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The Danish Wind Power Case

.... balancing of the power system
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In 2020 Flexibility and sector coupling are

In 2008 wind power did cover the entire essential
demand of electricity in 200 hours That'’s the topic of ‘Flexible Energy Denmark’
(West DK)

(For several days the wind power production is
more than 100 pct of the power load)
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The Challenge: Denmark Fossil Free 2050
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Challenges

WE

f— Preparatory study on 4|

e Smart Appli
— art Appliances tusper,
e
= J - Ecodesign Preparatory Study
. .- performed for the
European Commission
Welcome Project summary Planning & Meetings Documents Register for website Register for meeting Contact & Consortium
Home Project summary

Project Summary %

The Ecodesign Preparatory Study on Smart Appliances (Lot 33) has analysed the technical, econogouket a@ tal aspects with a view to a broad introduction of smart
appliances and to develop adequate policy approaches supporting such uptake.

The study deals with Task 1 to 7 of the Methodology for Energy related products (MEErP] as follows: 0/ 0/’

(/O/G

Scope, standards and legislation (Task 1, Chapter 1); /

Market analysis (Task 2, Chapter 2); a
User analysis (Task 3, Chapter 3); Q o
Technical analysis (Task 4, Chapter 4); o a‘ <9

Definition of Base Cases (Task 5, Chapter 5); @ *
Design options (Task 6, Chapter 6); ,

Policy and Scenario analysis (Task 7, Chapter 7). o 5 9

An executive summary of the project results can be downloaded here. b
Throughout the study, new relevant aspects have come up which will be covered in a second phase of the Prepar@ldy: G

« Chargers for electric cars: technical potential and other relevant issues in the context of demand response.
« The modelling done in the framework of MEErP Task 6 and 7 will be updated with PRIMES data that recently beca vgalle, and with the EEA-countries.
« The development and assessment of policy options that were identified in the study will be further elaborated and deep .
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Markets - Needed changes

Static -> Dynamic

Deterministic -> Stochastic

Linear -> Nonlinear

Silo oriented -> Integrated Energy Systems

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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Data-Intelligent and Flexible
Energy Systems
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FIexibiIity (enabled by Al, loT, and Energy Systems Integration)

(Super) Grids Batteries
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Energy Systems Integration

Energy System Integration (ESI) can
increase grid flexibility by increasing E|ectricitv E

connections with other energy domains
Thermal

Fuel

Water

“Energy Systems Integration: Defining and
Describing the Value Proposition “, O’'Malley,

Data
Kroposki, Hannegan, Madsen, Andersson, E
D’haeseleer, McGranaghan, Dent, Strbac, Baskaran, Tra nspo rt

Rinker., NREL/TP-5D00-66616. June 2016 NREL | 17
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Use of Al and DTU

Energy Systems Integration
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L Data Communication
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Optimisation Models

G I

By intelligently integrating currently distinct energy systems
(heat, power, gas and biomass) using Al and ICT solutions we
can unlock the flexibility needed for integrating large shares of

fluctuating renewable energy sources
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Energy System Models
for Real Time Applications and Data Assimilation

Grey-box models are simplified models for the individual components
facilitating energy system integration and use of sensor data
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Temporal and Spatial Scales

A so-called Smart-Energy Operating-System (SE-OS) is developed
In order to develop, implement and test of solutions (layers: data,
models, optimization, control, communication) for operating flexible
electrical energy systems at all scales.

fnens

Geographical Scale

Complexity
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Smart-Energy OS
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Day Ahead Market
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DIRECT CONTROL (DC)
Individual consumption
schedules

Aggregated loads

INDIRECT CONTROL (IC)
Price signals

ES
Sub Aggregator B
Forecast services
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SE-OS Characteristics

Al and Grey-Box models for data-intelligence

Nested sequence of systems - Systems of Systems

Hierarchy of optimization (or control) problems

Control principles at higher spatial/temporal resolutions

¢ e ¢ ¢ ¢

Cloud, Fog, Edge based (loT, loS) solutions - eg. for forecasting
and control

¢

Integrated modelling, forecasting, control and optimization
® Simple setup for the communication and contracts

@ Facilitates energy systems integration (power, gas, thermal, ...)
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SE-OS: Hierarchy of ==
° ° ° Al
Optimatization and Control Problems
Space
S Bidding + .
Country L Market clearing . Bidding &
% NS . Clearing
Region e .
N Purpose based .
) Stochastic Control . Control based
Cit .
Yy . . min (U - U )2
S.l N . p ref
District Economic Model T .
Predictive Control . .
e min Z (pU)
House

Time
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Proposed methodology
Control-based methodology
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Grey-box Modelling
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Grey-box Modelling

White

Physics
Deterministic equations
Detailed submodels

Parameter calibration
often problematic

Parameters~physics

CITIES

Grey

=
=
=

i

Black

Data

Stochastic models

Simple models

Parameter
calibration

Parameters~black
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Traditional Dynamical Model

I

Input

@ Ordinary Differential

Equation:
’ dA = —KAdt
Elimination Y = 14 + €

Concentration - logscale

Time
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Stochastic Dynamical Model

I

Input

@ Stochastic Differential Equation:

Compartment

dA = —KAdt+ odw
Y = A +e

Elimination

|
-

Concentration - logscale
|
i

e
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The Grey-Box model -

Drift t
rirtterm Diffusion term

System equation

Observation equation

| Observation

Notation: noIse

X, State variables

uy:  Input variables

f:  Parameters

Y.: Output variables

t: Thime

wy:  Standard Wiener process

er:  White noise process with N (0, S)
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Grey-Box Modeling

Bridges the gap between physical and statistical modeling

¢ @

Provides methods for model identification
Provides methods for model validation
Provides methods for pinpointing model deficiencies

¢ ¢ ¢

Enables methods for a reliable description of the uncertainties,
which implies that the same model can be used for k-step
forecasting, simulation and control

For ODESs: Forecasts are deterministic
For SDEs: Forecasts are probabilistic
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Case study (Level Iil)

Price-based Control of
Power Consumption
(Peak Shaving)
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Aggregation (over 20 houses)
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Consumption [kW]
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Response on
Price Step Change

—— Consumption step response (Olympic Pen.)

5 hours

Berkeley Lab - BTUS Division, February 2021
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Control of Power
Consumption

Model parameters

Consumption

references Price generator
> (controller)

Price-response
estimator

FPrice-responsive
consumption
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Aggregated
consumption

k.
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Control performance

Considerable reduction in peak consumption
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Flexibility Function

I

o
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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 Function (examples)

e Real time CO,. If the real time (marginal) CO, emis-
sion related to the actual electricity production is used as
penalty, then, a smart building will minimize the total car-
bon emission related to the power consumption. Hence,
the building will be emission efficient.

e Real time price. If a real time price 1s used as penalty, the
objective 1s obviously to minimize the total cost. Hence,
the building is cost efficient.

e Constant. If a constant penalty is used, then, the con-
trollers would simply minimize the total energy consump-
tion. The smart building 1s, then, energy efficient.
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Examples of Flexibility Functions
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Flexibility Index

(Penalty based control setup)

28

Temperature (C)
0

16

Penalty per kWh
100 150 200

4000

=== Flexible Controller - — - —— —

= (Conventional Controller

Accumulated Penalty
0 2000
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Flexibility Index
Table 2: Flexibility Index for each of the buildings based reference penalty
signals representing wind, solar and ramp problems.
Wind (%) Solar (%) Ramp (%)
Building I | 36.9 10.9 5.2
Building 2 | 7.2 24.0 11.1
Building 3 | 17.9 35.6 67.5
b CITIES
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Smart Grid Applications

Peak shaving,
Voltage control, Energy efficient, Emission efficient, Cost efficient

Balancing. .... depending on selected Penalty Signal

Congestion management,
Flexibility Function
-
{Estimator)

depending on Penalty Generator
R

Y

Reference ( Penalty Generator ] Response
bR =
I {Contraller) !
A —y
A

Figure 8: Smart buildings and penalty signals.
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Case study
(Level IV - Indirect Control)

Control of HVAC Systems

(based on varying prices from Level Ill)
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SE-OS - Low level controllers
Control loop design - logical drawing

|  Termostat
actuator




Lab testing ....
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SN-10 Smart House Prototype
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Case study

Control of heat pumps
(Energy or/and CO2 efficient control)
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The considered house
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* T, — summerhouse temperature

* T, —temperature of air in the pool
area

* T;, — water temperature into the
swimming pool

* T,.t —Water temperature out of

the swimming pool (controlled)
* T, — outdoor temperature
* T, — ground temperature
* (J; —solar heat gain
* w—wind speed



Grey-box model
(lumped parameter model)

Environment : Pool area Q+Q, | Summerhouse .
. | * Based on equivalent thermal parameters
|
! i i model
! Ta Tsh
! | — !
OO0 —0
| o= .
: H iHeatlng system . Dynam ics:
' G| i Ty, 1
| in _ - o )
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FSwimmingpoal [T TTTTTTTT dTou _ 1
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. | — I  — /"’\4 | ", dTa 1
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Share of electricity originating from renewables in Denmark Late Nov 2016 - Start Dec 2016

70 hydro

biomass
geothermal
wind

solar

Dec
2016

Source: pro.electicitymap
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How does it work? FED

Data measurement and
information gathering
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How does it work? FE DE@E#E

DENMARK

Price based Control

Temp A1
Temp A2
ACTH
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. Temp F2 Temp R2
= | &) a
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Example: Price-based control (using embedded forecasts)

ENFOR ==  Smarthet

Smarthet > A307T4

Weather forecast Booking plan Controller Temperature limits

A3074 Controller

Cost: DK1 Imbalance Price Consumption [EUR/IMWh], Adaptive Estimation

3 B ¥ me-5m  waterTemparatureFomward
4] me-5m [ AirTemperatura
3z [ pre { Water TemperatureRetunn hinLimit
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Download
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Example: CO2-based control (using embedded forecasts)
(10-15 pct savings in CO2 emission)

ENFOR ==  SmariNet

SmartMet = D7811

Booking plan
D7811 Controller

Cost: co2intensity [g/lkWh]

=3 me-5m [ WaterTemperatureFonsard
me-5m [ AirTemperatura

pre [ WaterTemperatureReturmbinLimil

32
pre [ WaterTemperatureReturniaxLim

pre [ wWaterTemperatureReturn

31 me-5m / WaterTemparatureRaturm
pre [ WaterTemperatureSatpoint

me-5m ! WaterTemperatureSetpoint
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Temperature [*C]
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Integrated Forecasting and Control
for Smart Buildings
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Grey-box Model
for a Smart Building

Heat pump | |1y Cu > Tm Cm,

Condenser tank
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Grey-box Model for Forecasting
(Cloud cover, solar radiation, ambient air temperature)

w—)

TU

i

(47, = f4(Z0)dt + Tpdw,
R = '(,[;_I(ZE}

¢ = In(k,t) + Ip(k,t)

S R, = R, (k,¢,t)

Disturbance

model
dTs = fr (11, Ts)dt + osdws
dj} — fT,{ (T}:ﬂ TS: Rn)dt - Jﬂdwa
\ d= [Taa (;b]T
Observation dy = ¢+ vy, vy~ Niia(0, Ry)
. dr. =T +vr,, vr, ~ Nia(0,Rr))
equation T

yd - [dTr:H d';'-‘l)] ?

(13)
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h Grey-box model for
Ambient Air Temperature
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Integrated Forecasting and Control
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The MPC framework for smart house control and how distrubance forecasts are incorporated

E- ------------- : Yz k
> d g Filter -
Y.k ' : - dj,
tr \Disturbance forecasts lé‘:k_k Smart building |€——
}{JkJFﬂk} »  Optimal control > U, ?
da(t) = fo(a(0), u(0), d(0))d "
+ gs(z(t), u(t), d(t))dws(t)

dd(t) = fi(d(t))dt + ga(d(t))dwa(t), (1b

Ys(tr) = hs(x(tr)) + vsk s (1c)

Ya(tr) = ha(d(tr)) + vax (1d
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Heating strategies

I

Strategy No. 1: Electrical heaters
Strategy No. 2: Heat pump
Strategy No. 3: Heat pump and electrical heaters

Strategy No. 4: Heat pump plus electrical heaters and cooling

FLEXIBLE
CITIES ENERGY
Centre for IT Intelligent Energy Systems Berkeley Lab - BTUS Division, February 2021 DENMARK
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15 days out of 7 months simulation
Strategy 2: Heat Pump

Strategy 1: Electrical Heaters
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Electricity cost in EUR -—
Electricity cost of the simulations

Heating strategy Persistent ~ Advanced forecasts  Perfect
Electrical heaters, u; 303.2 302.2 302.0
Heat pump, us 117.3 110.4 107.7
Heat pump plus electrical heaters, ug 113.0 108.2 107.5
Heat pump plus electrical heaters and coolers, w4 117.9 108.3 107.5
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Constraint violations —
Constraint violation of the control simulations

Heating strategy Persistent ~ Advanced forecasts  Perfect
Electrical heaters, uy 48.5 39.6 25.1
Heat pump, uso 157.9 12.3 1.7
Heat pump plus electrical heaters, ug 48.0 6.7 1.2

Heat pump plus electrical heaters and coolers, w4 4.4 2.4 0

\ FLEXIBLE
> CITIES ENERGY
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@ Energy Systems Integration is important for unlocking the needed flexibility
for an efficient large scale integration of wind and solar energy

¢

We have demonstrated how to use grey-box modelling for energy systems
integration and control

¢

We have suggested the use of Flexibility Functions (and Flexibility Indeces)

¢

For Denmark buildings with district heating/cooling provide the needed
flexibility (may include seasonal storage)

¢

FF and price-based control facilitates energy systems integration

¢

We have described the Smart-Energy OS, which is hierarchy of tools for
aggregation, modelling, forecasting, optimization, and control

¢

The Smart-Energy OS can focus on
Peak Shaving
Smart Grid demand (like ancillary services needs, ...)

Energy Efficiency

X ¥ ¥ %

Cost Minimization

* Emission Efficiency

\ FLEXIBLE
' CITIES ENERGY
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For more information ...

See for instance

www.smart-cities-centre.org

...0r contact
— Henrik Madsen (DTU Compute)
hmad@dtu.dk

Acknowledgements:
Innovation Fund Denmark projects: CITIES and Energy Flexible Denmark (FED).

ENFOR a/s (www.enfor.dk) for providing a number of plots etc.
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Some 'randomly picked'

Time Series
Analysis

Henrik Madsen

H'I- v b PR

b CITIES

~ Centre for IT Intelligent Energy Systems

HE

books on modeling and renewable integration ....

Trexts i Statistical Scienee

Introduction to
General and Generalized
Linear Models

Henirik
Marn Jugno

mgrating
Renewables in

Electricity Markets

Oiperational Froblems
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