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Energy Smart Water

From workshops arranged by Energinet and Center Denmark

Henrik Madsen
Applied Mathematics and Scientific Computing (DTU)
https://www.flexibleenergydenmark.dk/

https://www.smart-cities-centre.org
http://www.henrikmadsen.org
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DTU Elektro + Follow ==+

3,658 followers

2w + Edited -
DIGITAL FOUNDATION OF FUTURE ENERGY NEEDED Read contribution in
Altinget.dk by Jacob @stergaard, Professor, DTU Elektro and Henrik
Madsen, Professor and Head of Department, DTU Compute: Research holds
the key to the future of green energy systems, but the national focus needs
to be on the digital operating system that will connect it all.

Read here: https://Inkd.in/eemjyNfQ

#DTUdk #energysystems #dkgreen #dkenergi #renewableenergy

Digital foundation of future energy needed - DTU

elektro.dtu.dk = 4 min read

Rethinking Electricity Markets

Laurent Schmitt - 1st .
Head of Utilities & European Developments at dchel & President at Digital4Grids
o

gh« @

Some interesting reading. The accelerated introduction of #DER - PV, storage, #V2G -
across congested grid systems in Europe requires open and transparent #flexibility

price discovery where nodal optimisations are without any doubt the most accurate and

efficient to use for grid real-time congestion and redispatch management. Looking
forward next regulatory developments

Sarah Keay-Bright FEI FRSA MEng * 2nd
P‘ Energy_policy expert and strategist

9h - Edited «
Just released! - the latest Energy Systems Catapult report - “Introducing Nodal
Pricing to the GB Power Market to Drive Innovation for Consumers’ Benefit: Why now
and How?" - lays out the case for nodal pricing in the GB power market as the first-
best approach to signalling locational value in a more deeply decarbonised,
decentralised, and digitised electricity system. We are calling on Department for
Business, Energy and Industrial Strategy (BEIS) and Ofgem to require National
Grid ESO to commission a detailed study on the introduction of nodal pricing in the
GB power market, encompassing an assessment of the cost benefit case and the
implementation and transition practicalities.
See report here: https://Inkd.in/gsHYuyyg

The escalating redispatch costs for the congested GB power system are inefficient
and unsustainable. Our view is that the GB market should transition directly to nodal
pricing and not via zonal pricing given experience in the US, Australia and Europe. It
could be introduced right away at transmission level, providing a more efficient
alternative to network charges (TNUoS); over time it can be moved down to lower
voltage levels.

Yes, there will be distributional impacts to manage and some incumbents and
consumers may need temporary suppert during the transition, but the overall net
benefits for consumers will likely significantly outweigh the downsides given the

EMR 2.0: a new phase of innovation-friendly and consumer—focused electricity market design

reform

Rethinking Electricity Markets is an Energy Systems Catapult initiative to develop proposals to reform electricity markets so that FLEXIBLE

they best enable innovative, efficient, whole energy system decarbonisation.
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The Challenge: Denmark Fossil Free 2050
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Renewables Energy user
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real-time matching of energy
demand & production through

DIGITALIZATION of Integrated -
Energy Systems -
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DTU
Markets - Needed changes =

¢

Static -> Dynamic
Deterministic -> Stochastic
Linear -> Nonlinear

¢ ¢ ¢

Many power related services (voltage, frequency, balancing,
spinning reserve, congestion, ...) -> Coordination +
Hierarchy

® Speed / problem size -> Decomposition + Control Based
Solutions

©® Characterization of flexibility (bids) -> Flexibility Functions

® Requirements on user installations -> One-way
communication
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Temporal and Spatial Scales

I

Geographical Scale
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Flexibility

Optimisation Models

Complexity
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Smart-Energy OS

DTU

The Transformative Power of Digitalisation =
o
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Flexibility Function 2=

o

o
E _ e T a
=
-3 g ] O Eﬁh _STE
5 " "8
7] - o
% S —— Energy demand _gé’
E P — Penalty E;E
5 -3
= 8 | B
E d | ! ! ! ! | d
0 2 4 6 8 10
Time

Figure 2: The energy consumption before and after an increase in penalty. The
red line shows the normalized penalty while the black line shows the normal-
ized energy consumption. The time scale could be very short with the units be-
ing seconds or longer with units of hours. At time 2.5 the penalty is increased,
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Penalty Generator for, e.g.: Penalty Signals for: Cost Efficiency,

|
| Voltage Control, Emission Efficiency,
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: Congestion Management r ~
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Case study
(using existing markets)

Water Distribution Network
(joint work with Grundfos)

1 CITIES FED o
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Auto-commissioning and MPC for water distribution networks DTU
Application setup - or CO2 level. >
* Control objective: Control the pump station 1 to minimize th
* Constraints:
* The level in the water tower must be maintained
ithi . Water tower: Adds an energy . .,
within certain Irn”fs'. . storage to the system. R
* The pump flow is limited by the physical T yd A N
constraints of the pumps. < 7 7 ' \
* Water quality should be maintained at , . / - T ,[:\
all times (water age). i pl | N _'/\\ =
= s —

* Disturbances:
* Water consumption in
zone 1 and zone 2. N

\ / v
Nl dj

ak
d,
_ Pump station 2: Control the
T O\ pressure in the zone 2. No
—y freedom in power consumption.
\{_[ -y P P

Pump station 1: Supplying zone
1 and the water tower.
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Flexibility Function
(key concept)

* Input: Price
* Qutput: Demand

* Estimate relation: Flexibility Function!

Flexi Bought
Orders  Energy g s Demand- -
* Use Flexibility Function to design \ ¥ v Energy Flexible
price signals. Bought Flexibility :
{ Aggregator ]‘Energy‘)[ EUnchon Price—> System(s)
_mN AN I-I-n FLEX'ELE
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Flexibility Function: Accuracy

* Accurate several days ahead.

{ —— Demand

—— Prediction

* We need only 24 hour Baseline
predictions. ®

Demand (kwh)
20
[

10

0 05
Price

Day
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Bidding Flexibility into Markets

Flexi orders consists of an interval, an amount of energy, and a duration.

For example, interval: 08:00 — 12:00, energy: 1 MWh, duration: 2 hours.

Result: 1 MWh bought in the 2 cheapest hours between 08:00 and 12:00.

Can be combined with regular spot market bids to obtain part flexibility

FLEXIBLE
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Bidding Flexibility into Markets

* 4 hours intervals consisting of 30% of consumption with durations of 2 hours:

— Baseline Demand
— Bought Energy
e | Spot Price
E ©  — [ e
o
cC 0 - L=yt
g e —
o —_] _ ~
O
~ - _r|_\_
| L T ——
e = —_—l -
N -
[ T \ | T T 1
00:00 04:00 08:00 12:00 16:00 20:00 00:00

Hour
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Bidding Flexibility into Markets

Solve FF(Price)=Bought Energy:

—— Baseline Demand
— Bought Energy
Spot Price
@ Consumer Price

Demand (kWh)

00:00 04:00 08:00 12:00 16:00 20:00 00:00

Hour
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Results

i

* For one year of current market conditions 4.1% of the costs can be saved.

* With perfect foresight of spot prices and demand 5.4% could be saved — often assumed by other researchers.

Strategy Costs ([‘;::Jd ]:) Price (:nlvjv[;) Energy (“;:::’)
Baseline 44457 65.2 682
Flexible | 42627 (-4.1%) 62.0(-4.8%) 687 (+0.75 %)

Potential | 42070 (-5.4%) 61.6 (-5.4%) 683 (+0.05%)

Larger savings with optimized market conditions - i.e. the Smart-Energy OS

For more information:

Junker, R. G., Kallesge, C. S., Real, J. P., Howard, B., Lopes, R. A., & Madsen, H. (2020). Stochastic nonlinear modelling and application of price-based
energy flexibility. Applied Energy, 275(1), 115096. https://doi.org/10.1016/j.apenergy.2020.115096
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Case study

Wastewater Treatment
(Joint work with Kruger)
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DTU
Energy Flexibility in ==
Wastewater Treatment

Sensor filtering and time delay

CTSM-R
Model parameter estimation

Closed loop prediction
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Urban Water Cycle

Water & Wastewater sector

uses 1-5% of total electrical

energy of a country

- Flexibility is found in all parts of
the urban water cycle

- My focus has been on

Wastewater treatment aeration

(C)

Urban Water Cycle
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DTU
Wastewater Treatment Plant =

Predictive control of Water Resource Recovery Facilities

Model-based optimizer

process

Set-points control Outputs

measurements
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Potential
(Wastewater Treatment Plant)

FLEXIBLE
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Example: Control of Wastewater ELU

o

Treatment Plant (Norre Snede) =

Effluent concentrations 409.6 269.9
Electricity consumption 298.3 406.5
Operational costs 288.5 395.7
GHG emissions 352.5 232.3
Current control 317.5 358.4

@ Optimizing operational costs - 9.2 pct savings
compared to currently implemented control

® Optimizing (minimizing) GHG emissions - 40.9 pct
lower emission compared to optimizing for costs
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Pump storage operation - 2 days
—— Initial ele consumption M
wdl—T IUptdat;élc.ﬁ?Ie conssrt‘npl}'c}n 1 400

R

Hourly price of electricity (DKK/kWh)

Hourly electricity consumption (kWh/h)

20 - # : \ 200
lﬂ \
B ‘.
\
10 - 'l lll - 100
I
1 A\
\ “'4 \\‘I-
o ——- Electricity price \J* H - 0
TT T T rTrYrr YTy rrYyr T rTrer Ty Ty sy r T vrryrnrrrosraTewTrorTarTeTgd
O o o o o .o a0 .o a0 .o .a® .o a0 .o
1Y 6000 P WO @Y1V 6V 0T P T WY @V 2O
09 43 40" 90" o0 oM g 4k o o0 o Q% y
B9 A OO 00T of g i o o o e (3 o g
CF _CO O O O O 0 O O OO O O D O
o'yt et et et eyt e et eyt et e et
Date-time

FLEAIBLE
b CITIES FEDWW
Centre for IT Intelligent Energy Systems - Epnarginet and Center Denmark Workshops on Energy Smart Water DENMARK

-



DTU
SE-OS control of pumps =

Optimization of CO2 emissions

e The goal to minimize the CO2 emissions — not caring about the economic costs

e Pumps (Jan-Dec 2019) PS145:

CO2 emissions Costs
(DKK)

Starting emissions 21t 50.82 tDKK
Demand response (day ahead) 16 t -23.6 % 46.76 tDKK
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Center Denmark

Digitalisation Hub for
Accelerating the Green Transition
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DTU
Trusted Data Sharing Platfor=

Data Exchange Facilities Market
provide neutral (infrastructure and
rules) mechanisms in the
background for controlled, trusted
and secure data transactions.

Participants accepting the market n

rules benefit from the exchange :
mechanisms and shape together an . -

open market for data.

This is how we work together
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Center Denmark

Control Room and Data Space
Spatial-Temporal thinking

Center Denmark aims at enstablishing a-trusted data-sharing data space
which-put-priorities i cyber-security and in-enpowering the-eustomers_such
that they are able to provide flexibility without being subject {0 = == — .7
disproportionate technical requirements, administrative requirements,
procedures and charges




SE-OS at Center Denmark DTU
Control Hierarchies =

Technical

Weather aggcl;igatl
BBR
Price CDK - Data Lake

CO2

Flexibility
Function

API API API API
Neogrid  [[Climify.| [ECSRRCStH X
Control Control Control Control
A A A A

/ \ / \ /
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Some highlights

The Technical Aggregator and Data Spaces at Center Denmark are
designed such that we can shift between any external 'penalty signal’.

i

Control-based methods for linking high-level markets with the (low-level)
physics

New possibilities for BRPs in bidding in flexibility - also on existing markets

We are able to shift to any ‘penalty signal’ with a very short notice. It can be
energy efficient, price efficient or emission efficient.

It will be a Cloud/Fog/Edge based control of smart buildings/water systems/
.... —and in such a way that they can support the future smart grid (eg. voltage
control and congestion management)

GDPR and privacy compliant by design (no online feedback)

, FLEXIBLE
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DSO Perspectives

© Well designed price signals important in balancing of the distribution grid
© New tariff models to support price signals

© Local tariffs are possible

© Real-time tariffs linked to the actual challenges in the grid

© New tariff that can take care of local energy system - which is ‘off grid’
© Better support for (local) energy communitives

© Better power quality at LV level

© Users (incl industry) can contribute with their flexibility

© Possibility for multi-supply systems (eg. district heating and electricity for heating)
© Privacy by design

© Better (active) use of transformators

© New ways to integrate battery systems into the power grid

© Use the inverters as voltage stabilizing devices in the grid

© Can facilitate energy systems integration / sector coupling

FLEXIBLE
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Perspectives / Next 2.
Steps e

© Ongoing work with Danish Energy Agency on digitalization

for DSO and the future business model

Ongoing workshops with Energinet and Center Denmark on
how to onlock flexibility in water handling

Several meetings with DG ENER, DG CNECT, ...
Input on the upcoming Digitalisation of Energy Action Plan
G-PST initiative (US-DK)

DK-US Seminar ‘Modeling and Optimal Design of Our Future
Digital Energy Systems, June 2022, Boston

¢ @

¢ ¢ ¢

¢

Keynote lecture on FED Project at upcoming Conference:
Frontiers in Autonomous Systems 24-25 Nov.

, FLEXIBLE
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TSO perspectives

Automated solutions targeting also small units
External control of specific units

¢ @©

Allow for specialized aggregators (eg. wastewater)
DSO-TSO combined optimization/coordination
Maximize flexibility potential

¢ ¢

¢

)

Reduced number of specialized markets (eg related to
flexibility)

© Smart integration of large-scale P2X facilities
@ Facilitate energy systems integration

FLEXIBLE
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Meetings with

Margrethe Vestager

(main conclusions)

DTU

o
o
o

J Per Bruun Brockhoff + 15t e
3 Head of Department and Professor in Statistics, DTU Compute - DTU - T...
(e}

1mo - ®

Margrethe Vestager and her cabinet hears about energy flexibility

‘ The future is trusted data Sharing environments (exactly (demand-response) from Professor Henrik Madsen and Green Al from

Professor Jan Madsen, both DTU Compute and about the impori ...see more

like Center Denmark)
© The most important single factor is ‘trust’!

© Next to that is reasonable data sharing aggrements
(Data spaces)

© Itis very important to be able to combine data from
many different sources

© We need to develop by test-and-evaluation (it’s not
possible to design the solution before test) - we need
to focus more on sandboxing.

© We need to focus on energy and data cooperatives (in

Danish - Andelstanken) | @ Perspactives of Green §

© We need disruptions (conventional solutions might not
be solutions for the future)

© We must ensure privacy, democracy, transparency,
fairness, GDPR, ...

© Contracts must be simple and easy to understand o it You and Abthers
O @ © 161 - 2 comments

ib CITIES
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Proposed methodology

Control-based methodology
N
1111311 E[Z Wkl |2k — zreskl| + p2llpx — pref,kb:
|' k=0
\ s.t.  Zky1 = floe) ;__J___,,,,/”

SubAggregator Aggregated Loads | \ P
Zref ; ) ______F_f_d,.--f
_— P Adv. |u, ¥ | S

. P Regulator —-» Controller —* DEk ]

Adv. |"2nep s

£ Controller

 d u

_+ ~ , Estimator Adv. I pER Y

P Controller :

We adopt a control-based

approach where the price

becomes the driver to manipulate

the behaviour of a certain pool
flexible prosumers.
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DTU
Flexibility Function Model =

Flexibility Function Model describes the energy demand of a price-
responsive systems as function of price and state of charge.

1
dXt: E(Dt — Bt)dt—|—Xt(1 — Xt)deW,{
o= f(Xy; ) + g(Ai—r; B)
D= B+ §6A (1(6; > 0)(1 — B;) +1(6; <0)By)

1/15: Dt + Oy €t
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The ‘market’ of tomorrow =
B
Space
Bidding + .
Country . Market clearing : Bidding &
' . Clearing
Region e .
Purpose based :
. Stochastic Control . Control based
City . . 2
\‘\\\ : ngm (U-Uref)
District Economic Model Tt .
Predictive Control . Z (oU)
House
Time
_mN AN I_I_n HJZX'EI_E
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Sector coupling

I

Smart-Energy OS for multi-supply systems (here DH and Electricity)

District Heating Grid Electricity Grid

Ref. Load / Pressure Ref. Load / Voltage G
arg min(L(p) — refiond))”

q—\/ /\\—//—\ .

/ PE

!

arg min vipU g + pell !
;-”_.«-,‘.;“” u+ peUg)
5.1,
-l’lr HJ‘P{I'FH. FF;:I 'E: {,Iljl]iflll'T

FLEXIBLE
|
1> CITIES FE[] ENERGY
= CentreforIT Intelligent Energy Systems - Enaraginet and Center Denmark Workshops on Energy Smart Water DENMARK




	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37

