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Overview

* Why Buildings?

« Control Tasks & Challenges
* Building Modeling

* Assessment Strategy

« Simulation Results

* Transfer to Practice

« Conclusions
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Why Buildings?
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Buildings account for ~40% of
global final energy use

Industrial
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Example: end-use sector shares of total US consumption. a,,f,"ﬁ;"c‘;’{;ﬁgg
DOE/EIA (2008): Annual Energy Review 2007. §
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Energy consumed in the life of a building, estimated at 60 years.

Jones, D. LL. (1998): Architecture and the Environment —
Bioclimatic Building Design. Laurence King Publishing, London, 256pp.
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Why Buildings? (2/4)

Buildings account for ~33% of global total CO, emissions
(including emissions from electricity use)
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Figure TS.17: CO, emissions (GtCO,) from buildings including emissions from the use of electricity, 1971-2030 [Figure 6.2].

Barker, T. et al. (2007): Technical Summary. In: Climate Change 2007: Mitigation. Contribution of Working Group IlI to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change [B. Metz, O. R. Davidson, P. R. Bosch, R. Dave, L. A. Meyer (eds)], Cambridge

University Press, Cambridge, United Kingdom and New York, NY, USA.
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Why Buildings? (3/4)

Building sector has large potential for cost-effective

reduction of CO, emissions
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Figure TS.27: Estimated sectoral economic potential for global mitigation for different regions as a function of carbon price in 2030 from bottom-up studies,
compared to the respective baselines assumed in the sector assessments. A full explanation of the derivation of this figure is found in Section 11.3.

Barker, T. et al. (2007).
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Why Buildings? (4/4)

Most investments in buildings are expected to
pay back through reduced energy bills

A Abatement
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Greenhouse gas abatement cost curve for London buildings (2025, decision maker perspective)

Source: Watson, J. (ed.) (2008): Sustainable Urban Infrastructure, London Edition — a view to 2025.
Siemens AG, Corporate Communications (CC) Munich, 71pp.
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Application “Integrated Room Automation”

Integrated
control of the

* Heating
 Cooling
 Ventilation

* Electrical lighting
* Blinds

of a single room or
building zone
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Control Task

Use minimum amount of energy (or money) to keep the
room temperature, illuminance level and CO, concentration
in prescribed comfort ranges

Room Temperature [degC]
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Control Task —
Building Systems Variants

Building System
Automated Subsystems S1|S2 | S3| S4
Blinds X | X X X
Electric lighting X | X X X
Mech. ventilation flow, heating, cooling | — | x | X X
Mech. ventilation energy recovery — | X X X
Natural ventilation (night-time only) - | - | - X
Cooled ceiling (capillary tube system) X | X | — —
Free cooling with wet cooling tower X | X | — —
Radiator heating X | X | — —
Floor heating — | = | = X
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Control Task — Why MPC?

+ Several HVAC System components — long-term
optimal control solution often not trivial.

« Temporal variations in comfort requirements and/
or energy costs introduce additional complexity.

* Predictive control opens up the possibilities

— to exploit the building’s thermal storage capacity
— to use information on future disturbances
(weather, internal gains) for better planning.
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Integrated Room Automation —
Low-cost energy saving measures (1)

a) Reduction of thermal comfort when building is not used
(room temperature set-back during nights and weekends).

b) General reduction of thermal comfort (wider room temperature range).

c) Indoor Air Quality controlled ventilation (e.g., based on use of CO, sensors).
d) Optimization for energetic rather than monetary cost.

e) Advanced, non-predictive control.

f)  Predictive control.

Further measures:
— Constant lighting control.

— Automated blind control.
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Integrated Room Automation —
Low-cost energy saving measures (2)

Passive House Swiss Average
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Source: Gyalistras et al. (2010): Analysis of energy savings potentials for Integrated Room Automation.
Paper presented at the 10th REHVA World Congress Clima 2010, Antalya, Turkey.
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Building Modeling —
Choice of Model?

climatic conlext:tempersture, radiotion, prmeee control system L. L.oieiiecciiicccagcesoozoooaee
I wind & obstructions i ogic ::‘:«‘:’Q o _
diffusy eoler | imtrnl heating systen |
boiler !
: : —+ flow <_ i
H
: | ' »6’:-;-;"
: P o E— - S " o ™ . losses |
losnes
1 ﬁ return | conb. |
¢+ con . chmb .
H I:..Q.'\A 1 |
¢ radiotio v retumn water Y N
s (0w | | i
L80 cony. conv. . .
I3 | |
|
TTow
| )
window
cond.
i cout ings
&
%
0 cmmatad
N\

storage

u
. Wpeos e, shortw,
diut Ned shortw,
gt | | R Hlin\
O \glus wngrg ]
eeturn (uid exhaust

NN AR L - | Subsumed radiative and
convective energy fluxes

Fig. 1. Building encrgy flowpaths.
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Building Modeling — “RC Approach”

Heat transfer rate

d@
dt =U-A-(Je—1;)
di¥;
@._Z:U.A.(ﬁe_ﬁi)
dv; dt
— ——
Ci K;

Thermal capacity C
C’L P d . A . p . cp

thickness area density spec. heat capacity

Heat transfer coefficient K
1/Kz’e — 1/Kz’ + 1/Ke

dv;
:>Ci‘——Kz‘e‘('l96—’l9i)
dt
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Building Modeling — System States

ol i

X, = room temperature [°C]
T7 — 4 X, .. X, = temperatures of floor/ceiling [°C] *
T~ . L3 g, Xs .. X; = temperatures outer wall layers [°C]
Te '/ o 2 ° . ?3310 Xg .. X,y = temperatures inner wall layers [°C]
os— MW/l | 1] e
* Enhanced model variant:
P 7] two additional layers
e 2
2
1] _
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Building Modeling — Model Overview

Fagade Infiltration, Outer walls, Windows/Blinds
Legend
Rinr
I I Reference areas
/AU, ¢ Us e
i: £ Avin . Heat transfer coefficients
o D Slab / wall coverage (e.g. carpet)
U 2 Avin D . R
{1} Resistances massive walls
S Auwe E] Insulation layers
slab Vhy, Ry, Ry Ry, R,, Uh,, ]  Free cooling resistances
Floor [ Ateo_| R O v [C] infiltration / nat. ventilation
1 InsoW2
Mech. ventilation
P Teo Tew. T Bl Mech.ventilat
o0 1 Reowstoor [ [ windows
R, 4us R, [C] Blinds
......................... Room Mech. ventilation .
Ry o™ 4y u; = control inputs
rmstioor [ ‘6 2 uy—u; mvGe*Ug+ mvG0o'Ug k
Vs + UsVs v; = disturbances
R, R i
- myl) us
R #
R, 4 U, 53 G
[ Y o TN A S Vag/. e o Us o Mech. vent. inlet air temperature
R, ~Ug= U Yo U—u
“ 4 V;+ Vg 1—u;
R g ug+ uy
R 5 nv Uj; mv
InsCeil Ujo+us i; o) "1 / o) V9
Nat. ventilation ug€(9,-vo)C, i C
Ug=u;
Lighting
Ceiling Vs + U3 Vs
Ry - +
W3 A E,
RxW_‘
R Inner walls eta_el Us llluminance room
1/hy,
A
Use of MPC for Building Control swisselectric U G ‘ @ ‘
© electrc 17 ETH.. EMPA®) SIEMENS gruner|>

4. March 2010, ETH Zurich ccem.ch

MeteoSwiss



Building Modeling — System Equations

nu
y = C-x + D,j-u + D,-v + ¥ { Dyy-v-u; }
i=1

nu
dx/dt = A-x + B,-u + B,-v + Y { (Byy:v + By, x)-u; }
i=1

States

X; room temperature [degC]

X..Xg slab temperatures 1...5 [degC]

X7..Xg inner wall temperatures 1...3 [deg(C]
Xi0..X:2 outside wall temperatures 1...3 [degC]

Control inputs

u; Heating power (mv), positive values = heating [W/m?]
u, Cooling power (slab), positive values = cooling [W/mz]
u; Blind position [0: closed ... 1: open] [-]

uy; Free cooling usage factor [0: off ... 1: max] [-]

us Gains electric lighting [W/m?]

us Heating power (slab), positive values = heating [W/m?]
u; Cooling power (air), positive values = cooling [W/mZ]
ug Air change rate mech. vent. with ERC (eps>0) [1/h]

ug Air change rate mech. vent. without ERC [1/h]

uj;y Heating power (radiator), positive values = heating [W/mz]
uj; Air change rate nat. vent. [1/h]

Disturbances

Outside air temperature [degC]
Free cooling temperature [degC]

Vi
V2
V3
Vs
Vs
Ve
vy
Vg
Vg

Solar gains with fully closed blinds [W/mz]

Additional solar gains with open blinds [W/m?]
Daylight illuminance with fully closed blinds [lux]
Additional daylight illuminance with open blinds [lux]
Internal gains persons [W/m?]
Internal gains equipment [W/m?]
Fresh air temperature mech. ventilation [degC]
vio Air change rate infiltration [1/h]

Outputs

Y1
Y2
Y3
Ya
Vs
Vs
Y7

room temperature [degC]
room illuminance [lux]

ceiling surface temperature [degC]
Sum of air change rate mech. vent u8+u9 [1/h]

Total air change rate [1/h]

Inlet temperature overheat (balance <=0 ok) [W/m2]
Inlet temperature overcool, (balance >=0 ok) [W/m2]

Use of MPC for Building Control C  swisselectric
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Controler Assessment— Challenges

* Absolute and comparative performance of
control algorithms varies strongly with
building type, type of HVAC system, comfort
requirements, location etc.

* Multiple assessment criteria:
energy consumption, monetary cost,
various comfort indices

« Relative importance of control: how does the
choice of control strategy compares to
variations in other important key factors?
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Controler Assessment —
Case Study Sites

Zurich

Local Maodel: Grography
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Controler Assessment —
Modeling & Simulation Environment

- Buildi_r]lg Contro_I]!er C
Buildings sp%m ' spe&m ' Controllers
Definitions params params Library

C Location Predicted :
et specif. weather Weather
—> & — data
DB data Pred. DB
B 4 /

' Occu_?.
Occupancy ||| E sp%m '
Datasets | I~ data

Predicted

occup.
data

Occupancy
Predictions

Simulation results

Q D)

Exper. Definition
Simulation

» MoEDSIiPA

Perf. Indices,

Statistics,
Graphics etc.

Use of MPC for Building Control
4. March 2010, ETH Zurich

C

ccem.ch

swisselectric
research

21

MeteoSwiss

SIEMENS gruner>



Controller Assessment — Concept

Information Levels:

1. “perfect world — we know everything”
2. “real world, no weather forecasts”

3. “real world, with weather forecasts”

Improvement of present-day

120

(2} . .
: 1SN control strategies Potential
8 Transition from perfect ot
€ 80 \ P realistic
S models to real world
(72}
T 60 \
3 . (theoretical)
e
i
201
Reference Improved Predictive  Performance
(today’s non- control Bound
practice) predictive
control
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Controler Assessment —
Definition of Simulation Experiments

16 building zone types:

Thermal insulation level Swiss Average, Passive House
Facade orientation SW (corner)

Construction type Heavyweight, Lightweight
Window area fraction 30%, 80 %

Internal gains level low, high

Building System: S01

Sites: 9 European sites

Control Strategies: (see next slide)

Assessment Criterium: Annual total Non-Renewable

Primary Energy (NRPE) usage
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Controler Assessment —
Control Strategies Considered

*RBC, Basic rule based control
* RBC,_,, Advanced rule based control (newly developed)
« MPC-CE MPC-Certainty Equivalent control *)

- PB Performance Bound

n = Narrow thermal comfort range

w = Wide thermal comfort range

*) Using “COSMO-7" weather forecasts by MeteoSwiss, preliminary results.
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Controler Assessment —
“Basic Rule Based Control”

» A solar radiation sensor measures total solar gains on room orientation(s)

* Rule based blinds positioning:

if ( solar gains < threshold value )
blinds are fully opened
else
if (room is not occupied)
blinds are fully closed
else
blinds are closed to a predefined position that attempts
to maintain luminance setpoint (if possible)
end
end

* For all remaining control actions is used instantaneous optimal control
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Results (1) —
Improved Rule Based Control

RBcbas,n = RBCadv,n
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Results (2) —
Potential of Predictive Control
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Results (3) —
Comparison of Control Strategies

West / Wien / Swiss Average / South / Zurich / Swiss Average /
heavy / windows 30% heavy /windows 30%
100 60
80 - 50 1
© © 40 -
T 60 1 S 40
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Controler Assessment —
Simulation Experiments (2)

16 (Swiss Average), resp. 32 (Passive House) building zone types:

Thermal insulation level
Facade orientation
Construction type
Window area fraction
Internal gains level

Building System:
Sites:

Thermal comfort:
Ventilation strategies:
Control Strategies:

Assessment Criterium:

Swiss Average, Passive House
N, S and SE, SW (corner rooms)
Heavyweight, Lightweight

30%, 80 % (Passive House only)

low, high

S02

Zurich, Lugano, Vienna, Marseille

No set-back, wide comfort range
With/without CO,-based control

RBC._,, (FRBC-3), Performance Bound

Annual total Non-Renewable
Primary Energy (NRPE) usage

adv
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Results —
Savings Potential = f(Solar Heat Gains)

Passive House, S2 Swiss Average, S2
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Results —
Comparison of Controller Behaviors
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Transfer to Practice —
Challenges for MPC approach (1)

« Exploitation of theoretical potentials:

— Imperfect disturbances predictions - “Stochastic MPC”
— Estimation of system state

— Robustness (e.g. to modeling errors)
* Prove added value (benefit/cost analysis)
« Commissioning & tuning aspects

 Plausibility / User acceptance
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Transfer to Practice —
Challenges for MPC approach (2)

« Embedding of MPC in existing
Building Automation and Control systems

HIGH-LEVEL CONTROL

predictive control (optimization ) Automation |eve|
e
PREDICTIVEHIGH -LEVEL CONTROL model-based control
I non-critical control
l J l LOW-LEVEL CONTROL
SUB-LEVEL SUB-LEVEL SUB-LEVEL conventionaldosed -loop control :
- B - .
CONTROL 1 CONTROL 2 CONTROLN | conventionalopen -loop confrol Field level
critical control
Legend

L L L I - Manipulated variablesassodated with

high operation costdevices

Manipulated variablesassodated with

low operation costdevices

ROOM/ZONE 1 ROOM/ZONE 2 ROOM/ZONEN .
Controlled variables /
measurementsfor statesestimation
BUILDING
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Transfer to Practice —
General Challenges

» Conservative Industry
 Fragmented Field
* Lowest First Cost
» Lack of Incentives
* Poor Education
* Lack of information
— Performance Projections
— Results from New Buildings
* Linear Designs

Glicksman, L.R. (2009). Transforming the Building Stock: Opportunities and Barriers. Presentation at the Annual Meeting of The Alliance for
Global Sustainability: Urban Futures: the Challenge of Sustainability, 26-29 January 2009, ETH Zurich, Switzerland.
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Conclusions

» Demonstration of significant savings potentials.
« Potentials are highly case and system dependent.

» Benefit of weather predictions varies also
strongly from case to case.

« Appropriate tools and data sets are important for
Investigations on a case-by-case basis.

 MPC results are physically plausible.

« Examination of sophisticated control strategies can
be useful for identifying improved simpler strategies.

« Transfer to practice is challenging.
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