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Models for Integrated Energy Systems

Grey-box models for intelligent energy systems integration
using data and ICT solutions
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Temporal and Spatial Scales

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

Geographical Scale

Complexity
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George Box:

All models are wrong - but some are useful
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Modeling made simple

Suppose we have a time series of data:

X}=X, X, .o, X, ...

t

The purpose of any modeling Is to find a function h({X})
such that

h({iX}) = €,

Where {€ } Is white noise — ie no autocorrelation
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Why do we need models
based on data?
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U=0.86 W/m2K U=0.21 W/m2K

Consequence of good or bad workmanship (theoretical value is U=0.16W/m2K)
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ZEN Workshop,

Heat Loss (W/K)

Examples (2)

Whole House Heat Loss - Measured versus Predicted for
New Build UK Dwellings (n=18)
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A simple model for the heat dynamics

O

@ Measurements:

©, A, - Indoor air temp

H - Radiator heat sup.

S SIS — Amblent alr temp
lI_'rl'l

— Solar radiations

@ Hidden states are;

Rirn Hi;.. -
! - Heat accumulated in

T
* * ‘ | the building

- k: Fraction of solar

— —— CD T radiation entering
) the interior
Dy, ko A, » O
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Perspectives (2)

"Shat, jeg kan se pa k-vaerdierne, at vinduarne skal pudsas"
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Introduction to Grey-Box modelling
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Thermal performance characterization
using time series data - statistical
guidelines

IEA EBC Annex 58

Henrik Madsen and Peder Bacher !

DTU Compute, Technical University of Denmark
Lyngby, Denmark

Geert Bauwens, An-Heleen Deconinck, Glenn Reynders and Staf Roels
KU Leuven, Civil Engineering Department, Building Physics Section

Heverlee, Belgium

Eline Himpe
Ghent University, Department of Architecture and Urban Planning, Building Physics Group

Gent, Belgium

Guillaume Lethé
BBRI, Belgian Building Research Institute

Brussels, Belgium

November 28, 2016
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GUIDELINES FROM ANNEX 58

Static and dynamic conditions: estimate the Heat Loss Coefficient

(HLC) and gA-value from ‘simple’ data:

@ Constant indoor temperature

@ Model input: ambient temperature and global radiation (wind
not included in guideline models)

@ Model output: heat load

Grey-box models for detailed building behavior characterization:

@ Varying indoor temperature (turn the heating on/ off)

@ Model input: ambient temperature, global radiation, wind

@ Model output: indoor air temperature

Procedures (recipes) for model selection and validation, with
examples in R
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Traditional Dynamical Model

Input

@ Ordinary Differential

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

Concentration - logscale

1
25

Time



Stochastic Dynamical Model

Input

@ Stochastic Differential Equation:

Compartment

dA = —KAdt-+ odw
Y = A +e

Elimination

Concentration - logscale
|
¥
1

Lo

— ks ik

B m ok
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Time
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The grey box model

Drift term

X, dt +

h{ X, ug, 1. 0

/\

| Diffusion term

L

Notation:
X;: State vanables
;.  Input variables
f:  Parameters
Y.  Output variables
t: Time
wy:  Standard Wiener process

White noise process with |

V (0, S)

System equation

Observation equation

Observation noise

=
—]
(—

i



Grey-box modelling concept

Deterministic
equations

Physical
knowledge

Detailed
submodels

White Grey Black

Prior
Knowledge

@ Combines prior physical knowledge with information in data

» Equations and parameters are physically interpretable
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DTU Informatics

Grey box model building framework

Non

Initial model |=—> U ELESIH [E <—| parametric |<=—— Tra_tclglng
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Forecasting and Simulation

Grey-Box models are well suited for ...

* One-step forecasts

* K-step forecasts

* Simulations

+ Control

¢ ... of both observed and hidden states.

» It provides a framework for pinpointing model deficiencies
— like:
# Time-tracking of unexplained variations in e.g. parameters
+ Missing (differential) equations
+ Missing functional relations
* Lack of proper description of the uncertainty
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Grey-Box Modelling

# Bridges the gap between physical and statistical
modelling

# 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
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Case study

Model for the thermal characteristics
of a small office building
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TEST CASE: ONE FLOORED 120 M? BUILDING

Find the best model describing the
heat dynamics of this building

([11, [4])
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DATA

-
el
o I Elﬂ 4IEI EID BIEI 1[|:IU 'Iéﬂ 1-|1{I
Measurements of: .
v+ Indoor air Zo-
temperature N
{II Elﬂ 4IEI EID Blﬂ 1EI:ID 'Iéﬂ 1-|1-0
T, Ambient
temperature o ]
£
Py, Heat input 1
(I)g.; Global - 0 % ® & - 80 W ik 40
irradiance 3
2
E_: \ M“\ jl\
[
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SELECTION PROCEDURE

Simplest model

Interior i Heater i solar i Envelope E Ambient
T ! ! ! fia
- e L E i E Al E E I
[terative procedure using o= in(@ (D O
statistical tests ' S '
= y
Begin with the
simplest model ) \
First extension: heater part
l | | | |
Interior | Heater | Solar | Envelope | Ambdent
o T: | I I R;., |
Model fitting | | | AN |
| R é | | |
| i | Aws | |
1 a== "' g% ' : O
Likelihood-ratio , : GEF o : :
DK tests of extended End selection T T T T
models I = I I
>
L A8 Start Modelt;
Evaluate the E{H’ yh'} 2452.6
selected model m (3]
1 MDdEfTiTE Mﬂdff']"i’rm Mﬂdff'r-l’['5 MDdf!TiTh
4 1(8;:Vy) 3628.0 36394 3884 4 J911.1
™ 10 10 10 10
DTU Compute 7 ;'L'_
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EVALUATE THE SIMPLEST MODEL

Inputs and residuals

0.25

L S N
_____ JJmumu””“””*“1
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Inputs and residuals
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GREY-BOX MODELLING

Continuous time models (grey-box: stochastic state-space model)

States = Fun, (States, Inputs) + Fun; (Inputs) - SystemError
Measurements = Fungs(States, Inputs) + Funy (Inputs) - MeasurementError

@ Used for buﬂdings (single- and multi-zone), walls, systems (hot water
tank, integrated PV, heat pumpts, heat exchanger, solar collectors, ...)

@ Formulate the model based on physical knowledge

@ Maximum likelihood estimation
(we have the entire statistical framework available)

@ Description of the system noise is part of the model provides
some very useful possibilities
(e.g. control the weight of data in the estimation depending on input signals)

@ Software, for example our R package CTSM-R !

lhttp://ctsm.info

ITH Fammmite
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Case study

Models for electricity markets
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Flexibility Represented by

Saturation Curves
(for market integration using block bids)

N Response

800 r B Rcbound

Time [mins]

-15 -10 -5 0 5 10 15
Power Adjustment [KW]
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Flexibility Function

=
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Figure 4: Six characteristics of the demand response to a step increase in elec-
tricity price. 7: The delay from adjusting the electricity prize and seeing an
effect on the electricity demand, equal to approximately 0.5 here. A: The max-
imum change in demand following the price change, in this case close to 0.2. «:
The time it takes from the change in demand starts until it reaches the lowest
level, approximately equal to 0.5 here. 5: The total time of decreased electricity
demand, roughly equal to 2 here. A: The total amount of decreased energy de-
mand, given by the green-shaded area. B: The total amount of increased energy
demand, given by the grey-shaded area.
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Case study

Models for Control
(Control of Heat Pumps)
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Smart Control of Houses with a Pool

PilotB SN-10 signal overview
revision 1.0 (CITIES add-on)

Sun heating panel
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3.2 OPTIMIZATION PROBLEM

The MPC controller solves the following mixed integer linear optimization problem:

N-1
min ) il (3.2a)
“ k=0
S.t. Xps1 = Aq(To, w, Ta)xg +Ba(To, w, Tg) (3.2b)
Vi =Ca(Ty, w, Tg) X (3.2¢)
up €10, 1} (3.2d)
Ymin = Vk = Vmax (3.2e)

where (3.2b) and (3.2c) is discretized state-space model of (2.6); u; is the valve position (1 -
open; 0 - closed); yi = [Tink Tout il T. N is the predictive horizon; cy. is the electricity price.




Grey-box based MPC Results
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Summary

Data can be used for reliable performance characterization of buildings
(energy dynamics, energy savings, labelling, etc.)

Grey-box modelling bridges the gap between physical and statistical
modelling

Procedures for data intelligent control of power load in buildings, using
grey-box models, are suggested.

The grey-box model based controllers can focus on
Energy Efficiency
Peak Shaving
Smart Grid demand (like ancillary services needs, ...)

Cost Minimization

¥ X X X %

Emission Efficiency (CO2 minimization)

Controllers based on CO2 minimization can accelerate the transition to a
fossil-free society / city

We see a large potential in Demand Response using grey-box models.
Automatic solutions, and end-user focus are important
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Thanks ...

e For more information
Www.ctsm.info

www.henrikmadsen.org

e ...0r contact

- Henrik Madsen (DTU/NTNU ZEN)
hmad@dtu.dk

* Acknowledgement ZEN Project
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