-time Pricing

A stylized version of the unit commitment and dispatch

formulated in (Gribik, Hogan, & Pope, 2007) as:

problem for a fixed demand vy is

g,d,on,start

subject to

m, -on, < g, <M, -on, Vi,t
—ramp, < g, —9;,, < ramp, Vi, t
start, <on, <start; +on, Vi,t
start, =0 orl Vi, t
on,=0orl Vi, t
e’ (g,—d,)—LossFn, (d,-g,)=0 vt
Flow, (g, —d, ) < F™ vk, t
d, =y, vt.

y, = vector of nodal loads in period t

m,, = minimum output from unit i in period t if unit is on

M, = maximum output from unit i in period t if unit is on

ramp,, = maximum ramp from unit i between period t-1 and period t
StartCost, = Cost to start unit i in period t

NoLoad, = No load cost for unit i in period t if unit is on

F.™ = Maximum flow on transmission constraint k in period t.

v({y,})= inf > >"(StartCost, -start, + NoLoad, -on, +GenCost, (g, ))
t i

Variables:

start ={O if unit i is not started in period t
" | 1if uniti is started in period t
o {0 if unit i is off in period t
"~ | 1if unit i is on in period t
g, = output of unit i in period t
d, = vector of nodal demands in period t.




ELECTRICITY MARKET

ELMP Real-time Pricing

The ELMP is a solution p for the problem including the loss and transmission limits included as

constraints. A “market-clearing” solution is a solution to the inner problem for given prices p.

Vh<{yt})5

sup

+> Py,
t

g,dionn:';tart _tzlptTdt
t
subject to
m, -on, < g, <M, -on,
—ramp < g; — 9;,4 < ramp,
+1¢ start, <on, <start, +on,_,
start, =0 or1l
on,=0orl
e’ (g,—d,)—LossFn, (d,—-g,)=0
Flow, (g, —d,) < F&™

> Z ( StartCost,, - start, + NoLoad,, -on, +GenCost, (g, ))

Vi, t
Vi, t
Vi, t
Vi, t
Vi, t
vt
vk, t
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ELECTRICITY MARKET

ELMP Real-time Pricing

A necessary and sufficient condition for real-time price consistency in ELMP is that all
commitment and dispatch variables that are in the economic dispatch or are assigned an uplift
payment from the market-clearing solution, must be maintained as variables in the pricing
model. This allows for slowly pruning those offers that were not committed in either the
economic commitment or the market-clearing commitment and are subsequently excluded from
retroactive starts ( Excluded ). Hence, the dual pricing model at time  would take the determined

prices for the prior periods p,, p,,---p._, as fixed and solve the pricing model:

Vhr ({yt}) =
+>.01Y,

inf !
g,d,on,start _z p:'dt
t

subject to
m, - on; < Uit < Mit - 0N,
—ramp, < Qi — gi‘t—l < ramp;
supq +

b start, <on, <start, +on,,_,
start, =0 orl
on,=0orl
e’ (g,—d,)-LossFn,(d,-g,)=0
Flow, (g, -d,) < F&™
start, =0, i € Excluded,

p=p,t<r-1

> Z ( StartCost, - start, + NoLoad, -on, +GenCost, (g, ))

Vi, t
Vi, t
Vi, t
Vi, t
Vi, t
vt
vk, t
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ELECTRICITY MARKET ELMP Real-time Pricing

This model also has an interpretation as the ELMP model for a two stage dualization of the
complicating constraints. First we fix the prices for prior periods and price out the constraints to
include them as part of the objective function. Then we dualize this reduced model to find the
remaining prices. The corresponding statement of the conditional dispatch problem for which
we find the ELMP going forward is:

Vhr({yt})z

StartCost -start, + NoLoad. -on. +GenCost, 0,
it it it it \ it
t

g, d on start Z p d yt

t<r-1

subject to

m, -on, < g, <M, -on, Vi, t
—ramp, < g, —g;,, <ramp, Vi, t
start, <on, <start; +on;, Vi, t
start, =0 orl Vi, t
on,=0orl Vi, t

e’ (g,—d,)—LossFn (d,—g,)=0 vt
Flow, (g, —d,) < F™ vk, t
start, =0, i € Excluded

d. =V, Vt>r.

12



ELECTRICITY MARKET ELMP Real-time Pricing

Approximations of an ELMP real-time pricing model would include.

e Block Loaded Units. Variablize the average cost of units that are all on or off.
e Fixed Cost Allocation. The UK Pool solution with on and off peak periods.
e Relaxation Variants. Combine relaxed formulation with ad hoc fixed cost allocations.

e Price Conditioning. Set different windows and horizons for price consistency objective.

An objective is to obtain a workable pricing model.

e Integrated With Day-Ahead. Support a two-settlement system and virtual bids equating day-
ahead and expected real-time prices.

e Stakeholder Testing and Verification. Simple simulations to understand market impacts.
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