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Energy Pricing and Dispatch
under Demand Response and
Market Price Uncertainty
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1. Structure of the retail market

Energy Market

Market Price {P"t}‘ T Contract {E°, E '}

t oyt

Retailor

Retail Price {Prt"ffer}L t Demand profile {p,}

Consumers

» The retailor purchases energy at a wholesale market as a price-
taker, and sells the energy to consumers as a price-maker.

» Retailer owns a storage unit.

» Energy price at the wholesale market is uncertain.

» Consumers adjust their demands according to the retall pricef
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2. Mathematical formulation

A two-stage two-level decision framework

Stage 1: Day-ahead Stage 2: Real-time
Setting retail price Energy dispatch
T, - T
Upper level ”}fiyxzi fy(f) el 10 R 011). (20,
Retarler st. feP st. AXx+By<bh
p Y y
y' :afg min fry'
Lower level y
Consumers - 9i i Cip
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2. Mathematical formulation

Ny Nc .. offer
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2. Mathematical formulation

OPr™ ) ={p={p' ={p,}, v}, Vi|
p —agmin, . 3P,
Cip :{ﬁi | Py < Pim’ VieT, ! p;

p. >0,vVteT,, p, =0,VteT, : 6,
Zt Pi :Qid’ M ¥

X ={(E°,E*,r°,r’,S)|

0<r®<ST",0<r®<ST" Vvt 0<S, <ST®, Vte{2,... N, -1}
S, =S, +1°r° =’ /n*, vte{2,..,N;}, S, =STS, te{l,N,}
S Cptr-rt =EP—Ef, Vi, E 20, E 20, vt}
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3. Solution method

A polyhedral representation of W

( A

Pr' <Pr, <Pr’,vt

W =<Pr> (Pr—Pr')/Pr’ =0

Zt‘Prt—Prtf ‘/PrtV <r
Pr! <Pr <Pr’,vt : n,n
D (Pr—Pr")/Pr=0: &

Ju, ZthTlut <T : ¢
—U, < (Pr—Pr")/Pr’ <u, vt : A, A"
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3. Solution method

Second stage problem transformation
minmaxc' X, ¢=[-Pr—1g,Pr+1¢,0]

st. DPr+Fu>d, Ax<b-By

For a fixed bidding strategy, the worst-case
market price solves an LP

min c'X = maxd™ 4
. Dual .
rpln(xz—xl)Pr stF 1=0,420
ru =_=> T
st. DPr+Fu>d D2 =%,-X%
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3. Solution method

Second stage problem transformation

The linear min-max problem is equivalent to an LP

- 3

minmaxc' X

C X

st. DPr+Fu=>d
Ax <b-By

c=[-Pr-1¢,Pr+1¢,0]]

.

maxd' A
X, A

st. F'2=0,4>0
D'A=X,-X,
AX <b- By

» This conclusion holds for polyhedral uncertainty in

objective function.
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3. Solution method

Lower-level problem transformation

min piT Proffer
st.H'p' <h'

primal-dual optimality conditions

offer i

p =
HI pI < hl
ﬂi < O, H ITﬂI O
The optimization problem can be replaced
by explicit constraints
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3. Solution method

Linearizing bilinear terms

Apply binary expansion on the retail price

Pr.toffer — Prtmin +Af ZIK:lZI—l ZtI ’ vt

. I | -
Introduce new variable Vi, = p,,Z,, VI,
The bilinear terms can be linearized as

offer min S K _ .
Pre™ py = PR™ p +A; D 27N, Vit
0<p, -V, <P"(1-2)), Vi,t,l
0<v. <P"z, Vitl, z €{0,1}, Vt,l

The number of binary variables are independent
of the number of consumers
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3. Solution method

The Equivalent MILP

maxzi'i‘i(p‘TPrm‘” +1"V'A)+d" A
st. {Pro*" =Pr"™+ZA} eP
F'A=0,1>0,D'"A=x,-X,
Ax <b-By, y={p'}, Vi

Sl p. +1"V A = hiT i
H'p' <h, g <0, H 4 =0
0<p'l" -V'<P"(1-2), Vi
0<V'<P"Z, Vi, Ze{0,}""
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3. Solution method

Pareto efficiency test

» The risk-aversive dispatch strategy only accounts
for the worst-case market price realization

» There may be another strategy that can improve
the retailer’s profit for at least one scenario of
market price without deteriorating it in all other
scenarios.

PE= max (Pri-1le)" ' —(Pri+1s) y°

vty
st. (y',7°)eW’
{E. +y' ES +72,rf +;/3,r*d +7* S, +7°}e X
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3. Solution method

Pareto efficiency test
W* Is the dual cone of the polytope W

W™ ={(y",7°) | (Pr-1e) ' —(Pr+ 1) y* >0, VPreW}
={(" )1 K n' AL A" & 6} such that
n >0, ' <0, &' 20, A" <0, Vt, ¢ <0
7/t1 _7/t2 _77t| _77tu _Z‘tl/Prtv _ﬂ’tu/Prtv _C;:/Prtv =0, Vvt
A+ A —5=0, vt
S Pyl PR+ (A + AP [P
v Ny
+&Y PR /PR AT 26 T+ )}
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3. Solution method

Pareto efficiency test

» Because O Is a feasible solution, PE=O0.

» |If PE = 0, the current dispatch strategy
x ={E’, E:r’r) S} is already non-
dominated.

» If PE > 0, z* = x* + y* dominates x* and z*

IS hon-dominated.

lancu D A, Trichakis N. Pareto efficiency in robust optimization.
Management Science, 2014, 60(1): 130-147.
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4. Case studies

Retall and market price
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4. Case studies

Energy contract
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4. Case studies

Operation of storage unit
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4. Case studies

Profit enhancement
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