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Introduction

Introduction
Context and motivation

Power system operation in the past

- Conventional generation units Almost predictable
- Passive consumers and controllable
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Introduction

Introduction
Context and motivation

Power system operation today

- Renewable energy sources Stochastic and
- Active and dynamic consumers less controllable
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Introduction
Context and motivation

Challenges for the power system operation

----------------------------------------------------------------------------------------------------------------------

2 Higher need of stability

3 Uncertainty in AS provision

1 Increasing complexity

| |

+ Stochasticity - Higher demand of - Operating under rated - International targets
* Non linearity ancillary services (AS) capacity - Denmark: Strategy
- Dynamics - Conventional generation 2050*
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* DEA, 2017
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Introduction
Thesis objectives

- Green solution for the AS provision

- Role of electrical consumers

Research questions

1 How can we estimate the potential of consumers’ flexibility in
providing AS?

2 Which framework can help to optimally exploit consumers’
flexibility for AS provision at different voltage levels?
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Introduction
Contributions

Research contributions and papers
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1 Consumers’ flexibility potential

- Aggregate flexibility

Framework to leverage consumers’ flexibility

- AS4.0 hypothetical design

- AS4.0 modelling and simulations

- Stochastic nature of consumers’ behaviour

- Different consumers’ dynamics
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Key concepts in smart power systems
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Key concepts in smart power systems
Ancillary services

Ancillary services
Type / Activation time

Ancillary services (AS) guarantee service continuity and
security from the distribution to the transmission level.

Local automatic
Seconds

YN o Centralised automatic

Frequenc .
drency regulation Minutes

1Y regulation

Tertiary Manual
regulation Hours

Ancillary services provision
Compulsory Bilateral
provision contracts

nd

A vVoltage
regulation

Tendering

process AS spot market
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Key concepts in smart power systems
Services provision through demand response

Demand response programs

In demand response (DR), consumers alter their
consumption according to the necessity of the grid.

Consumption

Time

DTU June 2019 9
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Key concepts in smart power systems
Services provision through demand response

Demand response programs

In demand response (DR), consumers alter their

consumption according to the necessity of the grid.

Consumption

Time

1 Explicit DR program

AS4.0 Conclusions
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® Q Control
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1
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DR Feedback .
operator @® = Control logic
Two-way Minimised uncertainty

communhnication

Consumers’ privacy

2 Implicit DR program

O Price
aA
DR
operator @® = Control logic
One-way Consumers’ autonomy

commuhnication
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Consumers’ flexibility for services provision

How can we estimate the potential of consumers’ flexibility
in providing AS?
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Consumers’ flexibility potential

* Different types of - Time varying prices
consumers
« Rational consumers * One-way communication

LX) Cost

m minimisation
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

T

min YA AN+ AN) S (LYEe 4 LY - L)

 Different types of - Time varying prices tg t=1 j=1
consumers
« Rational consumers * One-way communication

LX) Cost

m minimisation
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

-
J
min (A AN+ AN) 3 (L5 ¢ L - 12,)
 Different types of . Time varying prices Lt’j 41 =i
consumers

« Rational consumers * One-way communication

Cost
minimisation

@
° [ ]
m Comfort

!

Technical constraints

G Ramping
e Rebound
o Activation

° Flex duration
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

-
min > (AP L AN+ AN Y (LPEe + LY - LY)
 Different types of - Time varying prices Lt,j t=1 j=1
consumers
 Rational consumers « One-way communication s.t. ~r¢ <L, - LY <r¢ Vi, j,
0<Ly; <up; (L™ -Ly5°)ay; vt
0 90 Cost 0< Ly, <ul (LD —LP™)al . vt,
minimisation (t-1)R,+R,
d u _ . .
l t'=(t-1)R,+1
d U .
Uy +up - <1 Vi,
Technical constraints tg " Tt J
Yej = 2t = Uy —Upo1 4 Vi, j, «
Ramping Yij+ 205 <1 Vt, j,
T
Y yi<nf Vi,
Rebound t=1
t+c_l;'
uy o >dYyy . Vit:[te f ¥ < 7, v
Activation t,zz:t tj =S5 Ytj t:[teT, (t+dj <7)],j,a
t+d;
2>y . a° .
Flex duration s v, = Yt Vi:[teT,(t+d; <7)].j,a
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Consumers’ flexibility potential

* Different types of - Time varying prices
consumers
« Rational consumers * One-way communication

Cost
minimisation

Comfort

}

Technical constraints

: Provision change is limited over
Ramping time

Rebound

Activation

Flex duration

T

min Z:(/\baSC + AN} +AX) Z (Le5 + Li; - L)
Ly = 7=t

(t-1)R;+R;
S (LE,;-Li;)=0 Vt:[teT,(tR;<7)],j

t/=(t—1)R1 +1

uﬁj +ug ;<1 Vt, ]
& o« _ e .
Yj =%t = Upj — Uy 5 Vt, j,
a a I' ]
Ypj+ 25 < 1 Vi, j, «
,
a4 (&} . )
t=1
t+c_l;'

o @, . o .
> up 2 diyy;  ViifteT, (t+d; <7)],j,c
t=t
t+d;

> oziizyt;  Vii[teT,(t+d, <7)],ja
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Consumers’ flexibility potential

* Different types of - Time varying prices
consumers
« Rational consumers * One-way communication

Cost
minimisation

Comfort

}

Technical constraints

Ramping

Previous and future price reactions
Rebound

Activation

Flex duration

T

. E base u d \ base d U
t.g  t=1 J=1

. « le" « e A~
5.t. —r] S Lt+1,] _Lt,] SI‘J Vt,_],(l
d d max base d .
0< Ly <uy (L5 - L5 )ag; Vg
U u base min\ _u -
0<Ly; <uy (L5 - Ly )af; Vi,

(t-1)R;+R;
S (LE,;-Li;)=0 Vt:[teT,(tR;<7)],j

t/=(t—1)R1 +1

uf?j +ug ;<1 Vt,j
o o o« et .
Yej = Pt = Ut~ Ue-1 Vi, a
Ypj+ 25 <1 Vt, 7, «
.
Jre" « .
D Ui <mj V),
t=1
t+d’
=]

o a o Py .
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Consumers’ flexibility potential

 Different types of
consumers

* Time varying prices

« Rational consumers * One-way communication

Cost
minimisation

Comfort

}

Technical constraints

Rebound

G Ramping

e Amount of times flexibility
is activated

Flex duration

T

. E base u d \ base d U
t.g  t=1 J=1
. « le" « e A~
5.t. —r] S Lt+1,] _Lt,] SI‘J Vt,_],(l
d d max base d .
0< Ly <uy (L5 - L5 )ag; Vg
U u base min\ _u -
0< Ly <u (L5 - Ly)ar; Vi,
(t-1)R;+R;

S (LE,;-Li;)=0 Vt:[teT,(tR;<7)],j
t’'=(t-1)R;+1

d .
uy i +ug ;<1 Vt, ]
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Yj = Pty = U T Yol Vi, g,
x x a ;
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

-
: bas , dy N bas d -
min D (A" AN+ AXT) 3 (L% + L - L)
 Different types of - Time varying prices tg t=1 j=1
consumers
- Rational consumers * One-way communication s.t. —rd <Ly, - LY <x§ Vt, j, o
0< Ly <up (L™ - L5 )ag; Vi,
o0 Cost 0< Ly, < uzj(L?f;sc - L?};“)a't“’j Vt, j
minimisation (t-1)R,+R,
d . :
l t/=(t—1)R1+1
d u .
Uy +up - <1 Vi,
Technical constraints a7 g J
Yj = Pty = U T Yol Vi, )@
G Ramping Yij+ 205 <1 Vt, j,
T
e Rebound '
t+c_l;'
o o« o .
— Zut,’.zg.yt, Vi:[teT,(t+d; <7)],j,
e Activation =, J 77t J
t+d;
" , ——(X
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duration '
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Consumers’ flexibility potential

* Different types of - Time varying prices
consumers
« Rational consumers * One-way communication

-
X Cost
minimisation G Consumers’ price responsiveness
Conort e Rebound effect

Technical constraints e Outdoor temperature

G Ramping
e Rebound
e Activation

° Flex duration
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

1 Consumers’ price responsiveness

Willingness to change
consumption for different
prices

DTU June 2019 12



Introduction Ancillary services Consumers’ flexibility AS4.0 Conclusions

O00OO00O OO CO0®O0O0O000 OOO0O0000O0O0 O

Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

1 Consumers’ price responsiveness

Willingness to change
consumption for different

prices
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

1 Consumers’ price responsiveness

Dead-band
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

1 Consumers’ price responsiveness
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

1 Consumers’ price responsiveness

S

Saturation
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A -———— —— — — =

AN

June 2019




Introduction Ancillary services Consumers’ flexibility AS4.0 Conclusions

O00OO00O OO oje] Jelele]e]e) 000000000 O

Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

1 Consumers’ price responsiveness

0 < Lt] < (Lmax Lbase)atj v ]

0<Ly <“t,J(me by )ar; Yt
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

1 Consumers’ price responsiveness

d d max base\ .d -

0 <Ly, <uy (L™ - L5%)ag; Vt,j

Not the same reaction U u base min\ _ u e
toward prices. 0 < Lt,j < u‘t,j (Lt,j - Lt,j )at’j Vf,]

AN
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

1 Consumers’ price responsiveness

Not the same reaction
toward prices.

AN
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Chance constrained programming

min ch

xr

subject to:

Pr (Aa: < b@@\)
\

Confidence level
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Simulations results

« Conservative CC case (3=0.95) and high-risk CC case (3=0.50)
» 29 different consumers’ categories
* Maximum load consumption: 3.85 GWh
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Simulations results

« Conservative CC case (3=0.95) and high-risk CC case (3=0.50)
» 29 different consumers’ categories
* Maximum load consumption: 3.85 GWh

1 !E . - 1
= 4| :
S < 105 ¥
< ¥ = T X
5 5 g 2
- & © 3.5 o
= &3 C =

c = @©

© a = 0 o
: - g 2
g 3 S 3 g
g = 8 y 2
- S - 05 £
E 2.5 3
T L

2 - - - - -1 2 ' | | | -1

5 10 15 20 5 10 15 20
Time, hour Time, hour

95 % 0.719
The choice of the confidence level significantly affects the
50 % 0.243 flexibility estimation.
Difference -66 %
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

CC Validation

@) 100% oy
09F ” 'Bth Theoretical confidence level
(o) L _
0.8 "g 80% 5 Actual confidence level
§ acC
0.7 7
S 60% | :
= oc E G
O @)
Qw 05 () « The actual confidence level is
' o o/ L | always higher than the theoretical
"CE 40% counterpart.
041 & S
% Actual 8 ac O — Bth=0'95
)
0.3 1 FJ = [ heoretical ﬁth 1 O 20% t Deter. .
0.2 F : . ’ ‘
0.1 4 - — 0%
02 04 06 08 0.9 0.95 1
By, [ Actual §_ . [-]
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

2 Rebound effect (RE)

Maximum RE duration

—

>

Flexibility

Time

Perfect rebound
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

2 Rebound effect (RE)

Maximum RE duration A N N R N
g N YA N\ A\

Flexibility
>
)
Flexibility, L j

Time Specific time intervals

Perfect rebound
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

2 Rebound effect (RE)

Maximum RE duration A
B

R;
AN AL A\

™\ N

Flexibility
Flexibility, LY

Time, t

Time Specific time intervals 5 10

Perfect rebound
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

2 Rebound effect (RE)

Maximum RE duration A

AN AN AN AN
~/ N/ ~N/ N

t,J

Flexibility
>
)
)
Flexibility, L%

>
Time, t
: >
Time Specific time intervals
Perfect rebound RE completed
R .
Af A N ~ N ~ / / )
N
343
< / / & N
“? /\
'é \/
ks
[
>

Time, t

Maximum RE duration
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

2 Rebound effect (RE)

. . It
Maximum RE duration A ; ,
<V /\ - AN ~ /\\ - AN =
A 3=
~
= v,
ks s
= =
=
>
N Time, t
Time Specific time intervals ]
Maximum
Perfect rebound 1 hour RE completed
R .
J
A N N /
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S+ AN
) / N
‘*? /-\
s \/
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F
————— P>

Time, t

Dynamic RE
Maximum RE duration
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

2 Rebound effect (RE)

. . R
Maximum RE duration A ; ,
< AN . \ ~ /\ - AN -
A 3+
]
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Time, t
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Time, t

Dynamic RE
Maximum RE duration
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Simulations and results

» Conservative CC case
« 29 different consumers’ categories
 Two days simulations

DTU June 2019 17
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

Simulations and results

» Conservative CC case
« 29 different consumers’ categories
 Two days simulations

= 4500 ¢ < 4500 ¢

<

= 4000 | = 4000 |

c c

o O

= 3500 | B 3900

£ £

B 3000 B 3000 |

S S ]

O 2500t O 2500 ¢

2000 ' : : : 2000 : : : :
10 20 30 40 10 20 30 40
Time, h Time, h
Static rebound 600 It is fundamental for operators to understand which RE
Dynamic rebound 874 dynamics are most likely to happen on the consumers’ side.

Difference 45 %
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

3 Outdoor temperature

V The price responsiveness is multiplied by a

correcting parameter.

DTU June 2019 18
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

3 Outdoor temperature

The price responsiveness is multiplied by a
correcting parameter.

A

5]

wn

% Case 11 « Summer season

2 Casel =1

é ________________________ 14 Casell = 1.1
2 Case III Caselll =0.9
D)

aiat

Outdoor temperature
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Consumers’ flexibility for services provision
Analysis of the factors influencing consumers’ response

3 Outdoor temperature

The price responsiveness is multiplied by a
correcting parameter.

A

2
2
% Case 11 * Summer season
% ________________________ Casel =1
- V Casell = 1.1
% Case 111 Caselll = 0.9
~
> « Static and dynamic RE models
Outdoor temperature » Conservative CC case

Outdoor temperature

RE model Regulation (GWh)
case
I 0.600
Nl 0.482 Operators might account for weather
conditions in estimating consumers’
I 0.874 flexibility provision.
Dynamic Il 1.032
1l 0.714
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Unlocking consumers’ flexibility potential

o2 Which framework can help to optimally exploit consumers’
flexibility for AS provision at different voltage levels?
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Unlocking consumers’ flexibility potential
General framework for AS provision

Ancillary services provision

Bilateral
contracts

CQmpyI_sory AS spot market
provision
Tendering
process ,,
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Unlocking consumers’ flexibility potential
General framework for AS provision

AS4.0: core idea

------------------------------------------------------------------------

Power system operators

--------------------------------------

-------------------------------------

-------------------------------------

¢ system operators
mmmmm Communication link ~ =esmm= Additional services

K’ v ‘%
1  Time varying prices 2 Adoption of controllers 3 One-way communication
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General framework for AS provision

AS4.0: core idea

------------------------------------------------------------------------

‘
1 1
1 1
1 1
- Power system operators '
: y P TSO | DSO; :
[ | [ |
1 1
1 1
\~ ¢’
LI LR RS2 Rt b Y & A s . G R A EES
[
1
[ |
1 - »
' Electricity consumers
: EMS EMS HEMS HEMS HEMS
[ |
1 m = A A N

------------------------------------------ S ;st-er;w;p:er-at-or-s----------------- -
Communication link Additional services

’

June 2019
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Dynamics
Non linearity
Stochasticity

Services at TSO
and DSO

Fast
Cost effective

Consumers’ autonomy
and privacy

Scalable

K’ v T
1  Time varying prices 2 Adoption of controllers 3 One-way communication
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Unlocking consumers’ flexibility potential
General framework for AS provision

" ---------------------------------------------------------------------- ~\ l' - ~‘
¢ ' . Dynamics :
1 1 1 . . 1
,  Power system operators 750 loso : : Non linearity :
1 1 1 . . 1
: / : : Stochasticity :
1 ] L] 1
D S 47 S T W L _ o : Services at TSO :
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' 1
: : Fast
: Electricity consumers : '
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! : Consumers’ autonomy
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A — ‘I“ﬁﬁﬁ_/ and privacy

System operators
Communication link Additional services Scalable
v '

1  Time varying prices 2 Adoption of controllers 3 One-way communication
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Unlocking consumers’ flexibility potential
General framework for AS provision

: ' Dynamics
- Power system operators T30 | bso : Non linearity
" /4 : Stochasticity
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Unlocking consumers’ flexibility potential
General framework for AS provision

Required models for AS4.0

Three types of models are needed to formulate AS4.0.

1 1
Transmission " Distribution " Consumers’
system :: system :: flexibility

External power X
disturbance

Models

control model

—

Consumers’ price | 1} :L Consumers’ effective |
response model 11| flexibility response |

I |

1 i!

1 M

1 .I

! .. !
E 1 | Transmission system 1

1 :l

1

1

1 1
:L Distribution system ::
control model

y

N . 1 . 1
Consumers’ price ! | Consumers’ effective |
response model .! flexibility response |

1
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Unlocking consumers’ flexibility potential
General framework for AS provision

Required models for AS4.0 1 Power system control models

Three types of models are needed to formulate AS4.0.

Effect on Needed
frequency/ flexibility
P R R voltage

Transmission " Distribution " Consumers’
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system system

External power
disturbance

Models

control model

Consumers’ price Consumers’ effective
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1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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1
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1
1
1
1
1
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1
1
1
1
1
1
1
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1
1
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1
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General framework for AS provision

Required models for AS4.0 1 Power system control models

Three types of models are needed to formulate AS4.0.
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General framework for AS provision

Required models for AS4.0

Three types of models are needed to formulate AS4.0.
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General framework for AS provision

Power system control models

Consumers’
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Power system control models
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General framework for AS provision

Power system control models
At the transmission level
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Power system control models
At the transmission level
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Aggregate consumers’ price response
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Aggregate consumers’ price response

Data can be used to model consumers’ reaction
toward prices.
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Data can be used to model consumers’ reaction
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Aggregate consumers’ price response At the transmission level

Data can be used to model consumers’ reaction Frequency is not Aggregate consumers’ flexibility
toward prices. a local issue

Consumers’ composition
Time varying prices
Cost minimisation

Model -

Aggregate flexibility

Neural network

!

Time varying prices

) \ a Montecarlo simulation -
— ~/

Due to data scarcity, models are adopted.

Different models at transmission and distribution levels:

» Size
« Consumers’ composition
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General framework for AS provision

Aggregate consumers’ price response At the transmission level

Data can be used to model consumers’ reaction Frequency is not Aggregate consumers’ flexibility

toward prices. a local issue
——_——— = = - » Consumers’ composition
| Model -— + Time varying prices
: o » Cost minimisation
| y \ a Montecarlo simulation T*>  Aggregate flexibility

— N/

I N /Jm//\\ﬁ/

~—~—L_
I ~ /m] o Q Neural network 1> « Time varying prices
Is=———~
I
I

At the distribution level

L — — — — — — -
. Flexibili hD A
Due to data scarcity, models are adopted. , exiility at each DSO bus
Voltage is a local

issue )
To make it scalable, we cluster DSO
Different models at transmission and distribution levels: buses
e Size o . .
« Consumers’ composition Model |, * Electricity price

« consumers’ willingness

Pl controller — « Voltage deviation
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General framework for AS provision

Frequency at the transmission level

Simulations results

Time and Maximum frequency
AS4.0 reduces the frequency deviation by around disturbance deviation, Hz Deviation
50% compared to the conventional method. injected, reduction, %
(sec, MW)
CGUs-based AS4.0

. AS
[ 90.2 [1,1000] 0.10 0.06 40 %
S
(&}
§ 50 [30,350] 0.27 0.13 52 %
o
= 49.8 [60, 852] 0.21 0.13 38 %

y=-7 50 100 150 200 250 [90, 500] 0.26 0.16 38 %

' Time, seconds

! [120, 1148] 0.20 0.12 40 %
mN T " T T T (b)
e 50 [150, 1000] -0.12 -0.08 33 %
(&}
g
g [180, 1300] 0.14 0.08 42 %
I 49.8
- , , , | [210, 1056] -0.17 -0.11 35 %

30 35 40 45 50
. [240, 1500] 0.12 0.07 41 %
Time, seconds
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General framework for AS provision

Simulations results

Voltage at the distribution level " |
=
AS4.0 manages to mitigate the voltage issues at the =
DSO buses. 0.8
0 50 100 150 200 250
Time, seconds
50.2 | ] T Afre §
| | | o 30 7
| | | Buses with issues at cluster I R
| | | Buses with issues at cluster II &
50.1 | | 25 =
o | | 'S
Operational issues at TSO and DSO levels e | | 20 o
| | iyt
=50 2
The number of buses with voltage issues decreases = | 15 §
over time. o | =
& | 10 =
49.9 | o
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| e
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Concluding remarks
Conclusions and perspectives for future work

Conclusions Perspectives for future work

A new approach to AS provision based on: a Including additional factors that influence the price
_ _ - _ responsiveness of consumers (such as type of day, household
« time varying electricity prices income, on-site generation and storage)

e one-way communication
» control techniques

Modelling power system operation in a more realistic
It successfully handled the operational issues at TSO and manner.
DSO level

Better performance than the conventional generation units-
based method

Collecting high resolution data of consumers’ price-
responsiveness.
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