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- Energy systems are evolving: Green transition
For example, in Denmark:
0% Power production in % of total consumption
" Wind
ago, | Solar ® Fossil fuels — weather-dependent
renewables
30%
0% ® High uncertainty and variability
10% ¢ Additional operational flexibility needed

0%
v 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Source: Green Power Denmark
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Energy systems are evolving: Growinginterdependence

Electricity
system

Natural gas District heating
system system

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future




(=}
—_
=

>~ Vito

i

Energy systems are evolving: Growinginterdependence

e Operational synergies — cross-carrier

Electricity

flexibility
® flexible operation of boundary agents ] &
® network flexibility from short-term storage Qﬁ“ Gas-fired Combined heat /49;

power plant & power plant

Natural gas District heating
system system
Linepack Hot water
flexibility storage
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Energy systems are evolving: Growinginterdependence

e Operational synergies — cross-carrier

Electricity

flexibility
® flexible operation of boundary agents : Z
® network flexibility from short-term storage &/ Gasdired Combined heat\ %
< power plant & power plant &

e Sequential and separate energy markets —

over-/under-estimation of flexibility Natural gas District heating
system system
Linepack Hot water
flexibility storage
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Energy systems are evolving: Growinginterdependence

e Operational synergies — cross-carrier

Electricity

flexibility
® flexible operation of boundary agents : Z
® network flexibility from short-term storage &/ Gasdired Combined heat\ %
< power plant & power plant &

e Sequential and separate energy markets —
over-/under-estimation of flexibility Natural gas District heating
system system

Linepack Hot water
flexibility storage

e Market-based coordination is crucial

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Research questions

Electricity
system

Natural gas District heating
system system
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Research questions

Asset & network
nonlinearities

@ How to design generic and efficient market mechanisms
and products to harness cross-carrier flexibility? SyStemy

'3
9
R

g
L%

Natural gas
system

District heating
system
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Research questions

Asset & network
nonlinearities

Electricity
system

Uncertainty
propagation

"

@ How to design generic and efficient market mechanisms
and products to harness cross-carrier flexibility?

&
® How to model and mitigate uncertainty propagation N
. . . N
among energy systems via market-based coordination? <
Natural gas
system

District heating
system

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated E Systems of the Future
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Towards flexibility-centric electricity markets

e Spatial price equilibrium using linear programming (LP) . %" gr
2

Py
¥32

qy

Figure inspiration: V. Dvorkin, Stochastic & private energy system optimization, 2021.

Market Design for Integrated Energy Systems of the Future
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Towards flexibility-centric electricity markets

e Spatial price equilibrium using linear programming (LP) g g
9972 \ /
® LPis limiting, as nonlinearities common to:
® costs and constraints of market participants
® physical flow models in networks T§
® uncertainty modeling approaches
ay

Figure inspiration: V. Dvorkin, Stochastic & private energy system optimization, 2021.
June 1, 2022 DTU Wind & Energy Systems
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Towards flexibility-centric electricity markets

e Spatial price equilibrium using linear programming (LP) g g
9972 \ /
® LPis limiting, as nonlinearities common to:
® costs and constraints of market participants
¢ physical flow models in networks T§
® uncertainty modeling approaches
® Heterogeneous flexibility providers with spatio-temporal an
coupling constraints ¢

Figure inspiration: V. Dvorkin, Stochastic & private energy system optimization, 2021.
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Towards flexibility-centric electricity markets

e Spatial price equilibrium using linear programming (LP) %" gr

® LPis limiting, as nonlinearities common to:
® costs and constraints of market participants
¢ physical flow models in networks T
® uncertainty modeling approaches

¥32

® Heterogeneous flexibility providers with spatio-temporal

coupling constraints %

Objective 1 ’

To develop a general flexibility-centric electricity market framework which
admits nonlinearities in uncertainty, assets, and energy networks.

Figure inspiration: V. Dvorkin, Stochastic & private energy system optimization, 2021.
June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Thesis contributions: Objective 1

Objective 1: To develop a general flexibility-centric electricity market framework which
admits nonlinearities in uncertainty, assets, and energy networks.

©® A multi-period & multi-commodity conic electricity market
® Asset and network nonlinearities as second-order cone (SOC) constraints

® Variety of flexibility services as additional commodities

® Endogenous modeling and pricing of uncertainty

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Thesis contributions: Objective 1

Objective 1: To develop a general flexibility-centric electricity market framework which
admits nonlinearities in uncertainty, assets, and energy networks.

©® A multi-period & multi-commodity conic electricity market
® Asset and network nonlinearities as second-order cone (SOC) constraints

® Variety of flexibility services as additional commodities

® Endogenous modeling and pricing of uncertainty

® Analytical proofs for desired economic properties of competitive markets
® No properties lost in moving from linear towards conic markets

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Thesis contributions: Objective 1

Objective 1: To develop a general flexibility-centric electricity market framework which
admits nonlinearities in uncertainty, assets, and energy networks.

©® A multi-period & multi-commodity conic electricity market
® Asset and network nonlinearities as second-order cone (SOC) constraints

® Variety of flexibility services as additional commodities

® Endogenous modeling and pricing of uncertainty

® Analytical proofs for desired economic properties of competitive markets
® No properties lost in moving from linear towards conic markets

© Optimally-sized policy-based reserves over capacity-based reserves
® |ower operations cost with guarantees against uncertainty realizations

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Towards uncertainty-aware energy system coordination

e Uncertainty in natural gas systems — price spikes,

network congestion Uncertainty propagation

Electricity Natural gas
system system

Flexibility

Market Design for Integrated Energy Systems of the Future
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Towards uncertainty-aware energy system coordination

e Uncertainty in natural gas systems — price spikes,

network congestion Uncertainty propagation

Electricity Natural gas
system system

Flexibility

Market Design for Integrated Energy Systems of the Future
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Towards uncertainty-aware energy system coordination

e Uncertainty in natural gas systems — price spikes,

network congestion Uncertainty propagation

® Mitigating uncertainty propagation is challenging: Flectricy Natural gas
® nonlinearities and non-convexities
® state variables and operational constraints
® market-based incentives Flexibility

June 1, 2022 DTU Wind & Energy Systems
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Towards uncertainty-aware energy system coordination

e Uncertainty in natural gas systems — price spikes,

network congestion Uncertainty propagation

® Mitigating uncertainty propagation is challenging:
® nonlinearities and non-convexities system system
® state variables and operational constraints
Flexibility

® market-based incentives

Objective 2

To develop a methodology to harness cross-carrier flexibility in energy mar-
kets while taking uncertainty propagation into account.

Market Design for Integrated Energy Systems of the Future

June 1, 2022 DTU Wind & Energy Systems
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Thesis contributions: Objective 2

Objective 2: To develop a methodology to harness cross-carrier flexibility in energy
markets while taking uncertainty propagation into account.

@ Uncertainty-aware electricity and gas dispatch with linepack flexibility
® Nonlinear and non-convex gas flow dynamics under uncertainty

® Trade-off: operations cost vs. robustness to uncertainty propagation

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Thesis contributions: Objective 2

Objective 2: To develop a methodology to harness cross-carrier flexibility in energy
markets while taking uncertainty propagation into account.

@ Uncertainty-aware electricity and gas dispatch with linepack flexibility
® Nonlinear and non-convex gas flow dynamics under uncertainty

® Trade-off: operations cost vs. robustness to uncertainty propagation

@® Stochastic control policies for natural gas networks
® Analytical description of system state to the uncertainty propagated

® Market-based minimization of variance of state variables

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Thesis contributions: Objective 2

Objective 2: To develop a methodology to harness cross-carrier flexibility in energy
markets while taking uncertainty propagation into account.

@ Uncertainty-aware electricity and gas dispatch with linepack flexibility
® Nonlinear and non-convex gas flow dynamics under uncertainty

® Trade-off: operations cost vs. robustness to uncertainty propagation

@® Stochastic control policies for natural gas networks
® Analytical description of system state to the uncertainty propagated

® Market-based minimization of variance of state variables

© Efficient pricing scheme to remunerate (penalize) agents for mitigating
(aggravating) uncertainty and variance

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Publications
Flexibility-centric electricity markets:

@ A Ratha, P. Pinson, H. Le Cadre, A. Virag and J. Kazempour, “Moving from linear to conic
markets for electricity”, submitted to European Journal of Operational Research, (under review,
second round), 2021.

@ A. Ratha, ). Kazempour, A. Virag and P. Pinson, “Exploring market properties of policy-based
reserve procurement for power systems”, in 2079 IEEE 58th Conference on Decision and
Control (CDC), Nice, pp. 7498-7505.

Uncertainty-aware coordination among energy systems:

9 A. Ratha, A. Schwele, J. Kazempour, P. Pinson, S. Shariat Torbaghan and A. Virag, “Affine policies
for flexibility provision by natural gas networks to power systems”, in Electric Power
Systems Research, Volume 189, Article 106565, December 2020.

@ V. Dvorkin, A. Ratha, P. Pinson and J. Kazempour, “Stochastic control and pricing for natural
gas networks", in IEEE Transactions on Control of Network Systems, Volume 9, Issue 1, pp.
450-462, March 2022.
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Outline

Introduction

Flexibility-centric electricity markets

Uncertainty propagation in energy systems

Conclusions & perspectives

& Energy Systems

Market Design for Integrated Energy Systems of the Future

f vito




f vito

(=}
—_
=

i

Preliminaries

Conic market

A market-clearing problem that admits convex strategy sets of market par-
ticipants involving second-order cones of arbitrary dimensions.

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated E Systems of the Future
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Preliminaries

Conic market

A market-clearing problem that admits convex strategy sets of market par-
ticipants involving second-order cones of arbitrary dimensions.

v v
Second-order cone (SOC)
A SOC C of dimension m is a convex set defined,
for tuple (u, v),u € R™and v € R, as
— u m+1
¢ ={ 4] | nur < v} crm. .
CCR? CCR®

June 1, 2022 ind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Marketsetting
¢ Hourly day-ahead market cleared over T = 24 hours
® P commodities of two kinds: energy and flexibility services

® Heterogeneous participants, i € 7

Market Design for Integrated Energy Systems of the Future

June 1, 2022 DTU Wind & Energy Systems
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Marketsetting

¢ Hourly day-ahead market cleared over T = 24 hours

® P commodities of two kinds: energy and flexibility services
® Heterogeneous participants, i € 7

e Participant’s decision vector q; € RX, where K; > P

qi1
di2

q = e RNT

qir
e Temporally-separable convex quadratic cost function, cz(q;) : R¥ — R:

cir(gir) = C,LtT di -+ diag(cy) qi

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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SOC constraints

Generic SOC constraint

A generic SOC constraint on variable ¢, of i-th market participant is

|A; i+ bi| <d] q;+e

Parameters A; € R™*KT b, ¢ R™, d; ¢ RXT and ¢; € R embody the
structural and geometrical information of each constraint.

Market Design for Integrated Energy Systems of the Future

June 1, 2022 DTU Wind & Energy Systems
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SOC constraints

Generic SOC constraint

A generic SOC constraint on variable ¢, of i-th market participant is

A i +bi| <dl qi+ e & [:T'} qi + {2'} €C CRMT,
i i

Parameters A; € R™*KT b, ¢ R™, d; ¢ RXT and ¢; € R embody the
structural and geometrical information of each constraint.

Market Design for Integrated Energy Systems of the Future
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SOC constraints

Generic SOC constraint

A generic SOC constraint on variable ¢, of i-th market participant is

|A;qi+bif| <d g+ e < [:T'} q; + {2'} €C CRMT,
i i

Parameters A; € R™*KT b, ¢ R™, d; ¢ RXT and ¢; € R embody the
structural and geometrical information of each constraint.

® Special cases:

*A=0= 0<d/ q+e (linear inequalities)

°*d=06>0= |Aiq+bi] <e (quadratic inequalities)

Market Design for Integrated Energy Systems of the Future

June 1, 2022 DTU Wind & Energy Systems



(=}
—_
=

i

min
ql7 zI

s.t.

>~ Vito

Conicmarket asanoptimization problem

LT
Z Z Zit +Ci it
i€T teT
(pd, 57, 17) Objective reformulation

ICS ail? < z4, Vt, Vi
1A i + byl < dj a; + ey, j € T, Vi (s ) Multiple SOC constraints
(i) Equality constraints

Fiq;=h;, Vi

Market Design for Integrated Energy Systems of the Future

DTU Wind & Energy Systems

June 1, 2022



(=}
—_
=

i

>~ Vito

Conicmarket asanoptimization problem

min
W NeT ter
s.t. ||Cg q,'[H2 < zjy, Vt, Vi
A qi+byl| <dj a;+ej jeTi, Vi
Fiq;=h;, Vi
Z Gip qQip = OT: va vn
i€y

Z Z Zit +C,Lth/'t

<Y Ve

neN i€Z, pEP

(Z Z (Gip qlp]t) s, vt (e, o)

(pd, 57, 17) Objective reformulation
(i, vi) Multiple SOC constraints
(i) Equality constraints

{(Apn) Supply-demand balance

Network flow constraints

Market Design for Integrated Energy Systems of the Future

June 1, 2022

DTU Wind & Energy Systems
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Bid structure
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Bid structure

Conic market bids

Participant / located at network node n; submits a bid

Bi = (ni, {Aj,bj. dj, ej}ics, Fi,hi, {Gp}pep, {03,0,‘,}@).

® Conic market bids

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Bid structure

Conic market bids

Participant i located at network node n; submits a bid

B = (ni, {Aj,bj, d;, € }jes, Fi,hi, {Gip}pep, {€3, i }teT)-

e Conic market bids
® generalize the prevalent price-quantity bids

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Bid structure

Conic market bids

Participant / located at network node n; submits a bid

Bi = (ni7 {AI] ) bl/ 7dl'/7 el/}jGZ? F/ ) h/u {Gip}p€P7 {037 c;-t}IGT>'

e Conic market bids
® generalize the prevalent price-quantity bids

® replace complex block orders, preserving convexity

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Bid structure

Conic market bids

Participant / located at network node n; submits a bid

B/ = (ni7 {Alj7bljudlj7elj}/€.7,7 F/u h/7 {Gip}peP ) {c37cll-t}f€7-)

e Conic market bids
® generalize the prevalent price-quantity bids

® replace complex block orders, preserving convexity

® enable trades in energy and multiple flexibility services

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Bid structure

Conic market bids

Participant i located at network node n; submits a bid

Bi:= (ni, {Aj,bj,dj, e;}jcs, Fi,hi, {Gip}per, { €] vc|i_t}t€7’>'

¢ Conic market bids
® generalize the prevalent price-quantity bids

® replace complex block orders, preserving convexity
® enable trades in energy and multiple flexibility services

® admit quadratic costs without linear approximations

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Spatial price equilibrium underlying the conic market

spatial price equilibrium

arket-clearing optimizatio

|

|

I

I

|

|

[ centrally-solved ] —
m n ‘
|

|

|

I

I

I

|
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Spatial price equilibrium underlying the conic market

spatial price equilibrium
For each participant, i:
max. Revenue - Cost

arket-clearing optimizatio

|

|

I

I

|

|

[ centrally-solved ] —
m n ‘
|

|

|

I

I

I

|
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Spatial price equilibrium underlying the conic market

spatial price equilibrium

[For each participant, i:]

max. Revenue - Cost

arket-clearing optimizatio max. Congestion rent

I

I
I

I
I

I
I

I
: l
| I
' . I
[ centrally-solved ] | [Network operator's problem.] ‘
m n ‘ w
I

I
I

I
I

I
|

I
I

I
I

I
I

|
I
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Spatial price equilibrium underlying the conic market

spatial price equilibrium
For each participant, i:
max. Revenue - Cost

arket-clearing optimizatio max. Congestion rent

Market clearing conditions:
Supply = Demand, Vp € P

1
1
1
I
!
1
[ centrally-solved ] | [Network operator's problem.]
m n '
1
1
:
I
' |Net nodal injection =Energy transported, Vn € N
1

June 1, 2022 ind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Spatial price equilibrium underlying the conic market

spatial price equilibrium
For each participant, i:
max. Revenue - Cost

arket-clearing optimizatio max. Congestion rent

Market clearing conditions:
Supply = Demand, Vp € P

1
1
1
I
!
1
[ centrally-solved ] | [Network operator's problem.]
m n '
1
1
:
I
' |Net nodal injection =Energy transported, Vn € N
1

e Desired economic properties proven analytically:
@ efficiency of the market

@ cost recovery of participants

© revenue adequacy of the market operator

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Use Case: Uncertainty-aware electricity markets

Market Design for Integrated Energy Systems of the Future
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Use Case: Uncertainty-aware electricity markets

e Sequential energy and reserve markets

Sequential
energy and reserves

Market Design for Integrated Energy Systems of the Future

June 1, 2022 DTU Wind & Energy Systems
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Use Case: Uncertainty-aware electricity markets

e Sequential energy and reserve markets — co-optimization
¢ Deterministic linear markets with minimum reserve requirements (MRR)

Sequential MRR-based
energy and reserves deterministic markets

Market Design for Integrated Energy Systems of the Future

June 1, 2022 DTU Wind & Energy Systems
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Use Case: Uncertainty-aware electricity markets

e Sequential energy and reserve markets — co-optimization
® Deterministic linear markets with minimum reserve requirements (MRR)
e Stochastic linear markets propose scenarios or uncertainty sets

Sequential MRR-based
energy and reserves determmlstlc markets

Scenario-based
stochastic markets

Robust optimization ]
s

-based stochastic market

June 1, 2022 DTU Wind & Energy Systems
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Use Case: Uncertainty-aware electricity markets

e Sequential energy and reserve markets — co-optimization
® Deterministic linear markets with minimum reserve requirements (MRR)
e Stochastic linear markets propose scenarios or uncertainty sets

Sequential MRR-based
energy and reserves deterministic markets
Scenario-based
stochastic markets

Robust optimization
-based stochastic markets

Chance-constrained
stochastic markets

June 1, 2022 DTU Wind & Energy Systems
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Use Case: Uncertainty-aware electricity markets

e Sequential energy and reserve markets — co-optimization
¢ Deterministic linear markets with minimum reserve requirements (MRR)
e Stochastic linear markets propose scenarios or uncertainty sets

R1

Sequential MRR-based
energy and reserves deterministic markets

R2
Scenario-based
stochastic markets

Robust optimization ]
s

Mc [Chance-constrained]

stochastic markets

-based stochastic market

June 1, 2022 DTU Wind & Energy Systems
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Atwo-commodity chance-constrained electricity market

Dayahead market-clearing
Commodity 1: energy
Commodity 2: adjustment policy (o) I]:p5
Dai (D—-1) ‘ Day: D
1 t 24
Hours
1%

Market Design for Integrated Energy Systems of the Future

June 1, 2022 DTU Wind & Energy Systems
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= Atwo-commodity chance-constrained electricity market
Zi aj = 1
Ag;

Dayahead market-clearing o

Commod?tyt enfzrgy ) SURPLUS DEFICIT

Commodity 2: adjustment policy (o) I]:D5 )

1
Dai (D—-1) ‘ Day: D
' HOl(JI'S “ ]]TE
.

Market Design for Integrated Energy Systems of the Future
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Atwo-commodity chance-constrained electricity market 1
P =
Ag; "
Dayahead market-clearing Real-time operation «
o - , 1
Commodity 1: energy e energy physically delivered SURPLUS DEFICIT
Commodity 2: adjustment policy (o) . hourly-aciivated policies I]:Dg s
Dai(D—1) oo ﬁg;::'_:
1 t T
Hours “ ﬂ-:—g 1 5
M

June 1, 2022
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Dayahead market-clearing Real-time operation o

Commodity 1: energy e energy physically delivered SURPLUS DEFICIT

Commodity 2: adjustment policy (o) ® hourly-activated policies P

T 3 (6%}
Da:I(D—1) oo ﬁg‘z:'_:
' Homljrs “ ﬂ-:—g 1 Tf
ra

e SOC reformulation of chance constraints:

Chance constraint:
Pe(q+0i(17€) < Qi) = (1—¢)
N——

Ag;

June 1, 2022 ind & Energy Systems Market Design for Integrated Energy Systems of the Future
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= Atwo-commodity chance-constrained electricity market
AC] jo = 1
i
Dayahead market-clearing Real-time operation o
Commodity 1: energy e energy physically delivered SURPLUS DEFICIT
Commodity 2: adjustment policy (o) e hourly-activated policies P
T 3 (6%}
Da:I(D—1) oo ﬁg‘z:'_:
‘ Ho:Jrs “ ﬂ-:—g 1 Tg
ra

e SOC reformulation of chance constraints:

Chance constraint: Deterministic SOC constraint:

P ._|_,’.]]T <6.>1_€ INIstic aint:

<@ Qi,_é) )2 ) [r5||X1] Al K Qi—q—1"p o
Ag;

where p, X are mean & covariance and r. is a safety parameter.

June 1, 2022 DTU Wind & Energy Systems
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Adjustment policies — Endogenous pricing of flexibility

® Forecast errors: Gaussian distribution
® Parameter ~: variance of test vs. model distribution

Pe
v=0.5
v=1.0
v=3.0

Market Design for Integrated Energy Systems of the Future
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Adjustment policies — Endogenous pricing of flexibility

® Forecast errors: Gaussian distribution
® Parameter ~: variance of test vs. model distribution

Pe
—~v=0.5
—v=1.0
v=3.0

/j | \\
10 12 14 10 12 14 10 12 14

/‘l‘ Hours Hours Hours
Emc C3JG G [C3JGr G2
G ENG: C3JG6G B3 Gu

Participation Factors, o,

June 1, 2022 DTU Wind & Energy Systems Market Design for Integrated Energy Systems of the Future
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Numerical experiments: 24-node electricity system

® Linear benchmarks

® M conic chance-constrained market ® R1: deterministic MRR-based market

® TR2: stochastic scenario-based market

June 1, 2022 DTU Wind & Energy Systems
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Numerical experiments: 24-node electricity system

® Linear benchmarks

® M conic chance-constrained market ® R1: deterministic MRR-based market

® TR2: stochastic scenario-based market
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Numerical experiments: 24-node electricity system

® Linear benchmarks

® M conic chance-constrained market ® R1: deterministic MRR-based market

® TR2: stochastic scenario-based market

By Blr Bz
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Uncertainty propagation in energy systems
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Stochastic electricity and gas dispatch

Uncertainty propagation

Electricity Natural gas
system system
X5(6) X°(£), 8(€), P(€)

Flexibility
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Stochastic electricity and gas dispatch

. P E(oE GG
min SQS% E 5[ E ( E ci (%) + E Ck(xkx))]
X teT i€T ke Uncertainty propagation

Electricity Natural gas
system system
X5(6) X°(£), 8(€), P(€)

Flexibility
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Stochastic electricity and gas dispatch

min max %[ 3 (Y o) + Y cf()]
€€ kek

Xt X

, teT ez € Uncertainty propagation
HEGEE <0 <0
s.t. min P ( ) = ( ) = >1- €, Vte T Electricity Natural gas
P.eP u®(o:) <0, ?(p1) <0 system _ system
X5(6) X6(¢), 8(6), #(8)
Flexibility

® Distributionally-robust chance constraints

® from observations — ambiguity set
® robust against worst-case probability distribution
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Stochastic electricity and gas dispatch

min max %[ 3 (Y o) + Y cf()]
€€ kek

Xt X

' teT el € Uncertainty propagation
F(xE) < <0
s.t. min P h (xt) <0, ( ) = >1- €, Vte T Electricity Natural gas
P.eP ug( )g , u“’( )g system system
XE(<) X6(¢), 8(6), #(8)
_ FM(KE, 6E) = 0, FOM(RE, %5, 68) = 0
min P (%3, 6r) ) (Xi, X7, 67) B, vteT Flexibilit
PeeP W( ) ):0)7 ST( s ):® : ’

® Distributionally-robust chance constraints

® from observations — ambiguity set
® robust against worst-case probability distribution
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Stochastic electricity and gas dispatch

min max B[S (Y o (k) + Y f(40)]
X, %0 PeeP €T ez kek

)

Uncertainty propagation

(%) <0, hS(X7)
Q <0, A
u?(01) <0, u?() %) %(0). 8(0). B(€)
M E GM(HE 3G §GY _ N~
P f ( ,0r) = PR (%, %7, 67) =0 B vte T
W( 5 ) St( ?

Natural gas
Pe€P

system

s.t. min P§ |: :| >1-— g, Vte T Electricity

system

Dg?elr% Flexibility
® Distributionally-robust chance constraints

® from observations — ambiguity set
® robust against worst-case probability distribution

® Computationally-intractable, semi-infinite program:

@ analytical network response to uncertainty unavailable
@® non-convex robust joint chance constraints
©® nonlinear and non-convex state dynamics
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Towards computational tractability

Moment-based ambiguity set:
P ={Pc € POR"T) : EP¢[¢] = p, EP¢[¢¢T] = 2}
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Towards computational tractability
f wmc: mean Central System Operator ]
Moment-based ambiguity set: o;:gfs covarlance[ min. E(Total operations cost)
P ={Pe € PPR"T) : EP¢[g] =, E%e[g€T] = £} / /k \3
"""""""" (7,0
) () (s )i

X:(€) =xi + (17 €)ar, X7(€) =x7 + (17€&)By, Vit
=0+ )m, P(&)=wi+ TN, VE

@ Affine control policies as recourse actions:
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Towards computational tractability
f wmc: mean Central System Operator ]
Moment-based ambiguity set: o;:gfs covarlance[ min. E(Total operations cost)
P ={Pe € PPR"T) : EP¢[g] =, E%e[g€T] = £} / /k \3
"""""""" (7,0
) () (s )i

X:(€) =xi + (17 €)ar, X7(€) =x7 + (17€&)By, Vit
=0+ )m, P(&)=wi+ TN, VE

@ Affine control policies as recourse actions:

. . Bonferroni's inequali e e . .
@ Robust joint chance constraint ZSonferron’s Meaw@¥, deterministic SOC constraints
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Towards computational tractability
f wmc: mean Central System Operator ]
Moment-based ambiguity set: o;:gfs covariance [ min. E(Total operations cost)
P ={Pe € PPR"T) : EP¢[g] =, E%e[g€T] = £} / /k \3
(eafred (a1 (1, 0)
) () (i)™

@ Affine control policies as recourse actions:

X (&) =x; + (17T &)ou, XF(€) =x7 + (17 &), Vi

) =o+ &), (&)= +(1TE)G, vt
@ Robust joint chance constraint Bonferronts inequally, e terministic SOC constraints
© Convexification of non-convex quadratic gas flow equations W(

@ Convex relaxations
® Linearization

, 1) = 0by:
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Approach A:Using convexrelaxations

® Assume fixed directions for gas flows & lossless pressure regulation

Stochastic quadratic equality:
W(dr,¢1) =0

(€)= o+ (1T &)n
(&) =+ (1T &)
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Approach A:Using convexrelaxations

® Assume fixed directions for gas flows & lossless pressure regulation

Zero-order uncertainty coefficients:
Stochastic quadratic equality: Wo(or,01) =0
W(or, 7)) =0

&) = o+ T &)m Wa(ni,¢i) =0

Second-order uncertainty coefficientsj
) =+ 076

First-order uncertainty coefficients:
Wi(on, 1,m1,6t) =0
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Approach A:Using convexrelaxations

® Assume fixed directions for gas flows & lossless pressure regulation

Wy 0
Zero-order uncertainty coefficients:
Stochastic quadratlc equahty Wo(or, 1) =0 P
W( SOC relaxation
T+ Second-order uncertainty coefficients: 0

) =e+ (ﬂ £t Wa(n,¢t) =0

3 + (1T &<

O e G-

First-order uncertainty coefficients:
Wi(on, 06,m1,6) =0
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Approach A:Using convexrelaxations

® Assume fixed directions for gas flows & lossless pressure regulation

Wy 0
Zero-order uncertainty coefficients:
Stochastic quadratic equality: Wo(or, 1) =0 P
W(sr, =0 SOC relaxation
( ) T Second-order uncertainty coefficients: WO <0
(&) = e+ (1" & Wa (1, Gr) = 0
&) =i+ 7&)
O e G-
— Qullm

Over-estimators
—— Under-estimators

o S

First-order uncertainty coefﬂuentsj McCormick envelopes

Wi (ot e6m1,6) =0
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Approach A:Using convexrelaxations

® Assume fixed directions for gas flows & lossless pressure regulation

Wy 0
Zero-order uncertainty coefficients:
Stochastic quadratic equality: Wo(or, 1) =0 P
W(sr, =0 SOC relaxation
( ) T Second-order uncertainty coefficients: WO <0
(&) = e+ (1" & Wa (1, Gr) = 0
&) =i+ 7&)
O e G-
— Qullm

Over-estimators
—— Under-estimators

o S

First-order uncertainty coefﬂuentsj McCormick envelopes

Wi (ot e6m1,6) =0

® Relaxation tightness impacts real-time feasibility
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Numerical results: 24-node electricity + 12-node gas system

® Constraints with identical violation probabilities &
® 1000 wind forecast scenarios in DK — p & X forming ambiguity set
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Numerical results: 24-node electricity + 12-node gas system

® Constraints with identical violation probabilities &
® 1000 wind forecast scenarios in DK — p & 3 forming ambiguity set

-109

1.60 - 06 S
— I
= — =
= 8
w [
S 158 -|045 8
-
fg a,
H g
_% 1.56 |- 03 =
5 s
51 S
5 154 —0.15 9
v o4 -E-

Q.
5 ¢
5 x
1.52 —— =

0.75 0.8 0.85 0.9 0.95

Reliability criteria, (1 —£())

® Trade-off: expected operations cost vs. robustness to uncertainty propagation
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Numerical results: 24-node electricity + 12-node gas system

® Constraints with identical violation probabilities &
® 1000 wind forecast scenarios in DK — p & X forming ambiguity set
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Reliability criteria, (1 —£())

® Trade-off: expected operations cost vs. robustness to uncertainty propagation
® Inexact convex relaxations — real-time flow reversals & constraint violations

June 1, 2022 DTU Wind & Energy System: Market Design for Integrated Energy Systems of the Future




>~ Vito

(=}
—_
=

i

Approach B: Usinglinearization

® First-order Taylor series expansion of non-convex gas flow equation:
@ gas flow directions not fixed

@ lossy, controllable pressure regulation & by compressors & valves
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Approach B: Usinglinearization
® First-order Taylor series expansion of non-convex gas flow equation:
@ gas flow directions not fixed
@ lossy, controllable pressure regulation & by compressors & valves
© squared pressures, i = 2

@ gas injection & pressure regulation control policies: X° = x° + (17¢)8, & = + (17 &)y

Stochastic quadratic equality:
W(it, 51, R) =0
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Approach B: Usinglinearization

® First-order Taylor series expansion of non-convex gas flow equation:
@ gas flow directions not fixed

@ lossy, controllable pressure regulation & by compressors & valves

© squared pressures, i = 2

@ gas injection & pressure regulation control policies: X° = x° + (17¢)8, & = + (17 &)y

Stochastic quadratic equality: solved at Deterministic non-convex
Wi, o1, k) =0 point forecast gas dispatch problem
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Approach B: Usinglinearization
® First-order Taylor series expansion of non-convex gas flow equation:
@ gas flow directions not fixed
@ lossy, controllable pressure regulation & by compressors & valves
© squared pressures, i = 2

@ gas injection & pressure regulation control policies: X° = x° + (17¢)8, & = + (17 &)y

Stochastic quadratic equality: solved at Deterministic non-convex) compute Jacobian Linearizeg gj_sgow iqéatjons:
~ . = K
Wi, o1, k) =0 point forecast gas dispatch problem sensitivities ! :2 8
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Approach B: Usinglinearization

® First-order Taylor series expansion of non-convex gas flow equation:
@ gas flow directions not fixed

@ lossy, controllable pressure regulation & by compressors & valves

© squared pressures, i = 2

@ gas injection & pressure regulation control policies: X° = x° + (17¢)8, & = + (17 &)y

Stochastic quadratic equality: solved at Deterministic non-convex) compute Jacobian Linearizeg gj_sgow iqéatjons:
~ . = K
Wi, o1, k) =0 point forecast gas dispatch problem sensitivities ! :2 8

State variables uncertainty response model

Uncertainty response of state variables is implicitly affine in control inputs, i.e.,

(&) = 7+ Go(B — Gav — diag[l]) ¢, (&) = &+ (Go(B — diag[l]) — Gav) &
n ¢
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® Enforce operational limits on state variables, e.g., nodal pressure upper bound

Pe[70(6) <7n] 21— = re |X[Go(8 — Ggv — diag[1])], || < 7n —

pressure standard deviation

Market Design for Integrated Energy Systems of the Future
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® Enforce operational limits on state variables, e.g., nodal pressure upper bound

Pe[70(6) <7n] 21— = re |X[Go(8 — Ggv — diag[1])], || < 7n —

pressure standard deviation

® Variance penalty on state variables — mitigates uncertainty propagation, e.g.,
minimize pressure variance:

min cfs) st [[X[Ga(8 — Ggy — diag[1])] || <
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® Enforce operational limits on state variables, e.g., nodal pressure upper bound

Pe[70(6) <7n] 21— = re |X[Go(8 — Ggv — diag[1])], || < 7n —

pressure standard deviation

® Variance penalty on state variables — mitigates uncertainty propagation, e.g.,
minimize pressure variance:

min cfs) st [[X[Ga(8 — Ggy — diag[1])] || <

® Uncertainty- & variance-aware control policies — stochastic SOCP gas market
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Analyticaluncertainty response — stochastic gas market design
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® Enforce operational limits on state variables, e.g., nodal pressure upper bound

Pe[70(6) <7n] 21— = re |X[Go(8 — Ggv — diag[1])], || < 7n —

pressure standard deviation

® Variance penalty on state variables — mitigates uncertainty propagation, e.g.,
minimize pressure variance:

min cfs) st [[X[Ga(8 — Ggy — diag[1])] || <

® Uncertainty- & variance-aware control policies — stochastic SOCP gas market

® Pricing based on conic duality — agents have multiple revenue streams:
@ nominal balance
@® network congestion
© recourse balance
@ variance regulation
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Mitigatingimpacts of uncertainty propagation

Variance-agnostic control policies

o Injection
o Extraction
> Compressor

X Valve

4500
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1800
900

Pressure variance
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Mitigatingimpacts of uncertainty propagation

Variance-agnostic control policies Variance-aware control policies
o Injection
o Extraction
> Compressor
M Valve
g 4500
§ 3600
Z1 200
g
g1 | 1800
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Conclusions & perspectives
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Conclusions

® A multi-period, multi-commodity conic market framework:
® nonlinearities in assets, network, and uncertainty models

® analytically proven satisfaction of economic properties
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® endogenous pricing of uncertainty and its mitigation

® improvement in social welfare and feasibility guarantees for market outcomes
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® A multi-period, multi-commodity conic market framework:
® nonlinearities in assets, network, and uncertainty models

® analytically proven satisfaction of economic properties
® endogenous pricing of uncertainty and its mitigation

® improvement in social welfare and feasibility guarantees for market outcomes

® Modeling & mitigation of uncertainty propagation among energy systems:
® convexification of gas network dynamics under uncertainty

® market-based mitigation of uncertainty impacts
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Conclusions

e A multi-period, multi-commodity conic market framework:
® nonlinearities in assets, network, and uncertainty models

® analytically proven satisfaction of economic properties
® endogenous pricing of uncertainty and its mitigation

® improvement in social welfare and feasibility guarantees for market outcomes

® Modeling & mitigation of uncertainty propagation among energy systems:
® convexification of gas network dynamics under uncertainty

® market-based mitigation of uncertainty impacts

trade-offs between operations cost and uncertainty propagation impacts

® conic pricing scheme incentivizes uncertainty & variance mitigation services
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Futureresearch perspectives

@ New market-clearing use cases and flexibility services
® financial contracts for network flexibility
® coordination between transmission & distribution systems for flexibility
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Futureresearch perspectives

@ New market-clearing use cases and flexibility services

® financial contracts for network flexibility
® coordination between transmission & distribution systems for flexibility

® Generalization beyond SOC, e.g., semi-definite programming (SDP)

® SDP relaxation of network flows
® robustification of uncertainty models
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Futureresearch perspectives

@ New market-clearing use cases and flexibility services
® financial contracts for network flexibility
® coordination between transmission & distribution systems for flexibility

® Generalization beyond SOC, e.g., semi-definite programming (SDP)
® SDP relaxation of network flows

® robustification of uncertainty models

© From centralized coordination to decentralized or local coordination
® |ocal data sharing to improve payoffs and harness cross-carrier flexibility
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Thank you for listening.
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