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L Morivation

About this talk

Deterministic Stochastic
MAX-INF DISTRIBUTED
optimization optimization

: Numerical :
examples
Joint work with Dr.Walter Guo (UCE), @ Nl
Laboratories

and Dr.Yueyue Fan (UCDavis)

Deride- jaderid@sandia.gov 2/32



Stochastic Equilibrium Problem
L Motivation

( INFRASTRUCTURE PLANNING PROBLEMS )

Participants We have a multi-agent system, formed by
Investors/Producers and Consumers

Interaction They interact independently by trade, using a price system
that indicates the market value of a commodity in a given
time-space situation

Network structure Interaction between agents are constrained to a
network structure, reflecting the physical connection
between points of trade/interaction

PrROBLEM
Need to find the system state where the
total production satisfies the total demand Sandia
@ National
Laboratories
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Stochastic Equilibrium Problem

L Mortivation

EV-charging station problem
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Electric vehicle (EV) adoption is growing fast (EV sales data from
Argonne)

Charging infrastructure needs to catch up with the increasing
charging demand

Understanding the pattern of charging infrastructure investment is
critical to evaluate the impacts of EV on both power and
transportation systems

Cumulative PEV Sales

e @NCiA
lational
aboratories
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EV-charging station problem
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EV-charging station problem

Origin r
e
- andia
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Stochastic Equilibrium Problem
L Mortivation

EV-charging station problem

o

Destination s

Deride- jaderid@sandia.gov

Objective: Maximize Profits| | Objective: Maximize Utility
Decisions: Decisions:
Location o1e .
Investment Capacity Pacilylacolien
Supply Quantity 8uIL
Origin r
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Stochastic Equilibrium Problem
L Mortivation

EV-charging station problem

Facility Supply =  Facility Demand

Optimization Objective: Maximize Profits| | Objective: Maximize Utility
Decisions: Decisions:
Location 18 <
TavsdbioseiCapanify Facility location
Supply Quantity Route
Origin r
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Stochastic Equilibrium Problem
L Model

Mathematical modeling: General Setting

Markets We assume that interactions are made using markets

Perfect competition We assume that markets are perfectly competitive:
there is a market for each desired commodity traded

Investors Multiple heterogeneous investors, maximizing profit
(depending on capacity investment costs and generation
costs

Consumers Drivers maximize utility, and ther facility choice depends
on charging price, travel/charging time, and locational
attractiveness

Trafhic Assignment Wardrop user equilibrium
Perfect information Both investors and users have perfect information

Sandia
National
Laboratories
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Stochastic Equilibrium Problem
L Model

Supply side: Investors’ problem
ma)[gi)gr?ize Z e — @g(f)] - Z oc;)

e SES; SES;
v ———
o
operational net profit investment costs

subjectto (y;) & —¢ <0, Vs€S8;50/ >0, >0, Vs€ S,
S—_

capacity constraint

where:
S; : set of investment locations of firm i;
¢; : charging capacity [kW] at location s by firm
g :energy supply [kWh] at location s by i-firm;
¢' : unit charging price at location s (market determined);

: capital cost wrt charging capacity;

: operational cost wrt supply quantity and scenario; @ Lﬁ%}gﬁd _
aboratories

<Pc(‘
P

N O

: set of investors.
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Stochastic Equilibrium Problem
L Model

Travelers and ISO problem

minimize
X049

subject to

")
(")

Deride- jaderid@sandia.gov

U(travel time, local attractiveness,

charging capacities, charging cost)
v, = ZZxZ‘, Va € A
reR se§
Ax” = g"E", Vr € R,s € §,

> g=d,VreRr

SES

x, >0, VacAreRseS
v, >0, Vae A

q° >0, Vre Rs€S.
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Stochastic Equilibrium Problem
L Model

where

E"J
2 Y-
rER SES me i€l

U ug= > /0 * elau +éZZq’“ Ing® —1+6s

acA

Wardrop User Equilibrium Logit choice model

U(x, v, ) : Consumers’ utility function;
¥ - traffic flow on link # associated with O-D pair 7s5;
v, : traffic low on link ;
g” : waffic flow from 7 to 5;
t,(+) : travel time function of link 4, e.g. the Bureau of Public Roads (BPR) function;
A :node-link incidence matrix of network (model input based on network
topology);
E” : O-D incidence vector of O-D pair 7s with +1 at origin and -1 at destination
(modeling input based on network topology);
d” :total EV travel demand from location » (model input). @ ﬁg?igi?al

¢” :average charging demand from 7 to s (model input); Laboratories
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Stochastic Equilibrium Problem
L Model

Equilibrium

System equilibrium
The system is in equilibrium if there exists a price ¢* such that
» Investors maximize their utility by producing a quantity ¢'(¢*),

» Transportation system maximizes the consumers’ utility function
with an optimal traffic flow of g(¢*),

» Charging market at each location is balanced, i.e., total supply meets
total demand.

e :
MARKET EQUILIBRIUM Find ¢* such that )
ES kY L i x 7S _FS( K\ _ 0 S
«(e") = &) —) 7)) =0,5¢€
=k [ER Sandia
—— SN——— i

. A National
total generationat s total demand at s \aboratories
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Stochastic Equilibrium Problem
L Deterministic version

Solution Strategy: MAX-INF FORMULATION
Walrasian bifunction

(60) = W(ep) = — Y pESHe)

SES

Maxinf characterization

' _é’* .is am w | ¢ € argmaxinf W
equilibrium point (e9)

| Main problem

L

find ¢* that maximizes ¢ — inf (e, @)
?

Sandia
National
Laboratories
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Stochastic Equilibrium Problem
L Deterministic version

Approximation and non-concave duality

Main problem as maximization

{Find ¢* that maximizes ¢ — inf, ® W e, @)]

How to approximate?

Construct a sequence of )
bi-functions {/#”} using " /_/\
Non-concave duality I
(2, K] \

J -2 -1 1
"

1) Nauonal
Laboratories
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Non-concave duality B -
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Stochastic Equilibrium Problem
L Deterministic version

Approximation and non-concave duality

Main problem as maximization

[Find ¢* that maximizes ¢ — infy, (g, q))]

How to approximate?

== v(0)+{q,)

— 0(0)+ (g, ) +ro,r =20
v(0)+ (,-) + 10,7 =50

Construct a sequence of
bi-functions {7} using
Non-concave duality

[2, K]

I

[o‘ : R” — R proper, Isc, convex, min & = 0, argmin o = {0}

Deride- jaderid@sandia.gov

Laboratories

15/32



Stochastic Equilibrium Problem
L Deterministic version

Augmentation and Walras economic model

Augmented Walrasian

We @) =inf , {W(e,p—2)+ ra*(r'2)}

¢ € 0 argmaxinf W

B i

¢ € ¢ argmaxinf  pj
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Stochastic Equilibrium Problem

L Deterministic version

Augmentation and Walras economic model

Augmented Walrasian

We @) =inf , {W(e,p—2)+ ryw*(rflz)}

¢ € 0 argmaxinf W

B i

¢ € ¢ argmaxinf  pp

®

Phase I (or primal)
¢oargmin W, q) ¢ € ¢Moargmax W (e, @
4

y+1 c

Phase II (or dual)

g€A
(solved with Gurobi) (solved with BOBYQA)

1/+1)

(h

Deride- jaderid@sandia.gov
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Stochastic Equilibrium Problem
L Deterministic version

Numerical example

Link: Flow/Capacity

Figure: Sioux-falls network

i) Naiora
1 . i lonal
Figure: Solution et
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Stochastic Equilibrium Problem

L Deterministic version

Solution strategy: ADMM

Capacity investment problem as a MOPEC

In general terms, a capacity investment equilibrium problem can be
writen as a MULTIPLE OPTIMIZATION PROBLEMS WITH EQUILIBRIUM
ConsTRAINTS (MOPECQ) as follows

x' € argmin f*(x;p), i € T in =0

Sandia
National
Laboratories
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Stochastic Equilibrium Problem
L Deterministic version

EV example

EV-charging station problem

In our example, we have functions of the form f(x; p) = fi(x") + &’ (p, x*)

)= ) +od)+— D ed

iESt JES,
f’(x‘) a’(P x’)
,p)—Z/ t(u du+— q (Inq —I—QZZH ‘80)
acA icl,
f&(vw

1 r€R €S Sandia
@ National
ol (p, xt) Laboratories
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Stochastic Equilibrium Problem
L Deterministic version

Representative agent formulation

MOPEC

x'(p) € argmin {f3(x") + wi(p, &)}

xieCt

Zx‘(p) =

REPRESENTATIVE AGENT

mm Z‘ufo
such that Zx =0

Sandia
National
Laboratories
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Stochastic Equilibrium Problem
L Deterministic version

Distributed optimization approach

SPLIT OPERATOR REPRESENTATION

iy T o (T2

such that x* — 2 = 0, ()

Individual modified problems Every agent-i solves

1 € argmin fi(x) + (7, &%) + r Hxi — %"+ J'Ci”'||§
xect 2

Price update Sandia
yv+1 _ yv + m—cv+1 National

Laboratories
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Stochastic Equilibrium Problem
L Deterministic version

EV-charging station problem

24 nodes

76 links i

5 origins ¢

5 destinations e 4

5 candidate facility @y

locations

BPR link cost 7

function wl 58

Base case: 42
> fo=0 @ Origins
> =1 ™ @ Destinations
> (3, =0.06 é L @ Candidate Investment locations

oandia
'I‘ National
Laboratories
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Stochastic Equilibrium Problem

Deterministic version

EV-charging station problem

(a) B =0 (b) B, = 0.06 (c) B, =0.6
N
\\
£ \ I
£ -
IR =——NE |
i X
§ 1 . B ;-Vrmmi Charging Places
. ] E o L] & &
Heration
7 3 5 [
i i~ i
& s i,..:,!m & [ / li_':lysﬁﬂ
= —e | o andia
el - s ez lational
f N 8 » o ® 8 » 3 aboratories
Heration Mteration.
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Stochastic Equilibrium Problem
L Stochastic version

Stochastic model: Investors’ problem

maximize E{ce.d' .} — o,¢) odc;
i > [Flegg o ] 2,94

N
operational net profit investment costs

subjectto  (y;) g‘g ¢ <0, VJESl,g;£>O ¢ =0, Vse S,VeEe =
H_z

capacity constraint

where:
gf) ¢ :energy supply [kWh] at location s by #-firm and scn &;
g. + unit charging price at location s and scn &(market
determined); Sandia
- . National .
= : set of scenarios Laboratories
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Stochastic Equilibrium Problem
L Stochastic version

Travelers and ISO problem

minimize
X049

subject to

Deride- jaderid@sandia.gov

U(travel time, local attractiveness,

charging capacities, charging cost, £)

b= Y x, Va€ A

r€R s€S
Ax” = q? " VreRseSVEEE

Zq{;” = dg, Yre RVECE
SES

x:gZO, VYace A reRseS EcE
v, >0, VacAEcE
qi;m >0, V7ERsESECE @ Sandia
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Laboratories
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Stochastic Equilibrium Problem
L Stochastic version

Solution strategy

EQUILIBRIUM
gD gt =0,%e8EcE
i€l; rER
SCHEME

Decompose individual agents’ problems using
PROGRESSIVE HEDGING ALGORITHM
Decompose the equilvalent state-defined equilibrium problem using

ADMM ALGORITHM
Sandia
l "1 National
Laboratories
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Stochastic Equilibrium Problem

L Stochastic version

General formulation

AGENT PROBLEM

(b} g) € argmin F(x) (fo(xo + E{fg % E)})

PROGRESSIVE HEDGING V& € =

X0, 2}

. . . . . . . . 5 PH .
(%5t ) € argmin {fi(xh )+ fiutp) + () + 2~

Remark
The market clearing conditions of the EV-charging station station

infrastructure planning problem only depend on the second stage @ ﬁgt"igi?al
variables. Lahoratories
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Stochastic Equilibrium Problem
L Stochastic version

Incorporating representative agent and ADMM decomposition

Combining the ADMM approach to the decompose individual problem~
Step o. Initialize the algorithm, % ng > 0, e4prrar > 0, w;E 3 yé
Step 1. For every agent 7, and every scenario £ solves

( v+l v+l

ot 2 ¥y ) € argmin {£;(xo) +f1fg(x1)

-z,v

+ (@ m0) + S I — 213

ADMM
+ O a) + 6T||x1 — P+
Step 2. Update the multipliers
}'?1 —)'g + eADMM g
wz,z/+1 =a), + eprr i,v+1 3—61,1/+1 @ Sandia
E e ren(nop %) .
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Stochastic Equilibrium Problem
L Stochastic version

Numerical example

Preliminary example

Network Sioux-Falls
Charging station Nodes 6,12,17,22.
Scenarios We consider |Z| = 20 scenarios

Parameters Consumers’ utility function 8y = 0.0, 8; = 1, 8, = 0.0,
85 = 0.06.

Demand dg = 100 + £&6¢€[0,2]

Sandia
National
Laboratories
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Stochastic Equilibrium Problem

L Stochastic version

Deride-

“10-

Excess Supply (kWh)

0~

20-

100~

n from Scenario Average (kW)

Iteration

i)

100+

2
-]
H
H
3

20-

jaderid@sandia.gov

leration

— Sceanrot Node3 — — — ~ Scoanrf7 Nods
— Scearriot Notes — — — Scaanro 7 Note
— Sosanrot Node12 — - — Sceanro7 Node
— Scearviot Nodet? — — — — Scaanrl7 Node
— Soeamiot Note22 — — Sceanrion?.Note
— - — Sceanno Node
- — - - — Scaanrott N
— — - — ScaanrotB Note
- - o — Sceanrot Node
- — - - — Scaanriote Node
— Soeamiod Noded — Sceanro.Noded — Sceanriol Node3 — Sceanrat Node3 — Sceanriod Nt

— Scaanrod Nodes — Sceanr Node — Sceanrio! 1 Node — SceanrotNode§ — Scaanrioa No
— Sceanrio Node12 — Sceanri Node12 — Sceanviol 1 Node12 — Sceanrat5Node12 — Scsanrofe Noc
— Soeanriod Node17 — Sceanrio Node17 — Soeaniol 1 Node17 — Sceanrat Node17 — Sceanrofa Nod
— Sooanriod Node22 — Sceanr Node22 — Sceanio! 1 Node22 — Sceanrot Node22 — Sesanriota N

- — Sceanio20 Node

- — Sceanio20 Node

- ~— Scaanro20Node
— Sceanmio20 Node

= 1 Nodkd

— Sceanrioz0 Node

— Soenariot.Node6

— — Scenariol? Node

— Scenariot7,Node

= 1 Nocet

— ~— Scanario17 Nods
— Scenario17 Node

— Soenariof Node22

~— Scenariot? Node

— Scenario2 Nodes

Scenariot Node

Scenariot0Nodeh

- Nods3 — Scenario1s Node
— Scenaratd Nodeb — Scenariol8 Nods

— ~— Scenariot8 Node
~— Scenarot4 Node17 — Scenariot8 Nods

~— Soonariod Node3

Scenario? Noded

ScenariotNove3
11 Nodet

— Scenariot8 Node
~— Scenarof5 Node3 — Scenario9 Node

— Soenario3 Node12
— Soonaricd Node7.

— Scenaro Node 12
— Scanario? Nodet?

Node?

— Scenariot1 Node12
— Soanariot1 Nodet?

11 Node:

- — Scenariote Nk
— Scenariots Node12 — Scenario1a Nt
— Sconariots Node17 — Sconarit9Node
- — Scanariote Node

- — Scenario20.Node

- ~— Sconario20.Nove

— — Scenario20 Node

— Scenario20 Node

— ~— Soanario20.Node

30/32



Stochastic Equilibrium Problem

L Stochastic version

The end

Thank you for your attention
Questions?

Articles

(in progress) Facility Location in a Competitive and Stochastic Market:
incorporating complex user-network interactions, Deride, J., Fan, Y, Guo, Z.
(2016) Infrastructure Planning for Fast Charging Stations in a Competitive
Market, Deride, ]., Fan, Y, Guo, Z., Transportation Research Part C ﬁgag:?al
Emerging Technologies. vol.68, pp.215-227. Laboratories
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