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Transmission market
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Forward Energy Market

e.g., Day-ahead market (one day forward);
Real-time Energy Market

e.g., Every five minutes in PJM;

Ancillary service market
e.g., Spinning reserve market; (short-term, unexpected changes)
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Renewable energy

29 States + Washington

U.S. Territories DC + 2 territories have a

HI: 40% x 2030 _ Guam: 25% x2035 7 Renewable Portfolio
ermcas  uswooncas  orondard
(8 states and 2 territories have
renewable portfolio goals)

[77] Renewable portfolio standard 3k Extra credit for solar or customer-sited renewables

Renewable portfolio goal T Includes non-renewable alternative resources www.dsireusa.org/

March2015




Random and intermittent
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- - * Small CHP (Combined Heat & Power)
M ore d IStri bUted * Large CHP (Combined Heat & Power)

* Wind

{ Centralized System of the mid 1980's More Decentralized System of Today |

Denmark’s progress over the past decades



Tomorrow’s Grid 2.0
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Tomorrow’s Grid 2.0
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Power plant

Transmission
Users Distribution

Supply = Demand
Less controllable  Responsive
Highly uncertain \
Distributed

Large scale Distributed Smart appliances
SolarPVs} Energy Storage

Wind turbines)  pesources UElectric vehicles



Transforming Electricity Grid: DER

Business Communities

EMAIL  PRINT FACEBOOX TWITTER

Power Generation

CQ.”’."I.”.LJ Heat andg

Power Syctoane

Geothermai H eat Pumps

-connected (connected to the utility electrical grid), or they can

Net -‘ﬁéiéﬁngiﬁimote Net City distribution system (off-grid). Oniy grid-connected renewable

Meterlng and the customer’s side of the electric meter are eligible for NYSERDA's
Interconnection

o stem to be grid-connected, there must first be an Interconnection agreement
Solar Tecwnofog:es ' Company. The interconnection agreement sets the terms and conditions

Wind Energy




Debate over solar rates simmers in the Nevada desert
February 27, 2016
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The future of home-based solar power is on the line in Nevada, as solar advocates and
utility companies debate how to regulate so-called 'net energy metering' rates for
customers using solar panels connected to the grid.

Sources: PBS



Electricity Market for Distribution Networks:
Challenges

Power Engineering:
Power flow, system dynamics, operation constraints

Human Incentive:
Strategic behavior, self-interested, market power

Uncertainties:
Renewable energy, user’s behavior, emergency



Electricity Market for Distribution Networks:
Challenges

Power Engineering:
Power flow, system dynamics, operation constraints



Transmit and Distribute Power
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Transmit and Distribute Power: Kirchhoff’s Law

Capacity constraint on any line or node limit the entire flow



Challenges: An Example

) 2
7N 7 N\

150 —150— 150

Line 1-2 capacity: 25 Transaction 223 alleviates
congestions on line 1-2

1, 2: generation nodes/buses; 3: load bus (two users)



How much to pay for public distribution service?

Social Welfare

dg}?i}'f%l li(d) tQCost

Benefi

s.t. d—g=1y
_ Physical
L{y,u) =1 Constraints
f(y,u) <0

demand;

generation;

net power injection

: other physical variables
: power losses;

TER R &



How much to pay for public distribution service?

B[]

Social Welfare Individual

max  B(d) - C(g) (d 9)  max B(d)

d,g,y,u,l

s.t. d—g=1y = prlce
L(y,u) = mx(o -0l

f(y,u) <0 How to set the price?



How to choose the prices?

Social Welfare

max B(d) — C(g) Giver\ an convex |c.>ro.ble.m,

d,g,Y,u,l duality of the optimization

st.  d—g=y provide efficient prices, p°
L(y,u) =1

fly,u) <0



Challenges: Nonconvexity
Nonconvex Optimal Power Flow _ V/?
Zij = Tij T 1&T45 IJ :
. 5 A O
min  C| > Ry =2 Ui(p )2 r;1 0 LijsSij e ¥ g
0,)) i ij Sj —Sj
s;:=p;+iq; S, =P +iQ,

Over X :: (89€7V7 p? Q)
2 _ 5
gij = ‘Sij‘ /Vi ) Nonconvex £ =1l

- Branch flow model

~
) 2
v, -:| Vi |

S. t.

V=V, +2 Re(z;Sij)—‘zij‘zéij,

> (Si—zity)= 2. Sy =), ~
s _ ” Convexification gives
V. <V, <V, ,
cq <m —> exact solutions
gi S0 =0 Lavaei 2011, Li 2012, Gan
[ ) )
p <p <P, 2012, 2013]

Baran & Wu 1989, Chiang & Baran 1990



Efficient Prices: Market Equilibrium (d*, g*, p")

£ 3
Utility V
Company / ; [ / A

,El_l.

Social Welfare Individual

dﬁ}ﬁ,z B(d) - C (9) (d*, g m‘?x B(d) — p* -d

s.t. d—g=1y . o
L(y,u) =1 max p” - g — C(g)

fly,u) <0



A Distributed Algorithm to Reach the Equilibrium

= Utility company gathers requests
] Privacy for

B individuals
Utility company updates price

l

Individual i receives the price

l

— Individual i updates its request

Utility Company
MOPF: No info about individuals’
costs and benefits function

User I optimizes
max,  B;(d;) - p,d,

max, P:9i-Ci(9)

Theorem [Li et al. 2012, 2014]: The distributed algorithm converges
to market equilibrium over a radial distribution network.

Recent work: Distributed algorithms with limited communication.

[2015, 2016]



Case studies
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Schematic Diagram of a South California Edison distribution System
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How about decentralized market?

Q)

Challenge: Externality:
Any local change induces a (complicated) global change!

Delivery Service (in distribution networks)
« Voltage support (constraint): ¥, =V, =V,

« Power loss




Market rule

V. €[V, V] Vi E[yjavj] Ve €[V, Vi ]

Line loss Line loss
_______

I BusiI I Bus j BuskI

N— 7

Buy voltage right at each bus
Pay for line loss rent

Each Bilateral Transaction
= Buy voltage right (constraint) at each bus

= Pays for line loss rent of each line

Q: Budget balance on the voltage right and also the power loss?

Voltage right at each bus = 2, voltage right bought by transaction i
Power losses at each line = Z; Losses paid by transaction i




Market Prices and Equilibrium

V. €[V, V] Vi E[yjavj] Ve €[V, Vi ]

Line loss Line loss
I I I O e e W
rent rent

Busi I Bus j Bus k I

Electricity price Electricity price/ Electricity price
Voltage right price Voltage right price

Buy voltage right at each bus
Pay for line loss rent

= Each user/generator maximizes net benefit/profit given elec. prices

max B(d)—p-d m;mcp-g—C(g)



Market Prices and Equilibrium

V. €[V, V] Vi E[yjavj] Ve €[V, VY, ]

Line loss Line loss
I I I O e e W
rent rent

I BusiI I Bus j BuskI

Electricity price \ Electricity price/‘ Electricity price
Voltage right price Voltage right price
Buy voltage right at each bus
Pay for line loss rent

= Each user/generator maximizes net benefit/profit given elec. price
= For each unit transaction between any two node i and k
Elec. Price i = Elec Price j + Sum(Voltage right price*Quantity,)
+ Sum (Line loss rent * Quantity,)

= \oltage right price is O if there is excess voltage capacity supply

Question: How to determine Quantity, ,Quantity, ?




How to determine the quantities?

g Duality of the Social

Welfare Maximization
max B(d) — C(g)

d.q.y,4,l
s.t. d—g=y
L(y,u) =1
- fly,u) <0 Y Quantity,
+ ‘ Quantity,
Prices

Budget Balance Constraints
on Voltage Right and Line Losses

For each unit transaction between any two node i and k

Price i = Price j + Sum(Voltage right price*Quantity,)
+ Sum (Line loss rent * Quantity,)



How to determine the quantities?

-

One Allocation Rule for Voltage Right and Line Losses
Quantltylz .j:_j,;g _ (Vg - o )Rm; _fi'D’f" _ _(Efc - v ™) Ry,
> j=1 Brip; 2 j=1 Brjp;
(R: resistance |
ke LﬁcLﬁ:,f. V: voltage

Quantity,: o; =

~

Z?zl Lk,jpj— p: power injection

_L: line losses

P,Q: real/reactive power flow

J

Lj. denote the line losses on (k, w(k))

. PE+Q3 .
2 DABk Ry, it ke Py,
— T‘;; }}32_'_@2 .k .
— Tk TEE Ry otherwise.

For each unit transaction between any two node i and k

Price i = Price j + Sum(Voltage right price*Quantity,)

+ Sum (Line loss rent * Quantity,)



Competitive Market Equilibrium

V. €[V, V] Vi E[yjavj] Ve €[V, Vi ]

Useri I User j User k I
Voltage right price Voltage right PMoltage right price

Electricity price Electricity price

Buy voltage rights at each bus
Pay for line loss rent

Theorem (Li 2015):
Under the designed market rule, there exists a competitive
market equilibrium that is socially optimal.




So far...

Scheme 1: C(:’ntq'gzw /’ﬁ‘. / 'y

Scheme 2:




Electricity Market for Distribution Networks:

Power Engineering:
Power flow, operation constraints
Markets efficiently allocate delivery costs to individuals (transactions)



Electricity Market for Distribution Networks:

Human Incentive:
Strategic behavior, self-interested, market power



Recall...

conary - ﬁf’ / £
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Social Welfare

L

max B(d) — C(g Individuals need to report info.
d,g,y,u,l
* 9=y What if they DON’T report true info.?

fly,u) <0



Supply Function Bidding for Demand Response

* Supply deficit (or surplus) on electricity: d
weather change, unexpected events, ...

e Supply is inelastic

Problem: How to allocate the deficit among customers?

load (demand) as a resource to allocate



Supply function bidding

» Customer 1 load to shed: g

> Customer i reports a supply function (SF): | utility company:

q (bi ,P)= bi P deficit d

» p : price for load shedding / \
> b.: price sensitivity p//b,

» Market-clearing pricing p: customer 1:

ZQi(biap):d L
R 4

p=p(b)=d/2 b

customer n:

q, =b,p




Load Shedding Cost

» Customer I cost (or disutility) function:

Ci(q)
utility company:
) . deficit d
» Social welfare: Optimal Global Cost
. b
C.(qa. n
Ir(lqiln ZI: |(q|) p b1 ...... p
St Zind customer i:
Ci(a)
Question:

Can the supply function bidding achieves
the optimal global cost?

Mg



Strategic demand response

» Customer i’s net revenue: U;=pq; -C; (q;)
» Note: Price p is a function of bidding b
» Price-anticipating, strategic customer
max U, (b.,b ;)
with b

ui(bi:b—i) = p(b)qi(bU p(b)) _Ci(qi(bH p(b)))

» Definition: A supply function profile b is a
Nash equilibrium if, for all customers i,

ui(bi*bbji) 2 ui(biabji)v vbl 2 O

utility company:
deficit d

customer i:

max U (b,b)

Mg



Nash equilibrium

Theorem (Li, Chen, Dahleh, 2015)

Assume |N| > 3. The demand response game has a unique Nash equilibrium.
Moreover, the equilibrium solves the following convex optimization problem:

with

D?; (q'z,) — C?,(qz) —+ ACz(q,&)<— FG'SC cost
AC; (q'i) — d—2q C; (Q:) f (d_gzi)ici(iﬂg)dﬂlﬁ > ()




Efficiency Loss

2.2 I | ! |

; | | | | . | —=—Homogeneous users
T S A N e S e ... | == One user with low cost
: : : : : .| —e=—Two users with low cost

Ratio of game cost over optimal cost

0 i i i i i i i i i
% 10 20 30 40 50 60 70 80 90 100

Number of customers

Question:
Is there a way to make individuals report truthful information?



This Talk: Electricity Market in Distribution Networks

Markets efficiently allocate delivery costs to individuals (transactions)

Human Incentive:
Strategic behavior, self-interested, market power
Supply function bidding: Efficiency loss from strategic behavior



This Talk: Electricity Market in Distribution Networks

Uncertainties:
Renewable energy, user’s behavior, emergency



Recall: Supply Function Bidding

» A supply deficit d

utility company:

deficit d
» Cost function of load shedding > b,
p//b,
Ci (@)
customer n:
customer 1:| .. q, =b p

qlzblp




Recall: Supply Function Bidding

» A forecasted supply deficit d in the future

utility company:

deficit d
» Cost function of load shedding in the future \
p//b,
Ci(a)
customer n:
customer 1:| .. q, =b p
g, = bl P

Caution: The information is uncertain! “’ %ﬁ

Challenge: How to guarantee reliability?









Incentivizing Reliability in Demand Response

A group of customers:

» are able to reduce loads, e.g., 2-4pm in the next day
A reliability target:

» e.g. 1000 kW can be reduced with probability 99%
Challenges:

» Costly to reduce loads
» Uncertainty in the cost and ability to respond

g
Current practice (e.g., PJIM, Con Edison, SCE, etc ):
» Enlisting large number of consumers,

» Offering rewards in an order based on experience

» Unguaranteed reliability as customers opt out in the process
.

J




Two Period Mechanism

Time O
>
Agents report Mechanism selects agents
with knowledge to prepare for reducing loads and
of type (%) determines rewards R, penalty Q,
Uncertain, Random Cost
Time 1
>
Agents resolve Agents decide Mechanism pays
uncertainty in on responses, rewards and

ability to respond if possible collects penalties



Fixed Reward R Mechanism

Direct Mechanism

» Mechanism computes agent maximum acceptable penalty M,

» Select customers in decreasing order of M. until reliability target is met
» Calculate critical payment Q, as penalty for non-response

Indirect Mechanism
» Agents reports their maximum acceptable penalty M.

Theorem [Ma, Robu, Li, Parkes, 2016]:

If the reward R is large enough, both direct and indirect

mechanism guarantee truthful telling, individual rationality,
and the reliability target.



Direct, Indirect Vs. First Best

» First Best: suppose individual uncertainty is available; select to
optimize the reliability
» n =500, M =100, fix R = 10 or reliability T = 98%

140 ¢ 140@,
0 “o.
w 130 P~ s S 5 130 | \@""O
= _ Y — O OB
5 & il =R ——R—
2 120 */-/*/«-B" 120
©
¥ 410} —&— Direct 110 t —B— Direct
— © — Indirect — © — Indirect
100 —-%-— First Best 100 . —-%-— First Best
1 2 3 6 8 10 12
-Iog10(1-~r) R

(a) Varying 7 (b) Varying R



Conclusion and Discussion

Power Engineering:
Power flow, System dynamics, operation constraints
Markets efficiently allocate delivery costs to individuals (transactions)

Human Incentive:
Strategic behavior, self-interested, market power
Supply function bidding: Efficiency loss from strategic behavior

Uncertainties:
Renewable energy, user’'s behavior, emergency
Mechanism design to ensure reliability

Challenge and future work:
A market: takes account of engineering and human factors,
achieves (sub)-optimal efficiency, and ensures reliability



Research Interest
Network Optimization, Control, Economics

Transportation
Internet network
Parallel computing
Social network
Etc...

Power Systems Data Center Sensor Network

Design general theories and tools for:

Distributed/Local

l Desired Global
Control Laws System Behavior



Research Interest
Network Optimization, Control, Economics

Power Systems Data Center

Foundational

Theories =

Comm./Comp.
complexity

Tradeoff between
efficiency, robustness,
computation, and
communication

Transportation
Internet network
Parallel computing
Social network
Etc...

Sensor Network

Practical
Algorithms <~

Real
Implementation

Optimal first-order .
distributed methods
Regularized methods
Physical
measurement-aid
algorithms

Distributed power
capping in data center
Microgrid energy
management
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