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Outline

Preliminaries
o Why Power-to-X
o An Overview of TSO Services

o Challenges
Physical Modeling of Electrolyzers

Value of Ancillary Services for Electrolyzers

Portfolio Management Problem: Distributionally Robust Optimization
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Preliminaries:

Why Power-to-X?

DTU Wind and Energy Systems



DTU  P2X strategy in Denmark: New electrolyzers to be installed
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o 4-6 GW of electrolyzers by 2030
o 1.25 billion DKK in support

o CO, emission reduction: 2.5-4.0

million tons
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Why Power-to-X?

i

1. Current hydrogen demand
« 90 Mt of H2 in 2020
* Only 0.03% from water electrolysis

2. Indirect electrification and decarbonization of

« Heavy transport (heavy-duty vehicles,
aviation and shipping

* Industry

3. Added value to the power system:

» Higher utilization of renewables in the grid
(reduce curtailment)

« Ancillary services provision (high ramping rates)

530 Mt in 2050
in IEA's Net Zero
Emissions scenario

Hydrogen demand by sector, 2000-2020

~ 100
; B Others

80

60 Olron and steel

40

mChemicals
20 (Ammonia and methanol)
0 B Refining

2000 2005 2010 2015 2020
Source: |[EA, 2021
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https://iea.blob.core.windows.net/assets/5bd46d7b-906a-4429-abda-e9c507a62341/GlobalHydrogenReview2021.pdf
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Hybrid Power Plant

i

Bidding reserve
ANCILLARY SERVICES Temporary storage
HYDROGEN TANK

Renewable energy sources
WIND FARM

H

GRID
EXPORT

Hydrogen production Hydrogen compression
ALKALINE ELECTROLYZER COMPRESSOR

_ Demand
Grid trade
TUBE TRAILER
POWER GRID

Credit: Marco Saretta
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DJ! Hybrid Power Plant

o
o

Bidding reserve

ANCILLARY SERVICES Temporary storage

HYDROGEN TANK
FCR

Renewable energy sources H,
.............. BATTERY
WIND FARM
Al =
Jl Jl . 1|-|r
. CEE
[-4H
g8 :
& Hydrogen production Hydrogen compression A,
ALKALINE ELECTROLYZER COMPRESSOR H, o -(L;j
Grid trade % pemand
TUBE TRAILER

POWER GRID

What are the products of the hybrid power plant?

Jalal Kazempour
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<= Hybrid Power Plant
S o 4
o
Bidding reserve
ANCILLARY SERVICES Temporary storage
HYDROGEN TANK
FCR
<
Renewable energy sources BATTERY H.
WIND FARM
Jl Jl : 1I-Ir
58!
Oxi Hydrogen production Hydrogen compression A,
ALKALINE ELECTROLYZER COMPRESSOR H2 5

-o_
Grid trade % Demand
TUBE TRAILER
POWER GRID

Power (to be sold in various trading floors)

Portfolio of products:

Hydrogen (fixed price)

TSO services such as frequency-based ancillary services (electrolyzers are fast flexible demands!)

DSO services (if the plant is connected to a distribution grid) such as grid congestion services

DTU Wind and Energy Systems Jalal Kazempour
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Preliminaries:

An Overview of TSO Services
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DTU
Recall: Who clears what market (European setup)?

oo
oo
oo
By the market operator (e.g., Nord Pool)
Day-ahead contracts  |ntra-day Modified
" contracts
market market
Ntraeys
Do these

contracts ensure safe
operation of the

. ) ) system?
By the TSO (e.g., Energinet in Denmark, or Statnett in Norway) [ No?

. Actual

TSO services Balancing operation of
: > _—
(reservation) Reserve capacities booked to be activated later (if market the system
needed) in the balancing stage
> .
Time

Real-time olperation

(Actual time for the physical
delivery of energy)

Jalal Kazempour
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Synchronous Grid Areas in Europe

i

I RG Continental Europe (UCTE)
I RG Nordic :
Il RG Great Britain
I RG Ireland

I RG Baltic
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Synchronous Grid Areas in Europe

I RG Continental Europe (UCTE)
I RG Nordic :
Il RG Great Britain
I RG Ireland

I RG Baltic

DTU Wind and Energy Systems

DK1 (part of UCTE)

DK2 (part of Nordic)

Energinet is operating the
Danish power system in two
areas - different ancillary
services exist in DK1 and DK2
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Frequency-based Ancillary Services in DK1 and DK2

i

mFRR

Ancillary services in DK1 (as part of the continental area)
o FCR (frequency containment reserve)

o aFRR (automatic frequency restoration reserve)
o mFRR (manual frequency restoration reserve)

FCR

/’ Reserve [MW]

30s 15 min 30 min

Frekvens [Hz]

mFRR

SFRR . Ancillary services in DK2 (as part of the Nordic area)
.- o FFR (fast frequency reserve)
il FCR-D (D stands for disturbance)
A FCR-N (N stands for normal)
aFRR
MFRR

/ﬁ) Reserve [MW]

20 min

O O O O

Frekvens [Hz]

Source: Energinet (Gennemgang af Nuvaerende Systemydelse Markeder)

DTU Wind and Energy Systems

Jalal Kazempour



DTU
== Specifics of Ancillary Services in DK1 and DK2

o
CNLERGINET
°
SYSTEMYDELSER: OVERSIGT 2021 DK2
—
éMaks tid for aktivering Il 6 X , $ =
i ingsti / FFR
x Min. leveringstid DKl I/ 1 sek. 10sek. 0,3 MW kr./Z'\(il(il.VO/?:dr.
; Min. aggregeret budstgrrelse ! (radighed)
/
i s : /
Gennemsnitlig historisk pris (2019-2020) $
$ ; o X3 % fhaon
! 50% 5sek. 15min. 0,3 MW 50-100.000 FCRID
/ 100% 30 sek. kr./MW/mdr.
II (radighed)

. O X F 05 d X & % o

- FCR-N
f I Opek = 15 min D THAAECRS0 70900 M 150sek.  60min. 0,3 MW 100-150.000
kr/!\(/ljwr{n:jdn / kr./MW/mdr.
(radighed) ! (radighed)
1
/
/
@r X 55 A '
{
15min. 60min. 1MW 200-250.000 Min. spotpris ' . S T NA NA
aFFR™=" - L4 kr/MW/mdr.  +100 ! iy min
=2024) (radighed) kr./MWh \
(energi) \
\
\
BlE 5 x 5 § $ ' ® % % $ $ A
/
‘ L~
.m . 15 min. 60 min. 5MW Ca.3-5.000 Op: 600 / 15 min: 60 min. 5MW  30-50.000 Op: 1000 . .
EFR (15min. (LMW kr/MW/mdr  Ned: 50 3 (15min. (1MW kr/MW/mdr. Ned: 200 mFFR
x2024) =2024) (radighed) lzr/MV\{r)w / ~2024) =~2024) (r3dighed) kr/MWh
energi .

(energi)

Source: Energinet (Gennemgang af Nuveerende Systemydelse Markeder)
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.‘U Potential Service Providers in DK1 and DK2

>
>
CNCERGINET

SYSTEMYDELSER: TEKNOLOGIERNE BAG

! K
/ 676/ / A
I (&
) % Totieo.
Q
5 FCR-D

= 9] § &
o) TR
1 g . L (|| = 'ofwo.
/ L g ‘
; R g LFFR
/ 0 Batteri -
Kraftveerker

Ko

o
/ . Batteri = FCR-N

3
fp oy 7
- r 1 i
ofox -
/
i f\’T .@. S / Varmepumper Kraftvaerker
— % iS
& /
s /
)

% iEkeder
Elektrolyse
@7
X
Elektrolyse
;}
L
°‘z‘
)
1
)

]

Kraftveerker
Varmepumper o (5
Batteri S I}

Gisy

)
. - -~ ~ -
!% Elkedler

ﬁ \////,’
N I
aFFR  [|[z T - Vind aFFR
‘ [ S | \\ Kraftveerker
Kraftvaerker Vind \
\ —)
f )
D ,' 5 5= —
e / 5 =HE
1 / = £
I é / ; ‘3 r ' -
I UE - N / '§ cooo ”fi' ’
mFFR \ = | ,I Vind ) Kraftveerker mFFR

Kraftvaerker

Source: Energinet (Gennemgang af Nuveerende Systemydelse Markeder)

Jalal Kazempour

DTU Wind and Energy Systems




=
—]
—

i

Hybrid power plants can

provide all services.
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Potential Service Providers in DK1 and DK2

SYSTEMYDELSER: TEKNOLOGIERNE BAG
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<+ Ancillary Service Markets in DK1 and DK2

o
o
aFRR/ FCR-N/ g FCR-N/ -
iy mFRR fgpp e oA gE AR ey 5
= I
K PaB/UP PaB Up uP E%" uP PaB i 2
$ R+A R+A/R R R+A | § R R+A/R | 2
15 =
"o 5-15m/15m 150s/5-30s 15-30s  15m 5 1s 150s/5-30s |9
1 1 1 1 : 1 1 :
1 1 1 1 1 1 1 1
] ] 1 1 ] : : :
: S ,
M-1 D-2 D-1 D1 D-1 D-1 D-1 -

3PM 8:00AM 9:30AM 12PM 3 PM 6 PM

Timeline for reservation auctions for all ancillary services in Denmark
Service mFRR has monthly and daily auctions. Both FCR-N and FCR-D have two auctions,
running two days and one day before delivery. The auction scheme is shown together with the
origin of payment (third row) and the speed of full response (fourth row). For aFRR, the speed
of full response is 15 min in DK1 and 5 minutes in DK2, and will be 5 min in DK1 from 2024.
Abbreviations: PaB: pay-as-bid. UP: uniform pricing. R: reservation payment. A: activation
payment. M: month. D: day. m: minutes. s: seconds.

Source: Peter A. V. Gade, Trygve Skjgtskift, Henrik W. Bindner, and JK, “Ecosystem for demand-side flexibility revisited: The Danish solution”, The Electricity Journal,
vol. 35, no. 9, Article no. 107206, November 2022 [ link | arXiv ]

DTU Wind and Energy Systems Jalal Kazempour


https://doi.org/10.1016/j.tej.2022.107206
https://arxiv.org/abs/2209.02332
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<+ Historical data: Activated FCR-D and FCR-N in DK2 (2021-2022)
- FCR-N (when the frequency was between 49.9 and 50 Hz)
®2 00
5=
i\;\ —-0.59 —— FCR-N up
BE 1 1 1 I 1 1 1

= 2021-01 202104 202107 202110 2022—01 2022—04 2022—-07 2022—10
.
g8 FCR-N (when the frequency was between 50 and 50.1 Hz)
é% 0.0
zZ< 0590 —— FCR-N down
6% I - - III - 1 T T T T T
- 2021-01 2021-04 202107 202110 2022—-01 2022—04 2022—-07 2022—10
g g FCR-D UP (when the frequency was between 49.5 and 49.9 Hz)
Dg_% 0.0 -rr v v
D\
1S 05 —m _
§§ FCR-D Up

2021-01 2021-04 2021-07 2021-10 2022-01 2022-04 2022-07 2022-10

0.5 1 FCR-D Down (when the frequency was between 50.1 and 50.5 Hz)

PO A - I el

.
o
1

—0.59 —— FCR-D Down

FCR-D Down activation
[MWh/MW reserved]

2021-01 2021-04 2021-07 2021-10 2022-01 2022-04 2022-07 2022-10 Credit: Marco Saretta

DTU Wind and Energy Systems Jalal Kazempour
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<+ Historical data: Activated FCR-D and FCR-N in DK2 (2021-2022)
o
§3
LT
gé 0.0
i\é\ —0.59 —— FCR-N up
= : . . . . . .
. 2021-01 2021—-04 2021-07 2021-10 2022—-01 2022—-04 2022—-07 2022—10
éé 0.0
55—0-5 —..FCR—I?IHdo'wn
L

2021-01 2021-04 2021-07 2021-10 2022-01 2022-04 2022-07 2022-10

0.0 o

' ' FCR-D was very rarely
~059 —— FCR-D Up \ activated! Service
2021-01  2021-04  2021—07  2021—10  2022—01  2022—04  2022—07  2022—10 providers received
payments due to capacity

057 reservation but were
U s ‘ e - : - = activated very rarely!

FCR-D Up activation
[MWh/MW reserved]

—0.59 —— FCR-D Down

FCR-D Down activation
[MWh/MW reserved]

2021-01 2021-04 2021-07 2021-10 2022-01 2022-04 2022-07 2022-10 Credit: Marco Saretta

DTU Wind and Energy Systems Jalal Kazempour
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== Historical data: FCR-D and FCR-N prices in DK2 (2015-2022)
oD
5001 = FCR-N [euro/MW]
_ — FCR-D Up [euro/MW]
%400- ——— FCR-D Down [euro/MW]
W
— 300 -
£
% 200 -
oz
)
L 100 - ‘ |
‘ d\.'l,'l
g, v . AL T
2015 2016 2017 2018 2019 2020 2021 022 2023
Year

FCR-D Down (a service when frequency is between
Credit: Marco Saretta 50.1 and 50.5 Hz) started in January 2022

DTU Wind and Energy Systems
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Challenges
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+-< Portfolio Management Problem of the Hybrid Power Plant
e
Maximize (expected) profit
Input data Subject to physical and bidding constraints
Electricity ANCIILLI:EVF::::CGES Temporary storage
o Day-ahead price forecast renevoecnergy sauces T
o Balancing price forecast ~

o Wind power forecast

Hydrogen production Hydrogen compression
COMPRESSOR

Ancillary services Dermand
. . Gridtrade \ S / L RALLER
o FCR/aFRR/mFRR reservation price forecast \ vvvvvvvvv

o Forecast of activation for each service

Hydrogen
0 Hydrogen price Scheduling (bidding)
o Minimum hydrogen demand (e.g., over a day) decisions

o Tube trailer availability (e.g., over the next day)

Other technical data

DTU Wind and Energy Systems Jalal Kazempour
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Portfolio Management Problem of the Hybrid Power Plant

i

Maximize (expected) profit
Input data Subject to physical and bidding constraints

Bidding reserve
ANCILLARY SERVICES Temporary storage

Electricity (uncertain)

o Day-ahead price forecast
o Balancing price forecast
o Wind power forecast

Hydrogen production Hydrogen compression
COMPRESSOR

Ancillary services (uncertain) pemand
. . Grid trade i
o FCR/aFRR/mFRR reservation price forecast \ EEEEEEEEEEEEEEEEEEE

o Forecast of activation for each service

Hydrogen
o Hydrogen price (fixed price) Scheduling (bidding)
o Minimum hydrogen demand (e.g., over a day) (certain) decisions

o Tube trailer availability (e.g., over the next day) (uncertain)

Other technical data (certain)

DTU Wind and Energy Systems Jalal Kazempour
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Portfolio Management Problem of the Hybrid Power Plant

i

Maximize (expected) profit
Input data Subject to physical and bidding constraints

Bidding reserve
ANCILLARY SERVICES Temporary storage

Electricity (uncertain)

o Day-ahead price forecast
o Balancing price forecast
o Wind power forecast

Hydrogen production Hydrogen compression
COMPRESSOR

Ancillary services (uncertain) pemand
. . Grid trade i
o FCR/aFRR/mFRR reservation price forecast \ EEEEEEEEEEEEEEEEEEE

o Forecast of activation for each service

Hyd

ydrosen Any challenge?
o Hydrogen price (fixed price) Scheduling (bidding)
o Minimum hydrogen demand (e.g., over a day) (certain) decisions

o Tube trailer availability (e.g., over the next day) (uncertain)

Other technical data (certain)

DTU Wind and Energy Systems Jalal Kazempour



How to properly model uncertainty?

ET!

o
o

Portfolio Management Problen

High dimensionality
o Many (potentially correlated) sources of uncertainty

Maximize

Subject t Non-stationarity
o The analysis of historical data suggests our stochastic
environment is not necessarily stationary!

Input data

Electricity (uncertain)

o Day-ahead price forecast
o Balancing price forecast
o Wind power forecast

Renewable energy sour

= Lack of enough historical data
)ﬁ% o Example 1: FCR-D down market has been recently

established
Ancillary services (uncertain) < o Example 2: Denmark has recently switched to a 1-price
o FCR/aFRR/MFRR reservation price forecast \ o v balancing scheme (before it was 2-price)

o Forecast of activation for each service . .
Conditionality

o The distribution of forecast error depends on the point

Hydrogen
forecast.

o Hydrogen price (fixed price)
o Minimum hydrogen demand (e.g., over a day) (certain)

o Tube trailer availability (e.g., over the next day) (uncertain; ELE

Other technical data (certain)

16/35 DTU Wind and Energy Systems Jalal Kazempour
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Input data

Electricity (uncertain)

o Day-ahead price forecast
o Balancing price forecast
o Wind power forecast

Ancillary services (uncertain)
o FCR/aFRR/mFRR reservation price forecast
o Forecast of activation for each service

Hydrogen
o Hydrogen price (fixed price)

o Minimum hydrogen demand (e.g., over a day)
o Tube trailer availability (e.g., over the next da

Other technical data (certain)

—

Portfolio Management Problem of the Hybrid Power Plant

Maximize (expected) profit
Subject to physical and bidding constraints

Bidding reserve

ANCILLARY SERVICES Temporary storage
HYDROGEN

Hydrogen production Hydrogen compression

COMPRESSOR

TTTTTTTTTTT

Any other challenge related
to modeling the physics of
the plant?

Scheduling (bidding)
decisions

DTU Wind and Energy Systems

Jalal Kazempour
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Electrolyzers are non-linear assets:

Portfolio Management Problen

i

Maximize¢
Input data Subject t

Hydorgen
production [kg/h]
S

Electricity (uncertain)
o Day-ahead price forecast Renanatle eneray sout

o Balancing price forecast W)f(
o Wind power forecast
Ancillary services (uncertain)

o FCR/aFRR/mFRR reservation price forecast K iﬂfﬁfﬂ(
o Forecast of activation for each service

-}

[\
O

Efficiency
[kg/MWh]

02 02 06 08 10
Hydrogen Power [MW]
o Hydrogen price (fixed price)
o Minimum hydrogen demand (e.g., over a day) (certain) Experimental =+ Approximation

o Tube trailer availability (e.g., over the next day) (uncertain;

Other technical data (certain)

DTU Wind and Energy Systems Jalal Kazempour



DTU

<= Several stakeholders in DK are interested in different aspects of such a

o

= = EUROPEAN
— — ENERGY

Mazersk Mc-Kinney Mgller Center
for Zero Carbon Shipping

RAMBGOLL

portfolio management problem

SIEMENS Gamesa

RENEWABLE ENERGY

Orsted

| HYBRID|GR=E=NT=CH
|  Energy Storage Intelligence

ENERGINET CI P

Copenhagen Infrastructure Partners

@ Ea Energy Analyses

TotalEnergies

Example hybrid power plant

Site in Flg, Brande, belonging to
Siemens Gamesa

DTU Wind and Energy Systems

Jalal Kazempour
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Physical Modeling of Electrolyzers:
Piece-wise Linear Approximation

Question: To what extent does it matter to model the physics of
electrolyzers in a detailed manner?

M. T. Baumhof, E. Raheli, A. Gloppen Johnsen, and JK, “Optimization of hybrid power plants: When is a detailed electrolyzer model necessary?,”
IEEE Belgrade PowerTech 2023. https://arxiv.org/abs/2301.05310

Codes: https://github.com/mtba-dtu/detailed-electrolyzer-model

DTU Wind and Energy Systems


https://arxiv.org/abs/2301.05310
https://github.com/mtba-dtu/detailed-electrolyzer-model
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Hydrogen Production and Efficiency Curves
Consider a 52.25-MW alkaline electrolyzer, working at 90 °C and 30 batr.

i

Efficiency curve Hydrogen production curve
=19.5
= &
< 19.0 oy
ﬁ =
0]
5'18.5 &
- =4
2 18.0 T
88} .'....
17.5+ | , . = ! | . . .
10 20 30 40 50 10 20 30 40 50
Power [MW] Power [MW]
=== Non-linear curve ==& = Approximated curve

A simple idea:
o Hydrogen production curve is linearized by a couple of red segments (each segment: Ax+B) - resulting model: MILP

o The approximate efficiency curve (red) is still nonlinear due to the intercept B, but this curve will not be used in our
optimization model.

DTU Wind and Energy Systems Jalal Kazempour
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Operating States of Electrolyzers

i

Online
® Power conumption active
® Hydrogen production

On State zg,

Offline

® No power consumption

A
&
A

e ® No hydrogen production
Cold start-up,/” / Instantanueous start-up e ® When transitions from Offline to Online, pay the cold

/ startup cost

/
4

Standby

® No hydrogen production

® Power consumption reduced, to keep the electrolyzer hot
and pressurized

® No cold start cost when transitions from Standby to Online

Off State zq¢ Standby State z,

Non-feasible operation

DTU Wind and Energy Systems

Jalal Kazempour
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== Case Study
Electrolyzer l
O
| s
Compressor Hydrogen Hydrogen

Wind farm '
storage demand
— Electricity

— Hydrogen Grid

» Only electricity and hydrogen (no ancillary services)

* One year simulation (8760 hours)
* Deterministic (known wind power and price profiles)

Jalal Kazempour

DTU Wind and Energy Systems
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== Case Study
Hlecttslyzer Wind farm Capacity 1045 MW
| | ‘ l Capacity 5225 MW
20N : >ﬁ_ Standby load 0.523 MW
(1] l t - D E j Minimum load 7.838 MW
Wind farm ' Compressor Hydrogen Hydrogen Pressure 30 bar
storage demand Electrolyzer Temperature 90 °C
— Electricity Maximum current density 5,000 A/m?
Startup cost 50 €/MW
Hyd
— Ve | Grid TSO tariff 1506 €/MWh
Capacity 22,000 kg
Storage Input/Output 912.13  kg/h
. _ ] Inlet temperature 40 °C
» Only electricity and hydrogen (no ancillary services) Inlet pressure 30 bar
Compressor
_ _ Outlet pressure 200  bar
* One year simulation (8760 hours) Mechanical efficiency 75%
Price 2.10  €/kg

* Deterministic (known wind power and price profiles) = Hydrogen 0. .. 2750 ke/d

DTU Wind and Energy Systems Jalal Kazempour
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Results: Impact of the number of segments 1/2

(Number of states fixed)

Power consumption schedule of the electrolyzer in an
example high-wind day

= 60 1 segment 4 segments 12 segments 455

E e T o — « By adding more segments, the

*g 401 dl electrolyzer consumes power more

2. dynamically (following the day-ahead
izo_ price signal)

RN I R N - This happens within a specific price
L% 0 T-T | range

._.
(=}
—
b
—_ .
oo
)
=

DTU Wind and Energy Systems Jalal Kazempour
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Results: Impact of the number of segments 2/2

Histogram of the day-ahead hourly prices in 2019

Full load Electrolyzer No hydrogen
production gESdetais matter! production

350 h max pn,max
» | DA ,ub __ A 7] P

m300- — I I S A = b
EZSO— [ 2o Pn.max __ Ps
= ] T —
2150 . : DA.1b h, fl
g 3 ; . 1 e [/
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» electrolyzer efficiency curve Based on the range of day-ahead prices, we know “a priori”
- standby power consumption whether adding more segments matter

* hydrogen price
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Physical Modeling of Electrolyzers:

Conic Relaxation

E. Raheli, Y. Werner, and JK, “A conic model for electrolyzer scheduling,” https://arxiv.org/abs/2306.10951

Codes: https://github.com/ELMA-Github/conic_electrolyzer paper

Jalal Kazempour
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Potential Solutions for Convexification of the Curve
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Potential Solutions for Convexification of the Curve
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Potential Solutions for Convexification of the Curve

DTU Wind and Energy Systems

Efficiency
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Model HYP-L
o Quter approximation (relaxation)

o This is a common approach to convexify
the gas flow Weymouth equations.

o No binary

— Experimental - Approximation Relaxation
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Potential Solutions for Convexification of the Curve
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HYP-50C

Model HYP-SOC

Hydrogen
production
curve

o Fitting a conic equation, with the same efficiency peak

o Conic relaxation

o No binary
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Model HYP-MISOC
o Fitting two conic equations

o Conic relaxation

o One binary only to choose the active conic constraint

DTU Wind and Energy Systems
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Potential Solutions for Convexification of the Curve
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Case Study: Tightness of the Relaxation

HYP-SOC model (identical observations for other models)

Day | Minimum daily hydrogen | Electricity prices wind Tightness
demand constraint

a Not binding Most of hours: negative prices Low wind Exact
b Binding All hours: positive prices High wind Exact
C Binding Most of hours: negative prices High wind Inexact
This is a real
d Binding Most of hours: positive prices High wind Exact q case study

(17/03/2019)
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Case Study: Tightness of the Relaxation

Some observations

Day (a): if the demand constraint is not binding,
the relaxation is always exact.

Day (b): if the demand constraint is binding but
prices are positive, the relaxation is always
exact.

Day (c): if the demand constraint is binding and
there are many negative prices - relaxation is
Inexact.

Day (d): if the demand constraint is binding and
there are a few negative prices - the relaxation
IS exact.

» Mathematical proofs of the exactness of the conic relaxation under (prevalent) operational circumstances are available in the paper.
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Value of Ancillary Services for Electrolyzers

M. Saretta, E. Raheli, and JK, “Electrolyzer scheduling for Nordic FCR services," IEEE SmartGridComm 2023,
Glasgow, Scotland, November 2023. https://arxiv.org/abs/2306.10962

Codes: https://github.com/marco-srtt/electrolyzer nordic FCR

A. Gloppen Johnsen, L. Mitridati, D. Zarrilli, and JK, “Value of ancillary services for electrolyzers," soon to be shared

Codes: TBD

Jalal Kazempour
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DTU
= Hybrid Power Plant in Ancillary Service Markets

Let’s consider a subset of existing services in DK1, including mFRR (up and down) and FCR. There are
minimum bid size and bid time length constraints.
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DTU
= Hybrid Power Plant in Ancillary Service Markets

Let’s consider a subset of existing services in DK1, including mFRR (up and down) and FCR. There are
minimum bid size and bid time length constraints.

MFRR up:

o The hybrid power plant is paid for the reservation sold based on mFRR up market price.

o If activated (partial or full), the plant is paid at the balancing price for the energy not consumed. Meanwhile, the plant will
produce less hydrogen due to less electric energy consumption.

Time
! : >

Scheduling Activation stage
(reservation) stage
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DTU
= Hybrid Power Plant in Ancillary Service Markets

Let’s consider a subset of existing services in DK1, including mFRR (up and down) and FCR. There are
minimum bid size and bid time length constraints.

MFRR up:
o The hybrid power plant is paid for the reservation sold based on mFRR up market price.

o If activated (partial or full), the plant is paid at the balancing price for the energy not consumed. Meanwhile, the plant will
produce less hydrogen due to less electric energy consumption.

MFRR down:
o The hybrid power plant is paid for the reservation sold based on mFRR down market price.

o If activated (partial or full), the plant pays at the balancing price for the additional energy consumed. Meanwhile, the plant
will produce more hydrogen due to extra electric energy consumption.
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DTU
= Hybrid Power Plant in Ancillary Service Markets

Let’s consider a subset of existing services in DK1, including mFRR (up and down) and FCR. There are
minimum bid size and bid time length constraints.

MFRR up:
o The hybrid power plant is paid for the reservation sold based on mFRR up market price.

o If activated (partial or full), the plant is paid at the balancing price for the energy not consumed. Meanwhile, the plant will
produce less hydrogen due to less electric energy consumption.

MFRR down:
o The hybrid power plant is paid for the reservation sold based on mFRR down market price.

o If activated (partial or full), the plant pays at the balancing price for the additional energy consumed. Meanwhile, the plant
will produce more hydrogen due to extra electric energy consumption.

FCR:
o The hybrid power plant is paid for the reservation sold based on FCR market price.

o No payment/cost in the balancing stage for the activation. Not an energy-intense service. The activation is automatic based
on frequency deviations between 49.9 and 50.1 Hz, which is quite symmetric over a time period, so one can imagine FCR
up and down activations cancel out each other.

DTU Wind and Energy Systems Jalal Kazempour




=
—]
—

Hybrid Power Plant in Ancillary Service Markets

i

o We use realized prices in DK1 in 2021 and 2022 (ideal benchmark to obtain the highest potential
value of services).

o Deterministic model

DTU Wind and Energy Systems
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Hybrid Power Plant in Ancillary Service Markets
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In DK1 (2021), an electrolyzer had
a maximum potential to increase its

profit by by 50% providing FCR and

MFRR services!
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Hybrid Power Plant in Ancillary Service Markets
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Hybrid Power Plant in Ancillary Service Markets
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Portfolio Management Problem: Distributionally Robust Optimization

DTU Wind and Energy Systems



=
—]
—

i

Concept

IES Electricity price distribution
)
?r))jﬁ% Wind generation distribution

ﬁ Hydrogen price

(

_/

DTU Wind and Energy Systems

\

Maximize profit )
(expected or risk-averse)

[

%//‘\

y

\

Optimal production )
schedule
g
v 84
T

Jalal Kazempour




=
—]
—

== Concept
>
{XES Electricity price distribution (" Maximize profit ) 4 Optimal production )
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Timeline of clearing ancillary service markets in Denmark
Reference: P. V. Gade et al., “Ecosystem for demand-side flexibility revisited: The Danish solution,”
The Electricity Journal, 2022
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Concept

A Electricity price distribution
%))jﬁ% Wind generation distribution 0

ﬁ Hydrogen price

4 Maximize profit )
(expected or risk-averse)
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Main challenges:

N—

* Model uncertainty sources accurately
* Model and mitigate risk of decisions
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D-100 Today D+1

v

Historical data

Wind Production

A
- Observations
Forecasts
—
e

£ /\/
£

0 6 12 > 18

24 Lead time [h]

R Electricity Price

—— Observations.
== Forecasts

Price [DKK/MWh]

A\

6
24 Lead time [h]

DTU Wind and Energy Systems

Jalal Kazempour



=
—]
—

i

Concept
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Concept
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= Concept

Scenario-Based Stochastic Optimization

Aim: Max. expected profit for given distribution
Challenge: Data-intensive to estimate probability
distribution P
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= Concept

Scenario-Based Stochastic Optimization Distributionally Robust Optimization

Distribution
(worst-case)

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

« Aim: Max. expected profit for given distribution

Aim: Max. expected profit for worst-case
« Challenge: Data-intensive to estimate probability distribution in ambiguity set
distribution P Benefit: Data-driven approach
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Concept

A Electricity price distribution
%))jﬁ% Wind generation distribution 0

ﬁ Hydrogen price
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(expected or risk-averse)
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Main challenges:

N—

* Model uncertainty sources accurately
* Model and mitigate risk of decisions
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Concept

Consider expectation from worst-
case forecasting error distribution
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Takeaways

i

 Operational details of P2X assets are important for the scheduling of the system.

This is a multi-market decision-making problem:

o Day-ahead and balancing electricity markets
o Ancillary service (FCR, aFRR, mFRR) markets

o Hydrogen

1 Modeling uncertainty is key, while there might be lack of sufficient historical data to
accurately characterize underlying probability distributions!
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Thank you!
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Jalal Kazempour
Associate Professor, Head of Section
jalal@dtu.dk

www.jalalkazempour.com

Open-access publications available at:
https://orbit.dtu.dk/en/organisations/energy-analytics-and-markets
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