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Development of Smart Energy Management Technologies for —

Buildings and Districts in High-Density Cities

Top  Work packages  About  Contact
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The SEM4Cities project aims to develop innovative smart energy management technologies and solutions for
buildings and districts in smart and sustainable high-density cities by effectively leveraging advanced big data
and Al technologies.
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SEM4(Cities Contact Danish / English o1
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Top  Work packages  About  Contact

WP1. Big data-driven predictive analytics for prediction of
energy flexibility and energy dynamics
J >

WP2. Al-powered SEM of WP3. Al-powered SEM for ad
<€— individual buildings

distributed energy systems

Technology development
and prototyping

| 1

WP5. Test, validation, and demonstration

WP6. Project management, dissemination and
communication

Living labs

Experimental testbeds &

PolyU Campus, HK ICC, HK

Taicang industrial district, Midea Fortune Square,
M-BMS cloud platform Taicang Foshan
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Challenges

Digitalized energy systems
Smart-Energy Operating-System (SE-OS)
Flexibility - and smart grids

Peak shaving

Energy or Emission efficiency?
Integrated Forecasting and Control of Buildings
Forecasting using spatial hierachies
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The Danish Wind Power Case 3=

.... balancing of the power system

25 % wind energy (West Denmark January EDDB]{
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0 Wind power O Demand

In 2008 wind power did cover the entire

demand of electricity in 200 hours

(West DK)
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0 Wind power O Demand

Now flexibility of the load is essential

That’s the topic of ‘Flexible Energy Denmark’

(For several days the wind power production is
more than 100 pct of the power load)
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DTU
Weather-driven Energy System =

The Challenge: Denmark Fossil Free 2050

- C :
ELECTRICITY ELECTRICITY USE

BIOFUEL WATER HEATING
COOLING

Renewables Energy user

FLEXIBILITY

real-time matching of energy
demand & production through

DIGITALIZATION of Integrated .
Energy Systems '

{3

FLEXIBLE
ENERGY
85" PolyU Anniversary RISE Lecture Series, 18. August 2022 DENMARK

SEMACITIES



Characterisation of Energy Flexibility

SEMA4CITIES

Today: Static Measures - Price elasticity

Hard Coal

— Buy Orders
— Sell Orders
Price Elasticity
[0
2
a \
Spot Price Brown Coal¥
[
Wind Turbines

Natural Gas
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Needed Modifications of
Energy Markets

i

@ 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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Data-Intelligent and Flexible
Energy Systems
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Space of Solutions

i

Flexibility (enabled by energy Systems
Integration, data-driven DT, and loT)

Grids Batteries
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Energy Systems Integration

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

connections with other energy domains
Thermal

Fuel

“Energy Systems Integration: Defining and

Water | _ .
Data p' -

Describing the Value Proposition “, O’'Malley,
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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Energy System Digital Twins

o
= - - ity
for Real Time Applications and -—
Data Assimilation
Grey-box models are simplified Data-driven Digital
Twin models facilitating system integration and
use of sensor data in real-time
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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 solutions (layers: data, models,
optimization, control, communication) for operating flexible electrical
energy systems at all scales.
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Smart-Energy OS LY
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The Transformative Power of Digitalization &
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Flexibility Function

The Flexibility Function (FF) is one of the MIMs (Minimum Interoperability
Mechanisms) for energy systems used to characterizing flexibility and providing
interface between local flexibility and high-level markets

T

B 0 8
-
38 _ £
%D Energy demand 2 g
ﬁg . Price =
: K :

HE



Proposed methodology
Control-based methodology \

h?
min Esz;,allzk Zrefkl| + pllPe — Presell]
S /
\ st B = f(pr) _—
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We adopt a control-based f/ win E[sz — pk\
approach where the price | ‘fzf : o
becomes the driver to manipulate \t Trp = Az + k+01: ,..'
the Ibehawour of a certain pool % " < e S
flexible prosumers. \ <up < /
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A FED example: Flexible Users and Penalty Signals

Penalty Generator for, e.g.: Penalty Signals for: Cost Efficiency,

|
: Voltage Control, Emission Efficiency,
I Balancing, Energy Efficiency
: Congestion Management r ~
: R T Flexibility Function .
: ; (Estimator)
I \ J
I |
| Y -
I Reference | Penalty Generator ] Penalty d Flexible User(s) Responss-
: (Controller) J (Penalty-responsive) : !
| 0 |
R et
| |
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Penalty (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 is used as penalty, the
objective 1s obviously to minimize the total cost. Hence,
the building is cost efficient.

e Constant. If a constant penalty 1s used, then, the con-
trollers would simply minimize the total energy consump-
tion. The smart building 1s, then, energy efficient.
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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(Xe;a) + g(hi—r; B)
Di= B; + 6:A (1(6; > 0)(1 — By) + 1(6: < 0)By)
1/15: Dt + Oy €t

X = state of charge

B = demand (at constant price) / baseline
f(*) = Demand-SoC relationship

g(*) = Demand-Price relationship

SEMA4CITIES
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DTU
Characterisation of Energy Flexibility =

Non-linear Flexibility Function using SDE’s
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The ‘market’ of tomorrow =

Space
Bidding + .
Country Market clearing .
Region e .
Purpose based .
Stochastic Control .
City ) .
District Economic Model T .
Predictive Control .

House

Time

SEMA4CITIES
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Bidding &
Clearing

Control based

’ 2
min (U-U,, )

min Z (pU)
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SE-OS Characteristics =

Security and Privacy by design

Democracy and Transparency prioritized
Able to unlock flexibility at end-users
Embedded TSO-DSO coordination

Al and Grey-Box models for data-intelligence
Hierarchy of optimization (or control) problems
Creates a link between markets and the physics

Cloud, Fog, Edge based (loT, 10S) solutions - eq. for
forecasting and control

Simple setup for the communication and contracts
@ Allow for special (technical) aggregators

@ Facilitates energy systems integration (power, gas,
thermal, ...)

SEMA4CITIES
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Case study

Price-based Control of
Power Consumption
(Peak Shaving)
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Aggregation (over 20 houses) =

fhw,

il

‘ — Apggregated consumption [kWh

125

205

21

Days

Price-responsive temperature setpoint [°C]

------- Original temperature setpoint [#C]

12 195 20 205 21 215 22 225 23
Diays
10—
| | Price L
5 L . +tr +r | Standardized price
E T D E e L T T e TTTTR T
5 | | | | | | | |
12 125 20 205 21 21.5 22 225 23
Diays
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Response on
Price Step Change

i

3 0.2
X, — Consumption step response (Olympic Pen.)
c
£ Shours
£
>
c
S

_02 1 | | I 1

-10 -5 0 5 10 15 20
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Control performance

i

Considerable reduction in peak consumption

141
_ 12+
=
= 10}
[ Y S W etV S S g | .
o
g 8
£
2 o .
S Responsive
4r Unresponsive
2 1
0 5 10 15 20
o 150F T TN g
g Generated
e 100+ vrernn Desired level
0 5 10 15 20

Hour of day
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Flexibility Function Examples

20
|

0
I

-20
I

/  — — Building 1
/ — — Building 2

-40
I

—— Building 3

Change in Energy Demand (%)

-60
I

-80
I

| | | |
0 10 Time (Hours) 30 45

SEMA4CITIES

FLEXIBLE
ENERGY
85" PolyU Anniversary RISE Lecture Series, 18. August 2022 DENMARK




Center Denmark

Control Room and Data Space
Spatial-Temporal thinking

Center Denmark aims at facilitating a trusted data space which put priorities in
cyberseeurity andimempoewering the-users (industry. and-eustomers) such
that they are able to provide flexibility without being subject to = == -
disproportionate technical requirements, administrative requirements,
procedures and charges




Case study

Summerhouses with a pool

HE



Data-driven models for the buildings
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(Using lumped parameter models)

Environment : Pool area Q:+Q. I Summerhouse
|
: |
I w :
I
| Ta : Tsh
| r—L\ — .
TU | Ha Hsh .
: : Heating system
I
T |
|___________________________I
1 Swimming pool I
| )
: Tout Tin | Qm
. 1 Yy | — Ma | '~
O | | I | \_J | I ] |
Tg | Hg Hw |
I
: |
: —Cout Ci :
I
! |

SEMA4CITIES

* Based on equivalent thermal parameters
model

* Dynamics:

dT,, 1
dt = a le(Tout - Tm) + Qin]
ATpy; 1

? - C . [Hw(Tin - Tmt) + Hg (TQ - Tout) + Ha (Ta - Tout)]
ou

dT, 1
E = C_[HG(WJ (To - Ta) + Ha(Tout - Ta) + Hsh(Tsh - Ta) + Qs + Qa]
a

o
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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
= | Spot Price
e
c o - L
E g, —
o | _ ~
A
T - _l—l_l_
| — —
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

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

Hour
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Integrated Forecasting and
Control for Smart Buildings
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Grey-box Model
for a Smart Building

Heat pump | |Tw Ch > Tl

Condenser tank
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Grey-box Model for Forecasting

i

(Cloud cover, solar radiation, ambient air temperature)

(dZ = fy(Ze)dt + oydw,
Fod= '(,[)_l(Zﬁ)
¢ =In(k,t)+ Ip(k,t)
S R, = R,(k,0,t)
dTs = fr,(T1, Ts)dt + osdws
d1; = fr,(1;, Ts, Ry )dt + o1dw,
d = [T,,¢]"

(dy = +vg, vy~ Niig(0, Ry)
dr, =T +vr,, wvr, ~ N;a(0,Rr,)
Yy = [dr,.dy)"

Disturbance

model

Observation

ey

equation

b

(13)
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DTU
Grey-box model for =

Ambient Air Temperature
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DTU
Integrated Forecasting and =

Control

The MPC framework for smart house control and how distrubance forecasts are incorporated

renenee MPC  |f------ :
: E Y k
—>{d g > Filter : :
Yk ! ! - di
tr \Disturbance forecasts ‘,ﬁklk Smart building ~ €———
» {Jk+i|k} ; » Optimal control ; > ﬁ;; ?
de(t) = fula(t), u(t), d(®)ds "
+ gs(x(t), u(t), d(t))dws (1) ,
dd(t) = fa(d(t))dt + ga(d(t))dwa(t) (1b)
Ys(te) = hs(®(tr)) + Vs, (1c)
Yq(te) = ha(d(te)) + vax (1d)
FLEXIBLE
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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
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Electricity cost in EUR i

Electricity cost of the simulations

Heating strategy Persistent ~ Advanced forecasts  Perfect
Electrical heaters, uj 303.2 302.2 302.0
Heat pump, uso 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, u4 117.9 108.3 107.5
FLEXIBLE
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Constraint violations

Constraint violation of the control simulations

Heating strategy Persistent ~ Advanced forecasts  Perfect

Electrical heaters, uq 48.5 39.6 25.1
Heat pump, uo 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, ug 4.4 2.4 0
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Multivariate Forecasting using
Spatial Hierarchies
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DTU
Wind Power Forecasting =

/’D/l(.l\
Region 1 CERE Region 15

oo N i
M A A

&\ [b) Mustration of the spatial hierarchy for DK with 407 individual conversion stations at the bottom level, 15 regions

at the middle level, and the total of Western Denmark at the top.
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Total Forecasts (DK1) Forecasting RLU

(improvements 20 pct)

o
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Box Plot of Forecast Errors

i

0.6

0.4

0.0

-
l

Normalized residuals
0.2
| |
— om ceD {I%m oo ©O

Rec. Total

(b) Box plot of the residuals of the reconciled total forecast and the residuals of the base total forecast.
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Summary

@ Data-driven Methods are important for unlocking the
needed flexibility for an efficient large scale integration
of wind and solar energy

i

@ We have demonstrated how to use Grey-box Modelling for
as data-driven digital twins for integrated forecasting
and control

@ We have suggested the use of Flexibility Functions
) We have adopted a Spatio-Temporal thinking
@ 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
Cost Minimization

* % % ¥ %

Emission Efficiency

SEMA4CITIES
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Thanks for your attention!

Some 'randomly picked' books on modeling, finance, markets
and renewable integration ....

Tiexts in Fratistical Sciemee

Introduction to
General and Generalized
Linear Models

Time Series
Analysis

Electricity Markets

Operational Froblems

Texts in Statistical Science

Statistics for
Finance

Henrik Madsen
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Henr

Jan Nygaard Nielsen
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