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Potentials and Challenges=
for Renewable Energy

» Scenario: We want to
cover the worlds entire
need for power using
wind power.

» How large an area should
be covered by wind
turbines?

b CITIES

Centre for IT Intelligent Energy Systems

o

500 Miles -
o=

7 Vorkuta, 04
\ T
500Km, N

ﬁﬁ & mgmnn ostavi
m ‘p“kw—/; \7 . Rosmv )
R ? WA /Mo

(mdgilev

Lo
. e dtkbf 7

/ g ? i oy X KriyoyRog /%ovo by e
/ i€ iotoSaN 7 B 1/ /RU SSIA Shevchenko'
/ C)er nt- - g ay _ Fruo; /
La Corung / Fefrand, 4 Buda q Y, / e
e - S Caspian Sea
/ R enezia, NN Ml —~
o

Bilbagy=. #Bayonng i Ordzhonikidze N
Socht S ceondia

n aamu\ Treulo 9 7 R B ares \
lamanc reai o araje Constanta ‘Hlack Sea X azepERlAN (|
= s'amm; Zaragoza® Soille oo g (- Bamsie Pl ~ N

- 7 Yerevan ‘
tanbu)” Zonguldak - \ Ardabile iy
ars— & L/ \/\\ Tab

adr|d = Bavce\one
>, sa N B\N

—SPAIN/
/ Val
PKE —
| i T \ 55,
J ‘ .
Algiers, / Palermo 9 \zm.;/ ( /

Rabat \ Oran Annans X . ,\\1
— 7 Cinataitng ZjTunis Catania theps £ T
~— Casablanga——= iy z ) \
Marzalash / // ! WValletta - | a Nlcosy'\ \
m " \ &
/{ _ MoRocCO [ Gafsa T E&glﬂm cvpruS—LEBANg
e L o St | Beirut

Glbralta N

ng\er

e
J \Hedenine | Mediterranean Sea | . F
[ Tunisia TPl | eyl
Guargla’ > 3
Misratah Banghazi | Port
- k Alexandria_z—\$ald
.Tlmlmoun R

ALGERIA

LIBYA

, EGYPT Cam&m /\ B

Toyota -- TCRDL, Nagoya, October 2015



DTU

Potentials and Challenges=
for Renewable Energy

Scenario: We want to
cover the worlds entire
need for power using
wind power

How large an area should
be covered by wind
turbines?

Conclusion: Use
intelligence ....

Calls for IT / Big Data /
Smart Energy
Solutions / Intelligent
Energy Systems
Integration

b CITIES

Centre for IT Intelligent Energy Systems

o

/

\\\ y /
~_/
Va

/T -
Total
/ <7

orshavn
9

%

ALGERIA

of poy

o | ' 500 Miles ,\< 3 Vorkuta, 0
\ 7 i

s00Km, . ‘\

__—BarenthSea O

7 Caspian Sea

ar
nikidze!

N\ .
Astral
Y
RUSSIA L’Shevchenko

Catania

Valletta
*MALTA

»»»»»»

Alexandria_=~—"\Said_ £

EGYPT  Cair

Toyota -- TCRDL, Nagoya, October 2015



!

o

Danish Climate and
Energy Policy / Goals

#2020: 50 pct of electricity from wind power, and 35 pct
of total energy consumption from renewable sources

#2035: 100 pct of electricity and heating from renewable
sources

#2050: 100 pct of all (electricity, heating, transport,
Industry) from renewable sources
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. Jutland - Sweden Power right now
.1._ Exports: 728 MW Measured in MW:
.'I-_ " o Central power stations 1.575
Y e Local CHP plants 401
’ » ' wind turbines 4.088

Solar cells 113

Bl Fla vl Net exchange eksport 1.845

Exports: 953 MW

Electricity consumption 4.33

CO2 emissions 179 g/kwh

LEGEND v

Zealand - Sweden
Exports: 1.048 MW

Bornholm - Sweden
Exports: 2 MW

The Great Belt
---= 590 MW

Zealand - Germany

Imports: 601 MW

Jutland - Germany

Imports: 284 MW

-
s

Last updated 15. Februar 2014 12:41

© Power right now @ natural gas right now @ Locations



Latest production data for Tyra: 6.061.111 kWh
Applicable for 15. februar 2014 11:00-12:00

e

Lille Torup gas storage facility Entry: 824.732 kWh/h
12,150 kKWh/m3

Calorific value:

1L

«

Nybro Entry: 5.882.672 kWh/h
12,197 kWh/m3

d

Calorific value:

1]

@ 4

Natural gas right now
Gas flow — kWh/h:

Nybro entry

5.882.672
1.002.678
1.405.760
824.732

0]
4.776.523

Ellund exit

Draggr exit

Energinet.dk Gas Storags
DONG Storage

Exit Zone

CO2 emission factor 56,76 kg/GJ

LEGEND v

Drag@r Exit: 1.405.760 kWh/h

Calorific value: 12,234 kWh/m3

-

Egtved Calorific value: 12,213 kWh/m3

56,76 kg/GJ

CO2 emissionsfaktor:

Calorific value:

Stenlille gas storage facility 0 kWh/h
12,022 kWh/m?3

</

1.002.678 kWh/h
12,228 kWh/m3

o

Ellund Exit:

Calorific value:

@ Power right now

© wnatural gas right now @ Locations

Last updated 15. februar 2014 12:31




The Danish Wind Power Case ==
.... balancing of the power system
25 % wind energy (West Denmark January 2008) 20 % wind energy
4500 4500 N : I||r| i

= T T T ,
A\*“m W A |- 1 n ]
I

2500 ] t\ hﬂ A 2500 \»ﬂ Jl
s LALL S TR T yif i 1

n _
y ( y U U 2000 A pul g
0 \w@ \ ”f_’ N U LI Vg/ | g d |

=
=

0 0
@ Wind power 0O Demand o Wind power 0 Demand
In 2014 more than 40 pct of electricity load
In 2008 wind power did cover the entire was covered by wind power.
demand of e\l/e\z/ctncg(m 200 hours For several days in 2014 the wind power production
(West DK) was more than 120 pct of the power load.
July 10th, 2015 more than 140 pct of the power
load was covered by wind power
|
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What has since been achieved:
De-coupling of consumption and GDP
growth

i

200
180

160 /

140

120
100
80
60
40
20

0
1990 1995 2000 2005 2010 2015 2020 2025 2030

M Final energy consumption " GDP
B Final energy cons. relative to GDP

Source: Energy Policy in Denmark. Danish
Energy Agency. December 2012
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From large central plants to Combined
Power (CHP) production

Heat an

1980

w—)
]
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Today

From a few big power plants to many
small combined heat and power plants
— however most of them based on coal
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Control and Optimization =

Indirect Control
(IC)

aggmegated oads

Direct Control Agagregator
(DC)
w"“# 3
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Control and Optimization

Day Ahead
Market

Balancing
Market

Aggregator Indirect Control

(ic)

Direct Control ;
oc) "

ggre gated loads

(k)
Sub Aggregator
- Fed etddd Btk

-Dpt. b ol Salvisis

(a)
Sub Aggregator

- Fedickid | Bluien

MET Forecasts
Local Data

e
&

)
%
g
afl-
)

Advanced
Controller

2
i
— — JAdvance _ | Advanced| | _ _ _
Controlle Controller

in Future Electric Energy Systems, 2015

1!» CITIES

~ Centre for IT Intelligent Energy Systems

In New Wiley Book: Control of Electric Loads
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Day Ahead:

Stoch. Programming based on eg. Scenarios

Cost: Related to the market (one or two
levels)

Direct Control:

Actuator: Power

Two-way communication

Models for DERs are needed

Constraints for the DERs (calls for state est.)

Contracts are complicated

Indirect Control:

Actuator: Price

Cost: E-MPC at low (DER) level, One-way
communication

Models for DERs are not needed
Simple 'contracts'

Toyota -- TCRDL, Nagoya, October 2015



DIU
Direct vs Indirect Control =

Level Direct Control (DC) [ndirect Control (IC)
11 min, , S r ijl i (T py i) min: , Y r_g & (Zk, Pe)
St Zpy1 = f(pr)
TR T, e _
Y min,, Z;":D O;(pr,ux) Vi€ J
St Eoed=HilTaatg) Yield St Tegi = Fil(Zesw)

Table 1. Comparison between direct (DC) and indirect (IC) control methods. (DC) In direct
control the optimization 1s globally solved at level I1I. Consequently the optimal control signals
u; are sent to all the ] DER units at level IV. (IC) In indirect control the optimization at level
[11 computes the optimal prices p which are sent to the J-units at level IV. Hence the J DERs

optimize their own energy consumption taking into account p as the actual price of energy.
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Forecast requirements

Day Ahead:

gy _ — Forecasts of loads
avnhead
Market . .
o e — Forecast of Grid Capacity

e
(using eg. DLR)
— Forecasts of production (eg.
Wind and Solar)

Direct Control 3 Agaregator

£ y -

(a)
Sub Aggregator

4
z
Indirect Control &
H
2

(ic) Direct Control: .

MET Forecasts
Local Data

— Forecasts of load

D, ahd eotiel saiens

Y Indirect Control:

o X

i
— = JAdvanced
Cortrolle
P i o 2
T \
=

5 — Forecasts of states of DERs

— Forecasts of prices
— Forecasts of load

Advanced
Controller
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80 100
1 |

@ Point forecasts

@ Conditional mean and
covariances

@ Conditional quantiles
(Prob. forecasts)

# Conditional scenarios

@ Conditional densities g 1

@ Stochastic differential
equations

Pct. of installed capacity
40

20

Pct. of installed capacity
0

0 24 48 72 96 120 144 hours

> CITIES

= Centre for IT Intelligent Energy Systems Toyota == TCRDL, Nagoya, October 2015



w—)
]
(—

i

Wind and Solar Power Forecasting

2 Methods for wind power forecasting have been
continuously developed and used operationally
since 1995 (solar power since 2005).

2 Implemented for instance in WPPT, Anemos WPS,
AWEFS, ASEFS, ..

2 Sold for instance in systems provided by ENFOR
(Denmark) and Overspeed GmbH (Germany)

2 Today our systems are used worldwide (North
America, Europe, Africa, Middle East, Australia).

# Used by all major players in Denmark (TSO, DSOs,
BRPs, ...)

b CITIES
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Asymmetrical Penalties
(use of prob. forecasts)

w—)
]
—
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0 The revenue from trading a specific hour on NordPool can be expressed as

Pp x (Actual — Bid) if Actual > Bid

Ps x Bid
LA +{ Py x (Actual — Bid) if Actual < Bid

Ps is the spot price and Pp/Fyr is the down/up reg. price.

“ The bid maximising the expected revenue is the following quantile

E[Ps| — E[Pp]
E[Py] — E[Pp]

in the conditional distribution of the future wind power production.

> CITIES
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Asymmetrical Penalties
(use of prob. forecasts)

“ It is difficult to know the regulation prices at the day ahead level - research into
forecasting is ongoing.

w—)
]
—

i

" The expression for the quantile is concerned with expected values of the prices — just
getting these somewhat right will increase the revenue.

@ A simple tracking of C'p and Cy; is a starting point.
“ The bids maximizing the revenue during the period September 2009 to March

2010:
0
% S | /Lll 1 i 2
_HM; AN A
: - J—
g = \J""J
o —— Monthly averages —— Operational tracking
=R | | |
2009-09-01 2009-11-01 2010-01-01 2010-03-01
i CITIES
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Sizing of Energy Storage
(use of prob. forecasts)

w—)
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Correct Naive
= =]
. ;o
o o
S =
2 S B
7] 7
= ] = ]
@ @
O o 0O o
ok | = |
o o
Q- Q-
© | I | | I o I | | I |
-10 -5 0 3] 10 -10 -5 0 h 10
Storage (hours of full wind prod.) Storage (hours of full wind prod.)
(Illustrative example based on 50 day ahead scenarios. Used for calculating the risk for a storage to be too
small)
T
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Intelligent Integration

The central idea is that by intelligently integrating currently
distinct energy flows (heat, power, gas and biomass) in we can
enable flexibility and hence integrate very large shares of
renewables, and consequently obtain substantial reductions in
CO2 emissions.

Intelligent integration will (for instance) enable lossless virtual
storage on a number of different time scales.

> CITIES
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Intelligent Integration and CITIES

The Center for IT-Intelligent Energy Systems in Cities (CITIES) is
aiming at establishing methodologies and solutions for design and
operation of integrated electrical, thermal, fuel pathways at all scales.

CITIES is the largest Smart Cities and ESI research project in Denmark
— see http://www.smart-cities-centre.org .

Geographical Scale

| S

2 Complexity
% Centre for IT Intelligent Energy Systems Toyota == TCRDL, Nagoya, October 2015
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Models for Integration

Energy Systems Integration using data and ICT solutions
leading to stochastic grey-box models and methods for

planning and operation of future flexible energy systems.
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Virtual Storage by
Energy Systems Integration

i
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[:T) Intelligent Intelligent/Flexible _— N

»n Transport Heating/Cooling Buildings O rentment

@ Denmark (2014) : 48 pct of power load by renewables (> 100 pct for some days in
January)

@ (Virtual) storage principles:
— Buildings can provide storage up to, say, 5-12 hours ahead
— District heating/cooling systems can provide storage up to 1-3 days ahead
— Gas systems can provide seasonal storage
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CHP and Integrated DTU

Energy Systems =
(Paradigmatic example - Denmark)

Gas Turbine L~ almah
G . >

A District heating

_ / Heat tank

&I

Waste incinerators,

Supermarket cooling,

Industrial processes

ub CITIES
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Case study

Control of Power
Consumption (DSM) using
the Thermal Mass of
Buildings

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee B T Toyota -- TCRDL, Nagoya, October 2015



Data from BPA ==

Olympic Pensinsula
project

.

27 houses during one year

@ Flexible appliances: HVAC,
cloth dryers and water boilers

@ 5-min prices, 15-min
consumption

@ QObjective: limit max
consumption

b CITIES

Centre for IT Intelligent Energy Systems
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Price responsivity

Flexibility is activated by adjusting the temperature reference

i

(setpoint)
1 .
Temperature
satpoint 0.8+
adjustment

Price sensitivity line
with shope k

Probability of mode
7

Pin.
0

I Standardized price

o s 0 2 4 6 8 10 12 14 16 18 20 22
3_
2_4}—\ Price
1 I e T S otd Price [
Lt L e e, o
-1 | L L L I

« Standardized price is the % of change from a price reference,
computed as a mean of past prices with exponentially decaying weights.

« Occupancy mode contains a price sensitivity with its related comfort
boundaries. 3 different modes of the household are identified (work, home, night)

> CITIES
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- DTU
Aggregation (over 20 houses) ==

o

‘ — Aggregated consurmption [kWh

5L
M n ,.IH JJM | W} | |
225

Q0
12 125 20 205 21
Diays

Price-responsive temperature setpoint [*C]
""""" Original termnperature setpoint [*C]

12 125 20 205 21 215 22 22.5 23
Doays
10~
] | Price L
5 — |—J """"" Standardized price
Ol T e T
-5 | | | | | | | |
19 195 20 205 21 215 22 225 23
Days

CITIES
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Response on
Price Step Change

0.2

—— Consumption step response (Olympic Pen.)

5 hours

Consumption [kW]

> CITIES
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Consumption
references

L .
-

Control of Power
Consumption

Model parameters

|

1> CITIES

Frice generator
(controller)

Price-response
estimator

FPrice-responsive
consumption

w—)
]
—

i

Aggregated
consumption

k.

~ Centre for IT Intelligent Energy Systems
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Control performance

Considerable reduction in peak consumption

Consumption [kW]
o0

Responsive

4r Unresponsive
2 1 1
0 5 10 15 20
o150 N
2 Generated
o )
100F ™ 7 e Desired level
0 5 10 15 20
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Hour of day

DTU
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o
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Case study

Control of Heat Pumps
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Grundfos Case Study

Schematic of the heating sv

"=



ntil
Modeling Heat Pump and Solar Collector
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Avanced Controller

Formulation

The Economic MPC problem, with the constraints and the model,
can be summarized into the following formal formulation:

N-1
- /

{uﬂ%'u:_ﬂlgb kZ:D € i, (4a)
Subject to  xx11 = Axx + Buy + Edyk=0,1,...,N—1 (4b)
Yo = €3y, o— 12 00N (4c)

U 2 e iy k=0,1,....,N—1 (4d)
Bllnin € Ay < Dligisy k=0.1,...;,N—1 (4e)

Ymin < Yk < Ymax k=0,1,...,N (4f)

1 CITIES
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DTU

“

EMPC for heat pump with

solar collector (savings 35 pcﬂ‘
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DTU
Flexibility in District Heating =

Production Distribution Consumption

Production Distribution

supply curves \ supply curves /
price signals

-
_

/

o )

Production Distribution heat Displacement of
heat accumula- storage in net- consumption in
tor work and accu- buildings

mulator
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Proposal (UCD, DTU, KU Leuven): TU

ESI Joint Program as a part of
European Research (EERA)

i

0 ™ /0 i @ B N (¢ o

Modelling Forecasting | | Technology The Finance &

& Control Customer Regulation
- B ~ B B =~

Fuels
| i | ki |/
u u B 1 B
Gas

|| n || | | |
T T — ; 5 [iE| ] [ e

jib CITIES
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for Energy Systems
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Addressing energy challenges through global collaboration

Vision: A global community of
scholars and practitioners from
leading institutes engaged in

efforts to enable highly Activities 2014

integrated, flexible, clean, and ‘Feb 18-19 Workshop (Washington)
efficient energy systems ‘May 28-29 Workshop (Copenhagen)
Objectives: Share ESI July 21 - 25, ESI 101 (Denver)
knowledge and Experience: ‘Nov 17th Workshop (Kyoto) by
Coordination of R&D activities: Activities 2015

Education and Training -Dublin, Denver, BFUSSG'S, Seoul
Resources
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Discussion

" Intelligent Energy Systems Integration can provide virtual and
lossless storage solutions (so maybe we should put less focus on
physical storage solutions)

- Intelligent and Integrated Energy Systems might be able to solve
many of the problems Europe now is trying to solve by Super Grids
(some of these huge investments might not be needed)

- Focus on zero emission buildings - and less on zero energy buildings
(the same holds supermarkets, wastewater treatment plants, etc.)

- District heating (or cooling) provide virtual storage on the essential
time scale (up to a few days)

& Gas systems provide seasonal virtual storage solutions.

" We see a large potential in Demand Side Management. Automatic
solutions and end-user focus are important

& We see large problems with the tax and tariff structures in many

countries (eg Denmark). Coupling to prices for carbon capture
could be advantageous.

- Markets and pricing principles need to be reconsidered; we see an
advantage of having a physical link to the mechanism (eg. nodal
pricing, capacity markets)
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Some 'randomly picked' books ...

Texts im Statistical Soience Twts in Statistical Sciemes

Time Series Introduction to
Anawsis General and Generalized

Linear Models

2008 2011

ub CITIES
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DTU
Some 'randomly picked' books (cont.) =

‘Texts in Statistical Science

Statistics for
Finance

m&]rating
Renewables in
Electricity Markets

Qperational Problems

Erik Lindstrém
Henrik Madsen
Jan Nygaard Nielsen

2

(er€) CRC Press

2013 2015

1 CITIES
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