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US Energy Information Administration  

Energy	Consump7on	

Interna7onal	Finance	Centre,	Hong	Kong	

Energy Consumption and Enabling Technologies 

Energy	consump=on	in	Europe 
•  40% of total energy use is in buildings 
•  76% of building energy is for comfort 
	

SMART 2020: Enabling the low carbon economy in the information age, The Climate Group, Report, 2008 

Buildings, 
2.4 

Transport, 
2.2 

Power, 2.1 

Industry, 
1.1 

Energy efficiency requirements in building codes, International Energy Agency, Report, 2008 

Enabling Information and Communication Technology 
•  Total energy savings of up to 15% by 2020 
•  Buildings can save 2.4 GtCO2e	
•  Enormous potential for control and optimization 
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How	to	Achieve	Energy	Efficiency?	

Load	

Time	of	the	day	

Load	reduc=on	
Load	

Time	of	the	day	

Load	shiNing	
Load	

Time	of	the	day	

Peak	shaving	

From	a	brown	field	area	to	a	sustainable	city	district	

Stockholm	Royal	Seaport	
•  F	
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From	a	brown	field	area	to	a	sustainable	city	district	

Stockholm	Royal	Seaport	
•  F	

Project	Goals	
•  CO2	emissions	<1.5	tons	per	person	by	2020	(today	4.5)	
•  Fossil	fuel-free	by	2030	

KTH	Live-In	Lab	
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Green	living	Smart	living	

Energy	living	ICT	living	

KTH	Live-in	Lab	

•  270	student	apartments	
•  Reconfigure	apartments	

according	to	research	projects	
•  Extensive	data	gathering	

KTH	Smart	Building	Testbed	
KTH	Campus	
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KTH	Smart	Building	Testbed	

People counter 

Temp/CO2 sensor Mote 

Hea7ng,	Ven7la7on,	and	Air	Condi7oning	

Op=mal	control	problem	
Reduce	energy	use		
		while	keeping	indoor	temperature	and	

	air	quality	within	comfort	range	
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Testbed	Implementa7on	

People counter 

Temperature/CO2  
sensor 

Mote 

Hardware	
•  PLC	integrated	with	exis7ng	

HVAC	SCADA	system	
•  Wireless	sensors	
•  People	counter	
•  Weather	sta7on	
•  Occupancy	schedules		

SoNware	
•  Matlab	and	LabView	interfaces	
•  Data	logging	24/7	
•  Web	server	at	hvac.ee.kth.se	
•  Remote	monitoring	and	control	
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Model 

Parisio	et	al.,	2013	

Model Validation of Low-Order Models 

Parisio	et	al.,	2013	
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Model Validation of High-Order Models 

•  Commercial software for multi-zone 
energy flow dynamic modeling 

•  Thermal comfort simulations  
•  Daylight and solar gains 

IDA-ICE	Building	Performance	Simulator		

Molinario,	2013	

HVAC Control Architecture 

Parisio	et	al.,	2013	

Goal: Minimize energy use while satisfying comfort constraints  
Approach: Scenario-based Model Predictive Control 
•  CO2 MPC generates constraints for temperature MPC 
•  Probabilistic models of occupancy and weather forecasts errors  
•  Learn statistics from building operation to generate scenarios 
•  Air flow and temperature control from scenario-based optimization 
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Scenario-based CO2 MPC 

Parisio	et	al.,	2013	

Scenario-based Temp MPC 

Parisio	et	al.,	2013	
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How to Handle Chance Constraints 

[Calafiore,	2010]	

How to Handle Chance Constraints 

Calafiore	&	Campi,	2006;	Calafiore,	2010	
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Controller Computation 

Schildbach	et	al.,	2013;	Bemporad	et	al.,	2002;	Kvasnica	et	al.,	2004;	Parisio	et	al.,	2013	

Chance-constrained problem approximated with deterministic problem:	

Multi-parametric linear problem with x being vector of parameters 
and w representing S scenarios 
 
Possible to solve off-line using the Multi-Parametric Toolbox  
 
Leads to a piecewise affine state-feedback control law:	

Evaluations on HVAC Testbed 
(Exis7ng	controller)	

Parisio	et	al.,	2013	
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Evaluations on HVAC Testbed 
Scenario-based	MPC	(SMPC)	vs	exis7ng	controller	(AHC)	

Parisio	et	al.,	2013	

Occupancy Estimation 

Es7mate	occupancy	using	only	available	measurements	
–  No	addi7onal	sensors	or	other	hardware	
–  No	a	priori	knowledge	of	physical	parameters	
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Blind Identification Problem 

y(t) = [g
y

⇤ y](t) + [g
v

⇤ v](t) + [g
o

⇤ o](t) + e(t)

Measurements are CO2 level y and HVAC actuation v

Approach

2. Estimate best scaling factor ↵ with g̃

o

= ↵

�1
g
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and õ = ↵o

1. Estimate impulse responses g
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Assumptions

• |o(t)� o(t� 1)|  �

max

for known �

max

• o(t)� o(t� 1) is sparse

Ebadat	et	al.,	2015	
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and õ = ↵o

1. Estimate impulse responses g

y

, g

v

, g

o

and occupancy o

• Maximum likelihood identification of

parametric first-order model

y(t) = ay(t� 1) + b

v

v(t� 1) + b

o

o(t� 1) + e(t)

• Marginal likelihood maximization using

expectation maximization

ˆ✓ = argmax

✓
log p(y; ✓)

✓ = distributions parameters and o

Ebadat	et	al.,	2015	
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Ebadat	et	al.,	2015	

Experimental Results 

Parametric	approach	

O
cc
up

an
cy
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up
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cy
		

Time	

Non-parametric	approach	

•  Good	detec7on	of	occupa7on	intervals	
•  Inaccurate	es7mates	for	short-term	occupancy	

Ebadat	et	al.,	2015	
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Comparison with Other Approaches 

Ebadat	et	al.,	2013	

Parametric	

Non-	
parametric	

Support	
Vector	Machine	

Neural	
Network	

Conclusions	
•  Buildings	are	large	energy	consumers	and	buffers	
–  Poten7al	for	more	flexible	use	of	energy	

•  New	scenario-based	MPC	for	HVAC	systems	
–  Op7mizes	air	flow	and	temperature	
–  U7lizes	occupancy	and	weather	informa7on	

•  Testbed	evalua=ons	
–  Integra7on	with	people	behavior	at	individual	and	social	scale	

people.kth.se/~kallej	
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