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Project Purpose and Objective 
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1. Understand the significance of human dimension 
in the building life cycle 

• Technologies alone not necessarily guarantee low 
energy use in buildings. 

• Human behavior plays an essential role in building 
design and operation, but it is not well understood and 
usually over-simplified or ignored! 

2. Develop new methods and tools to quantitatively 
represent and model energy related human 
behavior in buildings 

3. Organize workshops on human behavior to bridge 
academic research and industry needs 

4. Lead and contribute to IEA EBC Annex 66 
5. Understand the relation between the Design and 

Operational energy standards of buildings 
6. Support development of a design standard for very 

low energy buildings 
 

2008 NBI Study of LEED NC certified buildings 



Progress and Accomplishments 
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Target Outcomes % Complete 

Behavior software completed and available for download 50% 

Modified EnergyPlus to integrate the behavior software 60% 

A technical report to support the development of the China design 
standard for very low energy buildings 80% 

Application guide for the China building energy consumption standard 80% 

Public workshop, inviting MoHURD, 5 Universities, and IAB partners 

Scheduled on Aug. 
28 with 45 

participants 

Roadmap with timeline for code adoption/influence 30% 



IEA EBC Annex 66 
Definition and Simulation of Occupant Behavior in Buildings 

• Jointly led by 
• Dr. Da Yan, Tsinghua University, China 

• Dr. Tianzhen Hong, LBNL, USA 

• Participants 
• 60+ institutions, 90+ individuals 

• 22 countries 

• ASHRAE 

• Web site: annex66.org 

• Preparation Phase 
• Started in November 2013 

• First meeting in Hong Kong, March 2014 

• Second meeting in UK, August 2014 

• Working Phase 
• To start in November 2014 

• Continue for 3 years 

 

 



Outreach and Collaboration 
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• Human behavior seminars and workshops 
• ASHRAE Conference, Seattle, June 2014 
• IBPSA-SF, Oakland, June 2014 
• Behavior Workshop at LBNL, August 28, 2014 
• Building Energy Efficiency Workshop at Tsinghua, October 16, 2014 

• Publication in journal articles 
• Four published 
• Three submitted 
• Three under preparation 

• Collaboration with China counterparts 
• Three exchanged graduate students and one faculty from Tsinghua University 
• Weekly conference calls 

• Collaboration with industry partners 
• Quarterly conference calls 
• Routine emails 



Key Year 4 Technical Achievement 
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1. Use data mining methods to analyze two datasets 
• Behavior of windows opening/closing and occupancy in two-person office spaces 
• Room temperature profiles and heating system operation in affordable housing 

2. Continue development of the behavioral tools 
• The behavior representation framework 
• The behavior software module 
• Integration with EnergyPlus and DeST 

3. Comparative study of the two building energy standards in China 
• Survey and compile actual building operation practice 
• Compare simulated EUI of the design standard using ideal and actual building 

operation and management 
• Recommend realistic building operations for the design standard and code 

compliance 
4. Lead the IEA EBC Annex 66  

• One-year Preparation Phase to complete in October 2014 
• Three-year Working Phase to start in November 2014 
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Data Mining Methods 

• decision trees  
• neural networks 
• k-nearest neighbours 

• partitional  
     (K-means) 
• hierarchical 
• density-based 
     (DBSCAN)  

• Frequent pattern growth  
      (FP-growth algorithm) 

 Support 
 Confidence 

Predictive Descriptive 

Classification Clustering 

Association 
Rules 

√ √ 



Data Mining – Windows Opening/Closing 

• Bank office building, heating dominant climate 
• 16 offices of a natural ventilated building 
• 5-minute interval data over two complete years 
• measured indoor and outdoor physical parameters 
• measured behavior and energy use 

Outdoor  Indoor  Behavior and Energy Use 

Solar radiation [W/m2] 
Rain – amount [l/m2] 
Rain – event [yes/no] 
Light intensity– horizontal [lx] 
Light intensity - South [lx] 
Light intensity - East [lx] 
Light intensity - North [lx] 
Light intensity - West [lx] 
Outdoor temperature [°C] 
Wind – velocity [m/s] 
Wind – direction [°] 
CO2 content in air [ppm] 
Outdoor humidity [%rH] 

Room air temperature [°C] 
 Surface temperature [°C] 
Ceiling slab temperature [°C] 
CO2 concentration [ppm] 

  
  
  

Occupancy [0/1]* 
Window contact [0/1 ; Reed contacts]* 
Top light control [0/1 ; Reed contacts]* 
Sun protection [% of closure: 0% = 
open to 100% = closed] 
Electricity consumption [kWh] 

  
  



Data Mining – Heating in Affordable Housing 

【LV】 

【LS】 

【MS】 

【MV】 

【HS】 

【HV】 

 Room Temperature Clusters (k=6) 



The Behavior Framework - DNAs 



The Behavior Schema - obXML 
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Potential applications of the 
framework and schema: 

1. Building energy modeling 
• Improve evaluation of 

building technologies and 
designs 

• Better predict actual energy 
use in buildings 

2. Energy policy 
• Energy benchmarking and 

performance rating 
• Codes and standards 
• Incentive programs 

3. Long term can be part of BIM 



The Behavior Software Module 



Design Standard for Energy Efficiency of 
Public Buildings, GB 50189 

1. History: First version in 2005, Revised in 2013 

2. Coverage 
• New public buildings, including office, hotel, school, 

hospital, retail, etc. 
• Efficiency requirements, including envelope, chillers, 

boilers, fans, lighting, energy distribution system (pump)  
3. Similar to ASHRAE 90.1 
4. Compliance methods: prescriptive, envelope trade-off 

5. Main updates: 
• Site energy savings of 20-23%  
• More stringent requirements of building envelope 
• Increased efficiency of air-conditioning systems 
• Details of building envelope trade-off procedure 
• New sections: water supply and drainage, electric, 

renewable energy application, etc. 
 



Standard for Energy Consumption of Buildings 
• First edition in 2014 
• Similar to EnergyStar 
• For existing buildings: public buildings and 

residential buildings 

• Energy consumption requirements cover: 
residential energy use, space heating energy use in 
Northern China, and public buildings energy use 
excluding space heating in Northern China 

• Define two EUI indicators 
• Regulated EUIs that most buildings must meet 
• Targeting EUIs for promoting energy efficiency 

management, operation, and retrofits 
 



Energy Consumption Standard – Public Buildings 

Comprehensive EUI indicators for public buildings 

Climate regions 
−Cold – Beijing 

 
−Hot summer and 
cold winter – 
Shanghai 

 
−Hot summer and 
warm winter – 
Guangzhou 

 
 
 
 

Building functions 
− Office 

− Government office 
− Commercial office 

− Hotel 
− Three star and below  
− Four star  
− Five star 

− Retail 
− Store 
− Shopping center 
− Supermarket  
− Restaurant 
− General Retail 

Building classes 
−Class A：
Decentralized control，
low energy 
consumption  

 
−Class B：
Centralized control, 
high energy 
consumption 

 
 
 
 

Indicator types 
−Regulated 
indicator 

 
 

−Targeting 
indicator 

 
 
 
 
 
 
 



Regulated and Targeting EUIs for  
Public Buildings, Class A 
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Class A - Regulated indicator 

Class A - Targeting indicator 

Government 
office 

Commercial 
office 

Three star and 
below 

Four star Five star General Retail Store Shopping 
center 

Supermarket Restaurant 

Cold region  Hot summer and 
cold winter region 

Hot summer and 
warm winter region 

Government 
office 

Three star and 
below 

Four star Five star General Retail Store Shopping 
center 

Supermarket Restaurant 

Cold region Hot summer and 
cold winter region 

Hot summer and 
warm winter region  

Commercial 
office 



EUI Indicators for Public buildings 

• The EUI indicator includes energy use of air-conditioning, ventilation, 
lighting, plug loads and hot water, etc. 

• Other types of energy sources should be converted to electricity 
• Normalization by occupant density and operation hours: 

• Default operation hours: 2500 hours per year for offices 
• Default occupant density: 10 m2/person for offices 

 



Study the relation between the two Standards 

1. Consistency between the two Standards 
2. Demonstrate the rationality of the EUI indicators 

• The indicators are based on actual energy consumption 
• Use simulation to calculate the EUI of the design standard with prescribed 

efficiency levels and rational operation and occupant behavior 
• Compare the simulated EUI of the Design Standard with the regulated and 

targeting indicators of the Consumption Standard 
3. Ways to obtain rational operation and occupant behavior 

• Questionnaire  
• Site investigation 
• Quantitative analysis 

4. Provide a set of rational inputs, including space use, occupant behavior 
and building operation, for energy simulations including code compliance 
with the Design Standard 
 



Simulation result - Beijing 

1. Design energy is much higher than EUI indicators 
• Inputs deviate from actual conditions    

2. Simulated energy of typical model is between regulated and targeting indicators 
• Most buildings can meet regulated indicators 
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Estimated CO2 / Energy Savings 
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• U.S. residential buildings, estimated by 
http://www.opower.com/beepotential/#us 
• Annual Energy Savings of 18,677 GWhs  
• Annual CO2 reduction of 10,200,007 tons 

 
• U.S. commercial buildings 

• Annual Energy Savings of 1.8 Quads (527,528 GWhs) 
• Estimation based on 10% energy savings of the commercial building stocks 

consuming 18.11 Quads, 2013 Buildings Energy Data Book  
 

   
10,200,007 

http://www.opower.com/beepotential/#us


Schedule of Year 4 Completion 
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Tasks Subtasks 2014 
Q1 Q2 Q3 Q4 

Task 1 - Human Behavior 

Subtask 1.1 – Develop mathematical models for 
the human behavior     

 X 
 

Subtask 1.2 – Integration of behavior tools with 
EnergyPlus and DeST     

 X 
 

X 

Subtask 1.3 – Support management of and 
contribution to Annex 66  X 

  
 X 

Subtask 1.4 – Public workshops X 
 

X 

Task 2 - Standards 

Subtask 2.1 – Support for the development of 
China Design Standard for Very Low Energy and 
Very Low Cost Buildings        

X 

Subtask 2.2 – Evaluation of China standard for 
Energy Consumption of Buildings    

  
 

 X 



Issues/Risks and Abatement Plan  
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1. Behavior study 
• Behavior data are hard to collect in the U.S. 
• Concern about privacy in sharing behavior data 
• More communication and NDAs 
• Tsinghua has collected significant amount of data! 

2. Design Standard for Very Low Energy Buildings 
• Slow progress due to available resources of the China side 



Appendix 
Concept Proposal for Project Continuation 
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Proposed Objective and Tasks for Year 5 

1. Application of the behavioral tools  

• Integration with commercial software by collaborating with industry partners 

• Case studies (technology adoption, robust design) 

• Public workshops (one in the U.S. and one in China) and seminars 

• Feedback to BTO programs: ET, CBI, RBI, pTool 

2. Develop a behavior guide for architects, engineers, occupants, and building operators 

• Input and feedback from stakeholder workshops 

3. Support the development of China Design Standard for Very Low Energy Buildings 

• Build upon the developed outline in Year 4 

4. Continue to lead and contribute to Annex 66 

• Support the Operating Agents role 

• Host the first meeting in Working Phase at LBNL, Spring 2015 

• Technical contribution, leveraging on national and international resources of behavior research 

5. Final report, summarizing the research done and outcomes achieved in the 5-year projects 



Appendix 
Budget for Year 5 
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Requested DOE Fund 
$280k 

Expected Cost-Share from Industry Partners 
$300k+ 

Available Resources from the China Side  
$TBD  

Leverage on IEA EBC Annex 66 
Total estimated effort at 120+ person-year 



Appendix 
Project Plan and Schedule for Year 5 
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Tasks Subtasks 
2015 

Q1 Q2 Q3 Q4 

Task 1 - Human Behavior 

Subtask 1.1 – Application of the behavioral tools         

Subtask 1.2 – Development of the behavior guide 
      

  

Subtask 1.3 – Support management of and contribution to 
the Annex 66       

  

Subtask 1.4 – Public workshops 
  

    

Task 2 - Standards Support for the development of China Design Standard for 
Very Low Energy and Very Low Cost Buildings        

  

Task 3 - Final Report Write the final report summarizing the research done and 
outcomes achieved in the 5-year projects 
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• Purpose and Objective 
• Progress and accomplishments on Year 4 Milestones, Target Outcomes 
• Key Year 4 Technical Achievement 
• Estimated CO2/Energy savings with calculations 

• Schedule of completion for remaining (unmodified) Year 4 Milestones and 
Target Outcomes, percentage of cumulative unspent DOE funds 

• Issues/risks and abatement plans 
• Appendix (1 slide each) 

• Concept Proposal for Project Continuation - include budget, outcomes, 
(U.S.) benefits 

• Annual U.S. and China (estimated) project budget, spending, and cost-
share by source (past, current, planned) 

• Project plan and schedule (Qtly) 
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Proposed Outline 



Complexity of Human Behavior in Buildings 

IFMA 2009 HVAC Survey of IFMA members in US and 
Canada with 452 responses from 3357 samples 

• Stochastic  
• Multi-disciplinary 
• Various driving factors: 

– Individual: culture, lifestyle, 
habit, environmental 
awareness 

– Temporal: time of the day, 
day of the year 

– Spatial: office, home,… 
– Indoor and outdoor 

environmental conditions 

• Very limited data to help us 
understand 
 

Steps Taken by Building Operators to Address Thermal Complaints 



EUI Indicators for Public Buildings, Class B 
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Questionnaire and site investigations 

• Questionnaires for 171 occupants 
• Working hours in office 
• Use of energy systems 

• Use habits of air conditioning 
• Comfort temperature settings 
• Opening/closing window 
• Switching lights 
• Use of computers 
• Etc. 

 



Questionnaire for managers 

• Questionnaires for 55 managers 
• Overall information of building 
• Operation during Holidays  
• Operation during overtime 
• Window controls 
• Lighting controls 
• Etc. 



Questionnaire for operators 

• Questionnaires for 55 operators 

• Air-conditioning equipment 

– Capacity and number of chillers, pumps, 

towers, outdoor air units 

– Control strategy of chillers 

– Load balancing of pumps, towers and 

chillers 

– Control strategy of outdoor air units 

– Etc. 
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