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• “Properly	
  applied	
  o1heshelf	
  or	
  state-­‐of-­‐the-­‐shelf	
  technologies	
  are	
  available	
  to	
  	
  
achieve	
  low-­‐energy	
  buildings.	
  However,	
  these	
  strategies	
  must	
  be	
  applied	
  together	
  
	
  and	
  properly	
  integrated	
  in	
  the	
  design,	
  installa?on,	
  and	
  opera?on	
  to	
  realize	
  
	
  energy	
  savings.	
  There	
  is	
  no	
  single	
  efficiency	
  measure	
  or	
  checklist	
  of	
  measures	
  
	
  to	
  achieve	
  low-­‐energy	
  buildings.”	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  -­‐NEED	
  FOR	
  INTEGRATION	
  OF	
  BEST-­‐In-­‐CLAS	
  COMPONENTS	
  
• “-­‐There	
  was	
  oDen	
  a	
  lack	
  of	
  control	
  soDware	
  or	
  appropriate	
  control	
  logic	
  to	
  allow	
  the	
  
	
  technologies	
  to	
  work	
  well	
  together.	
  	
  
	
  	
  -­‐Design	
  teams	
  were	
  too	
  op?mis?c	
  about	
  the	
  behavior	
  of	
  the	
  occupants	
  and	
  their	
  	
  
	
  	
  	
  acceptance	
  of	
  systems.	
  	
  
	
  	
  -­‐Energy	
  savings	
  from	
  dayligh?ng	
  were	
  substan?al,	
  but	
  were	
  generally	
  less	
  than	
  
	
  	
  	
  expected.	
  	
  
	
  	
  -­‐Plug	
  loads	
  were	
  oDen	
  greater	
  than	
  design	
  predic?ons.	
  	
  
	
  	
  -­‐Effec?ve	
  insula?on	
  values	
  are	
  oDen	
  inflated	
  when	
  comparing	
  the	
  actual	
  building	
  	
  
	
  	
  	
  	
  	
  to	
  the	
  asdesigned	
  building.	
  	
  
	
  	
  -­‐PV	
  systems	
  experienced	
  a	
  range	
  of	
  opera?onal	
  performance	
  degrada?ons.	
  	
  
	
  	
  	
  Common	
  degrada?on	
  sources	
  included	
  snow,	
  inverter	
  faults,	
  shading,	
  and	
  parasi?c	
  	
  
	
  	
  	
  standby	
  losses.	
  “	
  
	
  	
  	
  	
  	
  	
  	
  	
  -­‐NEED	
  INTEGRATED	
  CONTROL	
  SOFTWARE	
  AND	
  UNCERTAINTY	
  ANALYSIS	
  
• Each	
  of	
  these	
  buildings	
  saved	
  energy,	
  with	
  energy	
  	
  use	
  25%	
  to	
  70%	
  lower	
  than	
  code.	
  	
  
Although	
  each	
  building	
  is	
  a	
  good	
  energy	
  performer,	
  addi?onal	
  energy	
  efficiency	
  	
  
and	
  on-­‐site	
  genera?on	
  is	
  required	
  for	
  these	
  buildings	
  to	
  reach	
  DOE’s	
  ZEB	
  goal.	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  -­‐NEED	
  FOR	
  FOR	
  ENERGY	
  EFFICIENT	
  DESIGN	
  BLUEPRINTS	
  
	
  	
  

Current	
  Prac?ce	
  

Lucid	
  Design	
  Group	
  	
  
Building	
  Dashboard	
  

Agilewaves	
  Building	
  	
  
Dashboard	
  



•  AutomaEc	
  control	
  problems:	
  	
  
1) 	
  Given	
  exis?ng	
  systems	
  in	
  a	
  building,	
  keep	
  it	
  opera?ng	
  within	
  comfort	
  range	
  at	
  
minimal	
  energy	
  expenditure.	
  (minimal	
  added	
  cost).	
  

2) 	
  Find	
  op?mum	
  for	
  ROI	
  of	
  sensor	
  addi?on	
  and	
  energy	
  under	
  constraint	
  of	
  comfort.	
  
(op?mal	
  added	
  cost	
  for	
  sensing).	
  

3) 	
  Find	
  	
  op?mum	
  for	
  ROI	
  of	
  equipment	
  replacement/addi?on	
  under	
  constraint	
  of	
  
comfort	
  (op?mal	
  added	
  cost	
  for	
  system).	
  

•  Challenges:	
  
1) 	
  	
  	
  	
  Very	
  large	
  number	
  (1000’s)	
  of	
  states	
  and	
  parameters.	
  
2) 	
  	
  	
  	
  Building	
  is	
  a	
  complex	
  dynamical	
  system	
  with	
  abundant	
  nonlinearity.	
  
3) 	
  	
  	
  	
  Complex	
  physics	
  forced	
  by	
  environment	
  and	
  occupancy.	
  
	
  

•  Trends:	
  
1)  Ubiquitous	
  sensing.	
  
2)  Detailed	
  modeling	
  tools.	
  
3)  New	
  theory	
  tools.	
  
	
  

	
  
	
  
	
  

	
  
	
  

	
  

The	
  Science	
  of	
  It	
  

B.	
  Eisenhower,	
  I.M.,	
  Energy	
  and	
  Buildings,	
  2011	
  	
  	
  

Big	
  Data	
  Dynamics:	
  
5000	
  points	
  at	
  5	
  minutes	
  
intervals!	
  



Sensi?vity	
  Analysis	
  and	
  Uncertainty	
  
Analysis	
  

Energy	
  Visualiza?on	
  and	
  	
  Fault	
  Detec?on	
  
using	
  Koopman	
  Mode	
  Analysis	
  

Whole	
  Building	
  Analysis	
  and	
  Control	
  Methods	
  

Actionable	
  Recommendations,	
  Supervisory	
  Control	
  

	
  
Lower	
  Energy	
  Costs	
  and	
  Improved	
  Comfort	
  

	
   5 

Model	
  Reduc?on	
  and	
  Valida?on	
  

Sensor	
  Inputs	
  

Parameter Type

Heating source           

Cooling source           

AHU                      

Primary mover -Air loop  

Primary mover- Water loop

Terminal unit            

Zone external            

Zone internal            

Zone setpoint            

Sizing parameter         

Output Type

Interior Equipment

Interior Lighting

Fans

Pumps

Cooling

Heating

Facility Electricity

Facility Gas

Whole	
  Building	
  Approach	
  



Jet in Cross-Flow 

Koopman	
  Mode	
  Decomposi?on	
  (IM,	
  2005)	
  

From	
  Rowley	
  et	
  al.	
  Journal	
  of	
  Fluid	
  Mechanics,	
  2009	
  



Koopman Spectra and AFDD 

VAV	
  Damper	
  PosiEons	
   VAV	
  Box	
  Flow	
  

24	
  hour	
  
period	
  	
  
(Typical)	
  

VAV3_06	
  –	
  Low	
  Spectral	
  
Content,	
  Check	
  VAV	
  

VAV3_02,	
  	
  03_06,	
  	
  &	
  3_14	
  stand	
  out	
  at	
  24	
  hr.	
  period	
  	
  

7	
  



Heat Dynamics: Koopman Spectra 



Heat Dynamics: Model Validation 

SENSOR	
  DATA	
  



Koopman	
  Modes	
  and	
  Zoning	
  

M.	
  Georgescu,	
  I.M.,	
  to	
  appear	
  
Energy	
  and	
  Buildings	
  (2014)	
  



Spectral	
  Occupancy	
  Detec?on	
  and	
  Model	
  Error	
  



Commercializa?on:	
  Ecorithm	
  

Manhalan	
  Office	
  Tower	
  –	
  5	
  :	
  1	
  ROI	
   Arizona	
  Financial	
  Service	
  Center	
  –	
  6	
  :	
  1	
  ROI	
  

Hyderabad	
  Office	
  
Complex	
  –	
  	
  
Placing	
  order	
  for	
  	
  
25	
  more	
  buildings,	
  
5	
  million	
  SF	
  

Energy	
  savings	
  =	
  $309K	
  
Ecorithm	
  cost	
  =	
  $62K	
  
MSA	
  for	
  50	
  million	
  SF	
  

Energy	
  savings	
  =	
  $323K	
  
Ecorithm	
  cost	
  =	
  $54K	
  

MSA	
  in	
  progress	
  for	
  50	
  million	
  SF	
  

Impact:	
  extended	
  to	
  all	
  buildings	
  above	
  50K	
  square	
  feet-­‐	
  40	
  million	
  US	
  cars	
  of	
  the	
  road.	
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Conclusions	
  and	
  Timeline	
  

•  The	
  poten?al	
  for	
  high	
  ROI	
  with	
  low	
  CAPEX	
  is	
  there,	
  but	
  
•  We	
  need	
  to	
  ramp	
  up	
  the	
  data	
  collec?on	
  base	
  by	
  developing	
  a	
  “poor	
  man’s	
  BMS”,	
  
•  We	
  need	
  to	
  extend	
  methodology	
  that	
  takes	
  into	
  account	
  complex,	
  Big	
  Data	
  Dynamics.	
  
•  We	
  need	
  to	
  extend	
  self-­‐healing/op?mizing	
  methodology	
  relying	
  on	
  	
  data	
  assimilated	
  models,	
  
•  We	
  need	
  data	
  and	
  protocol	
  standardiza?on	
  and	
  normaliza?on	
  methods	
  
	
  

Incoherent	
  
Data	
  

Op?miza?on	
  

Buildings	
  
&	
  
Por\olios	
  

Smart	
  CiEes,	
  	
  
Internet	
  of	
  
Things	
  

Energy	
  
Grid	
  

Ecorithm	
  
Pla\orm	
  

Timeline	
  to	
  	
  
commercial	
  deployment:	
  
AFDD	
  1	
  year.	
  
Op?miza?on	
  2	
  years.	
  
Supervisory	
  Op?mal	
  Control	
  3	
  years.	
  
Self-­‐healing	
  and	
  op?mizing	
  5-­‐10	
  years	
  
(with	
  substan?al	
  government	
  investment).	
  



A Power Grid Model 

Y. Susuki, T. Hikihara (Kyoto) 
And I.M. (2009) 



Power Grid Stability without Models 

With Y. Susuki (Kyoto University), to appear, IEEE TPS (2013) 



UCSB:	
  SRB	
  

q 	
  Student	
  Resources	
  Building	
  
§ 	
  60	
  kD^2	
  Design	
  
§ 	
  U?lized	
  by	
  students/admin	
  12-­‐13	
  hours	
  
a	
  day	
  
§ 	
  Recent	
  construc?on	
  (2008)	
  LEED	
  Silver	
  
cer?fied	
  
§ 	
  Large	
  thermal	
  mass,	
  natural	
  ven?la?on	
  
§ 	
  Some	
  por?ons	
  are	
  extremely	
  
uncomfortable	
  and	
  retrofits	
  are	
  already	
  a	
  
must!	
  

Michael	
  Georgescu	
  



S	
  

Energy Usage Intensity"

 
 
 

q The	
  SRB	
  uses	
  approximately	
  600,000	
  kWH	
  of	
  electricity	
  each	
  year	
  
q For	
  comparison,	
  an	
  average	
  office	
  building	
  of	
  similar	
  size	
  uses	
  950,000	
  

kWH*	
  
*Based	
  on	
  CBECS	
  average	
  

SRB	
  

q Energy	
  usage	
  intensity	
  is	
  a	
  performance	
  metric	
  that	
  measures	
  
energy	
  usage	
  rela?ve	
  to	
  building	
  area	
  

q It	
  allows	
  buildings	
  of	
  different	
  size	
  to	
  be	
  compared	
  to	
  each	
  other	
  	
  



Tools – Wireless Data"

 

 
VAV
CAV
Fan Coil Unit
Radiant Floor Heating
Air Temperature
None
Outside Air

North

Yellow	
  areas	
  –	
  previously	
  un-­‐sensed	
  
Black	
  areas	
  –	
  wireless	
  sensors	
  added	
  

 
 
 



Unstable auditorium 
temperature	
  

q  Spectral energy of 
auditorium distributed 
across many higher 
frequencies 
q  Summing all high 
frequency modes (chosen 
periods <2.6 hrs) shows 
auditorium has large 
amount of high frequency 
spectral energy compared 
to other rooms served by 
VAV or CAV units  

Floor 1 
Floor 2 

Floor 3 



 
 
 

Conclusions	
  and	
  Ac?ons	
  
	
  

	
  

Case	
  Number	
   ObservaEon	
   ResulEng	
  behavior	
   ResoluEon	
  

1	
  (mul?-­‐
purpose	
  room)	
  

Unusual	
  hea?ng	
  palern	
  in	
  
adjacent	
  rooms	
  

Excessive	
  hea?ng	
  and	
  
cooling	
  

q Will	
  be	
  addressed	
  
during	
  Facili?es’	
  
reprogramming	
  project	
  of	
  
SRB	
  thermostats	
  

2	
  (DSP	
  center)	
   Unusual	
  hea?ng	
  palern	
  in	
  
adjacent	
  rooms	
  

Excessive	
  hea?ng	
  and	
  
cooling	
  

q Will	
  be	
  addressed	
  
during	
  Facili?es’	
  
reprogramming	
  project	
  of	
  
SRB	
  thermostats	
  
	
  

3	
  (CLAS	
  office)	
   Unresponsive	
  hea?ng	
   Excessive	
  hea?ng	
   q 	
  Under	
  observa?on	
  by	
  
Facili?es	
  

4	
  (Computer	
  
lab)	
  

Inadequate	
  cooling	
   Uncomfortable	
  
temperatures	
  

q Under	
  observa?on	
  by	
  
Facili?es	
  

5	
  (AHU)	
   Improper	
  HVAC	
  scheduling	
   Uncomfortable	
  condi?ons	
  
at	
  night	
  

ü 	
  Schedule	
  adjusted	
  

6	
  (Boiler)	
   Excessive	
  boiler	
  opera?on	
   Excessive	
  energy	
  use	
   ü 	
  Schedule	
  adjusted	
  
7	
  (mul?-­‐
purpose	
  room)	
  

HVAC	
  prematurely	
  shut	
  down	
   Uncomfortable	
  condi?ons	
  	
   ü 	
  Schedule	
  adjusted	
  
	
  

SRB Comfort and Energy Study"



Increasing	
  	
  

 
 
 

Standard	
  
Office	
  Building	
  

SRB	
  
(Baseline)	
  

Energy	
  Usage	
  Intensity	
  Comparison	
  

Bottom Line: Energy Usage Intensity"

SRB	
  
(Enhanced)	
  

Standard	
  
Office	
  

*Standard	
  office	
  building	
  based	
  off	
  of	
  2003	
  CBECS	
  building	
  data	
  



Conclusions	
  
	
  
•  A	
  dynamical	
  systems	
  point	
  of	
  view	
  of	
  building	
  

dynamics.	
  
•  Nonlinear	
  spectral	
  methods	
  are	
  useful	
  for	
  

understanding	
  whole	
  building	
  dynamics.	
  
•  Applica?ons	
  for	
  FDD,	
  zoning,	
  model	
  parametriza?on.	
  
•  Approach	
  leads	
  to	
  substan?al	
  measured	
  energy	
  

savings	
  without	
  loss	
  of	
  comfort.	
  
•  Other	
  dynamical	
  systems-­‐based	
  analyses:	
  sensi?vity	
  

and	
  uncertainty	
  analysis,	
  op?miza?on	
  


