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Human Behavior, Standards and Tools to Improve 

Building Design and Operations 
Joint Project 

Research Objective 

The primary goal of this project is to gain a deep understanding of energy-related occupant behavior in buildings. 
Technologies alone do not guarantee low energy use in buildings. Human behavior plays an essential role in 
building design and operation, influencing overall energy consumption. However, case studies and data are needed 
to understand the effect of human behavior on building energy efficiency. This project aims to collect human-
building interaction data, standardize the description of human energy-related behavior, and then integrate 
behavior models into whole-building performance simulation tools. This project also provides the technical support 
to develop and evaluate two building energy 
standards in China, namely, the Standard for 
Energy Consumption of Buildings, and the Design 
Standard for Very Low Energy Buildings. This 
research will pave the way for large scale adoption 
of low energy buildings in the U.S. and China. 
Additionally, this project makes a technical 
contribution and provides leadership to the IEA 
EBC Annex 66: Definition and simulation of 
occupant behavior in buildings. 

Technical Approach 

 Investigate the operations of building energy 
and services systems through behavior-
related data collection 

 Understand human behavior through data 
analytics, data mining, and modeling 

 Improve the building performance by 
applying behavioral solutions 

 Review the related standards in China, the 
U.S. and Europe for the definition of Very 
Low Energy Buildings and the technical 
pathway for the realization 

 Simulate building performance under the 
realistic conditions of building operation, 
maintenance, and human behavior to guide 
the application of the design and operational 
energy standards in China 

 

 

 

 

Figure 1. The Human Energy Behavior Loop in Buildings. 

Figure 2. Significance of human behavior in buildings. 

U.S. Research Team Lead 
 Tianzhen Hong, Lawrence Berkeley National 

Laboratory  

U.S. Partners 
 Lawrence Berkeley National Laboratory 

 Bentley Systems 

China Research Team Lead 
 Da Yan, Tsinghua University 

China Partners 
 Tsinghua University 

 Yanke, Swire Properties 
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Recent Progress  

 Used data mining methods to identify and analyze behavior patterns of windows opening/closing and 
occupancy in an office building, and the performance of space heating systems in affordable housing 

 Continued to develop the occupant behavior framework 

 Continued to develop the behavior software tool 

 Successfully organized the second behavior workshop on August 28, 2014 at LBNL, featuring 12 presentations 
and 45 participants from 12 universities, 6 companies, and IAB members 

 Attended and presented at the Annex 66 preparation meetings in Hong Kong and U.K.  

 Organized a behavior seminar at ASHRAE Summer Conference in Seattle 

 Oversaw the progress of Annex 66 into the working phase 

 Completed reviews on the definition of Very Low Energy Buildings and continued to review technical 
measures for VLEBs 

 Proposed a model on building operation practice and occupant behavior from survey data in China 

 Completed the application guide for the China building energy consumption standard 

 Published four journal articles, submitted three journal articles which are currently under review, and 
prepared three new journal articles for submission 

 

  
Figure 3. Different models of operation and behavior: 

surveys vs. defaults used in China Design Standard of 

Energy Efficiency of Public Buildings. 

Figure 4. Performance of low energy buildings in different 

standards in the U.S. 

Expected Outcomes 

 Complete the behavior software, with availability to download - a joint deliverable 

 Modify EnergyPlus, integrating the behavior software – a U.S. deliverable 

 Provide a technical report supporting the development of the China design standard for very low energy 
buildings- Chinese researchers are developing the standard with inputs from U.S. researchers 

 Provide an application guide for China building energy consumption standards - a joint deliverable 

 Conduct public workshops, inviting MoHURD, 5 Universities, and IAB partners - a joint deliverable 

 Furnish a roadmap with timeline for code adoption and impacts - a joint deliverable 
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Advanced Window Technologies 
Building Envelope 

Joint Project 

Research Objective 

The primary objectives of this project are the following: 

 Identify and develop the methods needed to 
characterize, compare, and evaluate the energy use and 
comfort performance of advanced window and shading 
technologies 

 Identify, develop, and evaluate the window and shading 
technologies needed to attain energy efficiency goals for 
residential and commercial buildings in a diverse set of 
climates in the United States and China 

Technical Approach  

 Define and share the current methods for characterizing 
and modeling the energy efficiency performance of 
window systems  

 Use simulation tools, laboratory and full-scale field tests, 
and demonstrations in occupied buildings to quantify 
and improve the energy efficiency, comfort, and indoor 
environmental quality impacts of advanced emerging 
technologies 

 Promote the use of identified energy-efficient solutions 
through application and technical guidelines 

Recent Progress  

 Supported controls research and development through 
physical testing of pre-commercial dynamic fenestration 
systems in the LBNL Advanced Windows Testbed (Figure 
1).  Evaluated Sage Electrochromics and Lutron open-loop control systems that automatically actuate 
switchable window coatings or automated roller shades, respectively, in response to incident daylight levels 
and solar position.  Both control systems were found to adequately control discomfort glare due to bright sky 
conditions over the summer solstice to equinox period; however, daylight illuminance levels were low, 
resulting in less lighting energy savings than optimal (Figure 2).  Field testing enabled industry partners to fine 
tune control settings in a highly instrumented facility, then study the tradeoffs between the two competing 
performance metrics in preparation for potential application at demonstration sites in China 

 Explored the integration of dynamic fenestration technologies within the whole building, microgrid, and grid 
context to determine if demand-supply side control strategies can improve cost-effectiveness and 

 

Building Energy Efficiency Consortium  
 

U.S. Research Team Lead 
 Eleanor Lee, Lawrence Berkeley National Laboratory  

U.S. Partners 
 Lutron Electronics 

 Sage Electrochromics 

 3M  

 

China Research Team Lead 
 LI Zhengrong, Tongji University 

China Partners 
 Tongji University 

 Saint-Gobain Research Shanghai 

 

 

 Figure 1. Installation of Sage electrochromic windows 

(righthand windows in the photo) in the LBNL 

Advanced Windows Testbed.   
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applicability in U.S. and China markets.  
Developed software to generate a seven-day-
ahead schedule for controlling the dynamic 
fenestration and distributed energy sources 
(photovoltaics, electrical storage) to minimize 
energy cost or carbon emissions.  Initiated 
implementation in the LBNL Advanced Windows 
Testbed to evaluate real-time feasibility.  
Discussed potential demonstration in the new 
Zhuhai Singye Green Building Technology 
building with the developers 

 Evaluated energy use and human factor impacts 
of switchable electrochromic windows in two 
side-by-side conference rooms in the new west 
wing of the Saint-Gobain Research Center in 
Shanghai (Figure 3).  Results from the summer 
subjective survey were consistent with LBNL 
measured data in the Advanced Windows 
Testbed: glare was controlled but indoor 
illuminance levels were found to be low 
compared to conventional shaded windows 
when occupants performed office-type tasks 
(e.g., paper- and computer-based tasks).  Surveys 
will be re-issued during equinox and winter 
solstice conditions to obtain a comprehensive 
evaluation of occupant comfort and satisfaction with the advanced window technology  

Expected Outcomes 

 Improved prototype emerging technologies based on quantitative feedback from laboratory and field studies 
in collaboration with industry 

 Increased confidence of suppliers and the architectural-engineering community in specifying the investigated 
emerging technologies in the United States and China based on more accurate, validated simulation tools at 
the early stages of design and third-party measured data of the technology in real buildings. Accelerated 
market adoption of low-energy facade technologies 

Figure 2. Comparison of view and illuminance levels (left images) 

and field-of-view luminance (right falsecolor maps) in two test 

rooms with a white roller shade (top row) in one room and a black 

roller shade (bottom row) in the other (July 22, 4 PM).  Outdoor 

views were better and glare was lower with the dark-colored shade 

but daylight levels were lower compared to an unshaded window.   

Control settings could be better tuned to raise the shade to admit 

daylight within glare constraints. 

   
Figure 3.  The performance of low-emittance windows with manually operated roller shades (left) are being compared to automated 

switchable electrochromic windows (right) in the Saint-Gobain Research Shanghai building.  Each of the three rows of 

electrochromic windows are switched independently according to daylight availability and the position of the sun.  The windows can 

be opened manually for ventilation.   
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Materials that Improve the Cost-Effectiveness of 

Air Barrier Systems 

Building Envelope  

Joint Project 

Research Objective 

This project seeks to develop technologies that will improve the cost-effectiveness of air barrier systems by 
reducing their installation time and enhancing their performance.  These technologies will be applicable to 
residential and commercial buildings, as well as to new and existing construction in the U.S. and China. 

Technical Approach 

Dow Chemical and ORNL 

Develop a sprayable liquid flashing that: 

 Serves as an air and liquid water sealant 

 Seals gaps that are up to ¼” wide without a supporting material 

 Adheres to most construction materials 

 Reduces the amount of time it takes to seal gaps around 
penetrations through the air barrier system by up to 75% 

 Decreases the exposure of workers to volatile organic compounds 
(VOCs) given its water-based formulation 

3M and ORNL 

Develop a primer-less self-adhered membrane that: 

 Serves as the air, liquid water, and water vapor barrier 

 Adheres to most construction materials without a primer 

 Reduces the installation time of the air barrier system by up to 
50% when compared to membranes that require priming 

 Decreases the exposure of workers to VOCs because solvent-based 
primers are not needed 

ORNL 

 Develop and execute a durability test protocol to evaluate the 
performance of the new technologies 

 

 

 

Building Energy Efficiency Consortium  
 

U.S. Research Team Lead 
 Diana Hun, Oak Ridge National Laboratory  

U.S. Partners 
 Oak Ridge National Laboratory 

 Dow Chemical 

 3M 

 

China Research Team Lead 
 Zhen Yu, China Academy of Building Research 

 Yuan Xiang, China Building Standard Design and Research 

Institute 

China Partners 
 China Academy of Building Research 

 Jilin Kelong Building Energy Technology 

 

Figure 1. The sprayable liquid flashing 

can be applied with a regular professional 

paint sprayer, roller or brush. 

Figure 2. The primer-less self-adhered 

membrane can be installed on most 

construction materials without a primer. 
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Recent Progress 

ORNL 

 Finished the durability test protocol, which consists of a series of standardized tests that evaluate air and 
water penetration through the developed technologies before and after these have been aged due to 
exposure to wind pressure and thermal cycles.  The sequence of standardized tests is:  ASTM E283-04 (2012), 
ASTM E331-00 (2009), ASTM 1424-91 (2008), ASTM E2357-11, AAMA 501.5-07, and ASTM E2268-04 (2011) 

 Completed setting up ORNL’s heat, air and moisture penetration chamber so it can execute the durability test 
protocol 

Dow Chemical and ORNL 

 Conducted the durability test protocol on two 8’10’ test walls where the substrates were THERMAX and 
DensGlass sheathings.  After the wind pressure and thermal cycling, both of the walls had air leakage rates 
that were lower than the required 0.2 L/(s∙m2) at 75 Pa 

 Installed the liquid flashing in demonstration buildings in the U.S. and at the China Academy of Building 
Research in Beijing 

 Dow was awarded the patent US20130042961A1 for the sprayable liquid flashing technology 

 In February 2014, launched the residential version of the liquid flashing in the U.S. as LIQUIDARMOR – RS 

 In September 2014, introduced the commercial version of the liquid flashing in the U.S. as LIQUIDARMOR – 
CM 

 

 

 

 

3M and ORNL 

 Installed the primer-less self-adhered 
membrane in several demonstration buildings 
in the U.S. and at the China Academy of 
Building Research in Beijing 

 ORNL and 3M were successful in securing 
funds from DOE’s 2014 Emerging Technologies 
/ Commercial Building Integration Lab Call in 
order to continue conducting research on air 
barrier technologies 

Expected Outcomes 

 The development of two technologies that will 
contribute to the reduction of infiltration through the building envelope and its related energy penalties 

 The two new technologies will reduce the amount of time and labor it takes to install air barrier systems 

 Energy savings estimates in the US and China due to the implementation of the newly developed 
technologies 

  

Figure 3. Test wall with liquid flashing 

sealing the gaps around penetrations and 

joints between THERMAX boards. 

Figure 5. Demonstration buildings with the primer-less self-

adhered membrane on DensGlass and concrete masonry blocks. 

Figure 4. Demonstration building with liquid flashing sealing the gaps around 

penetrations and joints between THERMAX boards. 
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Cool Roofs & Urban Heat Islands 
Building Envelope 

Joint Project 

Research Objective 

This project will quantify the potential energy and environmental 
benefits of cool roofs in China—especially carbon reduction—and 
help develop the infrastructure (including policies and rating 
systems) needed to promote the appropriate use of cool roofs. It 
will also develop stay-clean white roofing products for the China 
and U.S. markets. 

Technical Approach  

This project will investigate how cool roof technology may best be 
adapted to Chinese climates, urban design, and building practices. 
In particular, the research team will accomplish the following:  

 Understand through technical exchange the state of the art 
of materials, measurement techniques, and energy efficiency 
standards for cool roofs 

 Quantify for Chinese climates, urban design, and building 
practices the benefits of cool roofs, such as energy savings, 
greenhouse gas reductions, and urban cooling 

 Assess for Chinese climates, urban design, and building 
practices the advantages and disadvantages of cool roofs 
when compared to traditional roofs 

 Initiate the infrastructure needed to promote the 
appropriate use of cool roofs in China 

 Design (and possibly initiate) a large-scale cool roof/cool 
pavement demonstration project in China 

 Develop superhydrophobic white roof coatings with 
improved durability and long-term solar reflectance 

Recent Progress  

 In July 2014, CU and LBNL began a year-long 
black/white/garden roof experiment in Chongqing measuring 
temperature reductions and energy savings from replacing a 
black roof with a white roof or a garden roof (Figure 1) 

 

 

 

Building Energy Efficiency Consortium  

U.S. Research Team Lead 
 Ronnen Levinson, Lawrence Berkeley National 

Laboratory (LBNL) 

U.S. Partners 
 Oak Ridge National Laboratory (ORNL) 

 Dow Chemical Company 

China Research Team Lead 
 GAO Yafeng, Chongqing University (CU) 

China Partners 
 Guangdong Provincial Academy of Building Research (GPABR) 

 MoHURD Research Institute of Standards & Norms (RISN) 

 Chinese Academy of Science (CAS) 

 China Icepower Energy Technology Co., Ltd 

 

Figure 1. Black/white/garden roof experiment in 

Chongqing is measuring temperature reductions 

and energy savings. 

Figure 2. Nine Chinese building research 

institutes and five roofing manufacturers will test 

cool roofing product performance at these ten 

sites across China. 
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 In September 2014, RISN, LBNL, GPABR, eight other Chinese building research institutes, and five roofing 
manufacturers (three Chinese, two multinational) initiated a 10-site roofing product exposure experiment 
that will form the basis of a Chinese roof rating program 
(Figure 2) 

 LBNL, CU, and GPABR updated and published in the peer-
reviewed journal Energy Policy the first comprehensive study 
of cool roof policy and performance in China. The study, 
released in August 2014, found that cool roofs conserve 
energy, save money, and reduce emissions in all Chinese 
climates with hot summers 

 In May 2014, LBNL hosted a visiting scholar from the Chinese 
Academy of Sciences to model jointly heat island mitigation in 
Guangzhou, China (Figure 3) 

 Dow, ORNL and LBNL have performed a comprehensive study 
of the dispersability of low concentrations of 
superhydrophobic silica powders in pigmented acrylic roof 
coatings 

 High degree of silica particle dispersion was achieved in the modified coatings using acrylic dispersants and 
high shear mixing (Figure 4) 

 LBNL built an apparatus to evaluate self cleaning behavior (Figure 5) 

 Initial testing of the superhydrophobic modified acrylic roof coatings demonstrate improved dirt resistance 
but lower elongation and water resistance in comparison with conventional coatings 

 In January 2014, a paper describing the ORNL developed superhydrophobic diatomaceous earth anti-soiling 
coatings was published in the peer reviewed journal Applied Surface Sciences 

Expected Outcomes 

 Climate-specific quantification and demonstration of the potential benefits of cool roofs in China, including 
energy savings, cost savings, and emission reductions 

 A model code for cool roof incentives/requirements for local and/or national building energy efficiency 
standards and greenhouse gas reduction plans in China 

 A program to rate the performance of cool roofing products in China 

 A large-scale cool roof/cool pavement project in China demonstrating both building energy savings and 
summer urban heat island mitigation 

 Development of environmentally friendly, water-based 
superhydrophobic and anti-biofouling cool roof coatings 
that will be tested on commercial building roofs both in 
the United States and China 

 

 

 

Figure 3. During a heat wave, cool roofs could 

lower outdoor air temperatures in Guangzhou, 

China by up to 1.5 °C. 

 
Figure 4. SEM images showing a conventional acrylic coating (left 

image) and a latex based anti-soiling coating containing embedded 

superhydrophobic Celtix silica particles (right image).  

 
Figure 5. To test the superhydrophobic coating, 

LBNL built an apparatus that measures the ability 

of a surface to repel water, and can video the 

removal of surface contaminants. 
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Building Natural Ventilation and Cooling 

Technology Research 
Building Envelope  
Joint Project 

Research Objective 

This project will determine the potential of natural ventilation to provide comfortable conditions and reduce or 
eliminate the need for air conditioning over the important climatic zones in China and the United States. 
Implementing this technology in China, the United States, and other countries, and developing design tools that can 
be used in new or retrofit designs, will promote the widespread application of this technology for energy efficiency 
and improved indoor climatic conditions. For the 
optimum operation and control of these buildings, this 
project will propose design guidelines and efficient 
control algorithms for naturally and mechanically 
ventilated buildings. 

Technical Approach 

 Conduct a survey of natural ventilation in the 
United States and China and consider adaptable 
ventilation techniques—this will identify 
methods and systems of cooling by ventilation 
that are effective in different climate zones 

 Use an enhanced edition of Massachusetts 
Institute of Technology (MIT) design programs, 
which use multi-node solutions that include 
transient thermal mass heat transfer, as well as 
wind-, buoyancy-, and mechanical-driven flows, 
to define and analyze ventilation strategies in demonstration buildings in the United States and China 

 Use MIT design tools and commercially available Computational Fluid Dynamics (CFD) software to aid in the 
design of the ventilation strategy in the the 2nd Zhuhai Singyes Renewable Energy Industrial Park. Help 
designing the monitoring experiment of this building 

 Develop control algorithms for buildings with hybrid natural-mechanical ventilation that maximize energy 
savings according to building and ventilation configuration 

 Develop design and operation guidelines for buildings with hybrid ventilation systems 
 
 

 

 

U.S. Research Team Lead 
 Leon R. Glicksman, Massachusetts Institute of 

Technology  

U.S. Partners 
 Massachusetts Institute of Technology 

China Research Team Lead 
 Zhu Neng, Tianjin University 

 Li Baizhan, Chongqing University 

China Partners 
 Zhuhai Singyes Green Building Technology Co.Ltd 

 Chongqing Fu Tai Construction Group 

Heishishan Integrated Tourism development 

LLC 

 CIDSI 

 Chongqing Hairun Energy-Saving Technology Co., Ltd. 

 Ostberg (Kunshan) Fan Co., Ltd. 

Building Energy Efficiency Consortium  
 

Figure 1. Sample results for night cooling obtained using 

CoolVent. 
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Recent Progress  

 Improved the MIT design software that can be used to analyze buildings with hybrid ventilation systems; this 
design software is capable of simulating ventilation fans and air conditioning units 

 Determined energy savings for the most relevant commercial buildings in 10 important U.S. cities in different 
climate zones for different ventilation strategies using the U.S. Department of Energy building benchmark 

 Completed monitoring of a demonstration 
building in the United States. Completed a report 
with a methodology, results, and 
recommendations. Natural ventilation was found 
to be used below its optimum potential. Use of a 
ventilation fan was found to be inefficient 

 Studied ventilation strategies for the 2nd Zhuhai 
Singyes Renewable Energy Industrial Park 
building. Submitted three reports to building 
developer on impact of photovoltaic panels 
around facade of the building on the performance 
of natural ventilation. Reports included different 
options to mitigate negative impact of the panels 
on natural ventilation. 

 Zhuhai group are refining their design of the 
naturally ventilated high-rise building based on 
input from MIT 

 Improved the existing model to predict thermal stratification in naturally ventilated offices. Improved model 
will help to determine comfort conditions in offices more accurately, taking into account partitions and 
furniture that have an impact on the temperature of the air and surrounding surfaces 

 As part of the objective to increase the number of users and the visibility of CERC project, BEE hosted the first 
workshop on natural ventilation at the MIT campus, on August 20th, which included speakers from MIT, 
SOM, Payette, and Transsolar, as well as 39 registered participants from architecture firms, engineering 
consulting groups, and universities. Several universities are now using MIT design tools in their energy 
courses. 

 Completed a survey of natural ventilation technology applications in China and the United States. Key 
findings of the Chinese side were that designers play the most important role in the application of natural 
ventilation. While the importance of this technology is acknowledged, its application is limited due to a lack 
of appropriate simulation programs. Key meteorological data for application of natural ventilation technology 
require local measurements within specific urban areas where it will be applied 

Expected Outcomes 

 Identification and design of natural ventilation demonstration buildings in relevant areas in the United States 
and China 

 Development of application, design, and operation guidelines for hybrid natural-mechanical ventilation 
techniques that are adaptable for different building types and climate zones 

 An improved design program that can be used for the following: 
o Determining the characteristics that all successful naturally ventilated buildings share, and compiling 

them in design and operation guidelines for hybrid natural-mechanical ventilation systems 
o Determining energy savings for different weather regions, building types, and ventilation configurations 

in the United States and China 
o Assisting Zhuhai Singyes Green Building Technology Co.Ltd with the design of a building in Zhuhai, China 

 Development of control algorithms for hybrid ventilated buildings that can be used as part of a window 
heating, ventilation, and air conditioning control system 

 Improved thermal stratification models that better predict comfort conditions in naturally ventilated 
buildings 

 
Figure 2. Hybrid ventilation significantly improves comfort 

conditions in a typical strip mall building. The energy consumption 

of a ventilation fan is small. 
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 Expand use of natural ventilation software tools through expended introduction to architecture curriculums 
and contact with professional design firms 
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Advanced Lighting Controls in New and Existing 

Buildings  

Building Equipment 

Joint Project 

Research Objective 

This project’s objective is to achieve deep 
lighting energy savings (50%) with lighting 
controls that payback the initial investment 
in less than 5 years in key Chinese and U.S. 
building markets. 

A stretch goal for U.S.: to achieve average 
installed system costs under $2/ft2 in 
existing offices. 

Other research objectives include 
identifying the energy savings associated 
with individual lighting system control 
strategies and to convincingly demonstrate 
lighting controls systems’ added value and 
cost-effectiveness for effecting deep 
reductions in lighting energy and demand in 
existing U.S. buildings and new construction 
in China. 

Technical Approach 

 Technical Specifications and Functional 
Requirements for key building sectors 
(offices, educational and healthcare, 
shopping malls, and hospitality buildings) 
as identified in market research in key 
identified market sectors 

 Develop and lab-test Proof-of-Concept 
(POC) lighting control systems based on 
defined occupant requirements, energy 
efficiency, and comfort targets 

 Identify and select building 
demonstration sites in China and the U.S. 

 

 

 

Building Energy Efficiency Consortium  
 

U.S. Research Team Lead 
 Peter Schwartz, Lawrence Berkeley National Laboratory  

 Jordan Shackelford, Lawrence Berkeley National Laboratory  

 Erik Page, Consultant, Erik Page & Associates, Inc. 

 Francis Rubinstein, Lawrence Berkeley National Laboratory 

U.S. Partners 
 Dr. Robert Nachtrieb, Lutron Electronics, Inc. 

 

China Research Team Lead 
 Huang Yuehui, National Low-Carbon Lighting 

Research Center 

China Partners 
 Matt Blakeley, Lutron Electronics 

 

 

Figure 1. Advanced lighting control technology. 

Figure 2. CARB Field Test: Explore controlled strategies in a Chinese office 

environment. 
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where the developed POC solutions are to be demonstrated 

 Develop site-specific experimental designs to test the operation of the POC systems in different identified 
demonstration sites. Optimize design, configuration and operational sequences based on existing building 
energy systems, building programming, occupant behavior, and installed lighting system types 

 Evaluate Energy Performance at FLEXLAB. Compare performance of POC installed in one test cell to a base 
case installed in the other 

 Evaluate Energy Performance at CABR using experimental design that allows rigorous research 
methodologies 

 Develop code language for incorporating advanced lighting controls into building codes in China and U.S. 

Recent Progress  

 Experimental design refined this quarter explicitly addresses this target 

 Lutron installation complete and commissioned at CABR field test site in Beijing 

 Experimental plans for FLEXLAB test were refined incorporating Lutron Beta system components 

Expected Outcomes 

 Demonstrated control system launch 
in U.S. and China markets by end of 
2014 

 Economic value proposition including 
field data and modeling against the 
real cost to demonstrate 
technology’s viability in 
market/application 

 Code language and engagement plan 
(i.e., clear road map and progress to 
establishing codes in 2014) for U.S. 
and China partners to have next 
generation code adopted and 
implemented 

 FY2014 goal: Tool for analyzing 
lighting data collected by 
manufacturer’s control system 

 Stretch goal (FY15): Embed analysis into developed code language to verify compliance 

 

 

 

Figure 3. FLEXLAB Test: Monitor various lighting controls strategies energy savings &  

performance in controlled, highly monitored environment. 

 

Figure 4. LBNL FLEXLAB Facility. 
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Sub-Wet Bulb Evaporative Cooling 
Building Cooling Energy 

Joint Project 

Research Objective 

The objective is to develop sub-wet bulb evaporative chiller technology as an energy saving alternative to 
compressor-based air conditioners and chillers. This project will model, laboratory test, and refine sub-wet bulb 
evaporative chillers to quantify their performance and determine the applicability of the technology to buildings as 
a function of climate. Ultimately, the project will demonstrate the technology in a U.S. building. 

Technical Approach 

A sub-wet bulb evaporative (SWEC) chiller uses a multi-stage design to chill water to lower temperatures than a 
conventional cooling tower while consuming less energy and water. WCEC will model and test SWEC designs 
manufactured by a U.S. partner and a Chinese partner.  

 
Figure 1. Design of a Chinese Partner SWEC (side view, left) and U.S. Partner SWEC (top view, right). 

The design by our U.S. partner Nexajoule (Figure 1, right) uses a two-stage system in which four independent air 
streams each pass through an air-to-air heat exchanger (HX), an evaporative cooling medium, and a second air-to-
air HX. In the first HX the airstream is sensibly cooled, which reduces its wet-bulb temperature. In the evaporative 
media the air and water are evaporatively cooled to a temperature below the ambient wet-bulb temperature. The 
chilled water is collected in the SWEC sump for use. The airstream finally passes through the second air-to-air HX, 
where it cools the incoming air of the adjacent stream.  

In the design by our Chinese partner Xinjiang, the initial sensible cooling is accomplished with a water-to-air heat 
exchanger, where the water is the chilled sump water (Figure 1, left). As with the Nexajoule design, the wet-bulb 

Building Energy Efficiency Consortium  

U.S. Research Team Lead 
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temperature of the air is reduced, and it subsequently passes through the evaporative medium, where the air and 
water are cooled below the ambient wet bulb temperature. The Xinjiang design allows for multiple stages, where 
the air passes through four air-to-water heat exchangers in series before passing through four evaporative 
mediums in series. Each evaporative media has a separate sump that serves one of the air-to-water heat 
exchangers. The final sump has the coldest water and it used to supply the building. The Xingjiang design has the 
option to supply both chilled air and water, which can provide ventilation air for buildings. 

In both cases, the best theoretically achievable water temperature from the SWEC design is the ambient dewpoint 
temperature. However, in practice the lowest achievable temperature is somewhere between the ambient wetbulb 
and dewpoint temperatures. The ability to produce chilled water below the wet-bulb temperature has significant 
potential to extend the applicability of evaporative cooling technologies in the U.S. and China.  

This project will model, laboratory test, and refine sub-wet bulb evaporative chillers to quantify their performance 
and determine the applicability of the technology to buildings as a function of climate. Ultimately the project will 
demonstrate the technology in a U.S. building. 

Recent Progress 

 Instrumented and tested Nexajoule prototype in the WCEC environmental chamber (Figure 2, left) 

 Built small-scale lab tests to characterize performance of Nexajoule air-to-air and evaporative HXs 

 Built an iterative model to determine the steady-state chilled water temperature for the Nexajoule system in 
a wide range of climates. Calibrated model with initial laboratory data (Figure 2, right) 

 Hosted student from Tsinghua University and collaborated on Chinese chiller design for U.S. testing 

 Finalized the design of the chiller from the Chinese partner and planned for lab test in Dec. 2014 

 
Figure 2. Nexajoule prototype (left) and analytical model results compared to lab test data (right). 

Expected Outcomes 

 Model and performance data for both the U.S. and Chinese SWEC designs verified by laboratory data 

 Improved SWEC performance based on model and testing outcomes (i.e. optimized air and water flows, 
improved heat exchanger materials, etc.) 

 Climate-specific demonstration of the potential benefits of sub-wet bulb evaporative chillers in the U.S. and 
China including energy savings, cost savings, and water-use 

 Field demonstration of SWEC technology in a U.S. building to verify laboratory performance and characterize 
energy savings in an actual installation 
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Analysis of Commercial Building Energy 

Efficiency Standards 

Policy and Market Promotion  

Joint Project 

Research Objective 

Evaluate commercial building energy standards performance and cost-effectiveness by modeling, cross-country 
comparisons, and inform the future codes development paths in both the U.S. and China. 

Technical Approach 

 Develop a Chinese prototypical office reference building based on available Chinese buildings data and 
surveys of the characteristics of office buildings 

 Evaluate the energy savings of China’s office building that meet the proposed new energy standards, 
compared with 1980s baseline and the previous 2005 energy standards  

 Conduct cost-effective analysis of the new commercial building energy standard to understand the currents 
status and future cost-benefit trend 

 Develop prototypes for other commercial buildings: government office building, hotel, shopping center in 
collaboration with Chinese partners 

 Analyze advanced building energy standards for new prototypes (government building, hotel, shopping mall) 
– cost, benefit, energy savings impact – for the next set of standards to be promulgated after 2015 

  
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Figure 1. U.S. and China climate zones comparison. 
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Recent Progress 

 Developed an office reference building model and built it in EnergyPlus, through surveys of building design 
drawings. Basic building characteristics such as shape, floor space, window to wall ratios, zoning etc. are 
collected by Chinese partners 

 Conducted code compliant energy calculation to understand the performance of the proposed Chinese 
commercial building standard and its 
previous version in 2005. Calculated 
the savings in key climate regions of 
China. 27%, 24%, 23% site energy 
savings are observed in cold, 
transition, and warm climate zones 
respectively compared to the 2005 
version. The weighted average saving 
across all major climate zones in China 
is 25%, which is lower than the 30% 
savings target set by MOHURD 

 Compared the performance of the 
new Chinese commercial building 
energy standard with ASHRAE 90.1-
2013. It was found that that new 
Chinese commercial building code uses 
20% energy more than ASHRAE 90.1-
2013. However, if the Chinese 
buildings operated in the same thermal comfort criteria and conditions as U.S. buildings, the gap between 
Chinese and U.S. standard would be bigger.  

 Energy conservation measure-based comparison shows that the Chinese standard is still lagging behind 
ASHRAE 90.1 in envelope, lighting, HVAC and control systems. Recommendations were given to further 
improve the Chinese standard 

Expected Outcomes 

 Cost-effective analysis to understand 
the current Chinese commercial 
building code improvement in 
comparison with its previous version 
o Contrast the cost-benefit 

performance of U.S. ASHRAE 
90.1 with Chinese GB50189 and 
understand the cost-benefit 
differences between the Chinese 
and U.S. markets 

o Understand the future trend of 
cost-benefit performance for the 
Chinese commercial building 
energy standard, and “how much 
more efficient” can the market 
accept 

 Develop more reference commercial building models including retail, government, hotel, etc. Conduct 
comprehensive analysis of commercial building code performance 

 Conduct building compliance check, use the developed reference building models to support the compliance 
check and enforcement work in China 

 
Figure 2. Key climate zone code-performance comparison between the 

proposed commercial building standard and its previous version in 2005. 

 

 
Figure 3. U.S. and Chinese commercial building standard performance 

comparison, with difference on thermal comfort and operating conditions. 
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Building Energy Analysis, Comparison and 

Benchmarking 
Integrated Building Design & Operation of Very Low Energy, Low Cost Buildings 
Joint Project 

Research Objectives 

 Develop and pilot a market-oriented, practical system for benchmarking building energy performance in 
China and an associated national energy performance database and benchmarking policy framework 

 Develop an Evaluation and Energy Reporting Protocol for U.S.-China Energy Research Center (CERC) 
Demonstration Buildings that provides consistent and transparent performance information to CERC 
leadership on the performance of the demonstration buildings 

 Conduct research to inform evolution and advancement of U.S. and Chinese building energy policy, with 
initial focus on application of real-time, on-line, energy monitoring to increase efficiency and reliability of 
data collection and carbon emissions trading schemes (ETS) that incorporate commercial buildings 

Technical Approach 

 Use nationally representative data sets (when 
available) 

 Compare energy performance in terms of source 
energy 

 Perform multiple regression analyses to find the 
combination of statistically significant operating 
characteristics that explain the greatest amount 
of variance in building source energy use 

 Use the nationally representative data set to 
determine the distribution of energy 
performance across the entire population 
buildings. A table is created and the benchmark 
rating is based on the ratio of actual energy 
consumption to that predicted by the regression 
analysis 

 Reference national Chinese standards to establish protocols for evaluating CERC demonstration buildings 

 Conduct desk review and semi-structured interviews to identify innovations in building energy policy in China 
and the U.S. 

Recent Progress  

 Completed a Web-based benchmarking tool for hotels that is housed at China’s largest building research 
institute —the China Academy of Building Research 
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Figure 1. The hotel benchmarking tool is complete and available online 

at http://www.cabr-cecc.com/. 

 

http://www.cabr-cecc.com/
http://www.cabr-cecc.com/
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 Developed an Excel-based prototype benchmarking tool for commercial offices that automatically normalizes 
for the key drivers of energy use in Chinese commercial offices (size, location, operating hours, etc.) so office 
energy performance can be fairly compared 

 With CSTC, CABR, and Tsinghua, completed a draft national hotel energy characteristics data set for China, 
including data points for more than 750 hotels 

 Completed a draft Evaluation and Energy Reporting Protocol that references applicable Chinese standards 
including: JGJ/T288-2012 China Standard for Building Energy Performance Certification and JG/T 358-2012 
Classification and Presentation of Building Energy Use Data 

 Conducted an introductory workshop on the Evaluation and Energy Reporting Protocol for CERC developers 
in Zhuhai, China on July 18th 2014 

 Provided U.S. DOE with a draft report on Chinese innovations in real-time, on-line building energy monitoring 
and emissions trading for the commercial buildings sector, and lessons and recommendations to advance 
U.S. building energy policies 

Expected Outcomes 

 Significant potential energy and CO2 emission reductions over the short,  medium, and long term as a result 
of the availability of comparative energy benchmarking tool for hotels and commercial offices in China (as 
detailed in Table 1) 

 A marked increase in sales of energy-saving technologies and building equipment due to the availability of 
comparative building benchmarking tools and more buildings obtaining a practical understanding of their 
energy performance and need for improvement. As the leading suppliers of green building technologies 
globally, U.S. companies stand to gain a substantial market share of these equipment and technology sales in 
China. If  five percent of all buildings benchmarked invested in advanced lighting; heating, ventilation, and 
air-conditioning systems; and other equipment and technologies, U.S. companies could generate substantial 
additional sales and revenue (as detailed in Table 2) 

 
 

 

  

 
Table 1. China Energy and CO2 Impact. 

 
Table 2. Projected Revenue from Sale of U.S. Green Building Technologies in China. 
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Figure 1. Commissioning workshop in 

China. 

Commissioning, Operation, Real Time Monitoring 

and Evaluation 

Achieving Optimal Performance through Building Commissioning 
Joint Project 

Research Objective 

The primary objectives of this project are the following: 

 Promote the adoption of U.S. Building Commissioning Standards and Guidelines in China 

 Document the benefits/return on investment of building commissioning 

 Ensure that CERC-BEE demonstrated technologies work properly and are integrated with the rest of the 
building systems 

 Develop guides to help U.S. companies to adapt to China’s building commissioning market 

Technical Approach 

 Provide building commissioning workshop for the stakeholders in China to introduce the U.S. building 
commissioning standards, and explain the merits of building commissioning and how building commissioning 
is implemented in U.S. 

 Conduct Evaluation, Measurement and Verification (EM&V) of the China Academy of Building Research (CABR) 
demonstration building using the International Performance Measurement and Verification Protocol (IPMVP) 
option D 

 Compare commissioning practices between U.S. and China 

 Review and refine the integrated functional testing method for the selected demonstrated technology of the 
CABR demonstration building 

Recent Progress  

 Conducted the building commissioning workshop in China as shown in 
Figure 1. Four commissioning experts from U.S. presented in the 
workshop covering the following topics: the introduction of building 
commissioning in U.S., the building enclosure commissioning, the new 
building commissioning and LEED building commissioning requirements 
and the existing building commissioning. The workshop was well 
attended, and well received by the participants with over forty 
participants. Due to limited seating, many interested parties could not 
join the workshop. Based on the post-workshop survey, 35.7% of the 
participants rated excellent and 42.3% rated good. Several decision 
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Figure 2. Modelica model and simulation results for the radiant 

system. 

 

makers from the China Central Government attended the workshop and decided to promote the building 
commissioning in China 

 Recruited three commercial buildings located in Beijing, Shanghai, and Guangzhou, which represents three 
major climate zones in China, for the comparative study of the building commissioning practices between U.S. 
and China. The three commercial buildings have just been commissioned by Chinese companies and their 
commissioning reports have been shared with the research team. The research team has collected the 
building information and shared it with the U.S. industry partners. The industry partners have initiated the 
analysis based on the information provided and 
will produce a commissioning plan as if they are 
the service providers. The research team will 
then compare the proposal from the U.S. 
industry partners with the ones from the 
Chinese companies 

 The occupants of the CABR demonstration 
building started to move in late June and the 
building became fully occupied in late August. 
The research team has been conducting the 
functional testing of the demonstrated 
technologies since then. The research team is 
creating an EnergyPlus model of the CABR 
demonstration building for on-going 
commissioning and EM&V purposes. The model 
will be completed by end of October, 2014 

 The research team has developed the functional 
testing method for the radiant system employed 
in the CABR demonstration building because of 
the growing popularity of using radiant system in 
both U.S. and China and the lack of effective 
functional testing procedure for the industry. 
The research team has modeled the section of 
the CABR demonstration building that uses the 
radiant system and calibrated the model to the 
measured results as shown in Figure 2. This 
calibrated model will then be used to validate 
various functional testing methods 

Expected Outcomes 

 Increased adoption of building commissioning in China 

 The demonstrated technologies properly installed and integrated with the rest of the building systems 

 Documented benefits/return on investment of building commissioning through the evaluation, measurement 
and verification of the demonstration buildings in China 

 Effective functional testing procedure for the radiant system to achieve low energy performance 
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Figure 1. Flow chart of the procedure for evaluating the cost effectiveness of a GSHP application. 

Advanced Ground Source Heat Pump Technology 

Renewable Energy Utilization 

Joint Project 

Research Objective 

This project will compare the status and trends of ground source heat pump (GSHP) technology in both China and 
the United States to identify differences and areas in which each country can learn from each other to enable wider 
adoption of the technology. Through extensive data collection and analysis, researchers will assess the cost and 
benefits of GSHP applications in various conditions in both countries. Researchers will also evaluate the potential of 
various emerging GSHP technologies in reducing the cost and/or improving the performance of GSHP systems. They 
will also develop optimal controls to maximize the operational efficiency of GSHP systems. 
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Figure 2. Comparison of borehole thermal resistances between the 

alternative GHXs and the conventional single U-tube GHX.  

 

Figure 3. A schematic of ORNL’s test bed for DGSHP systems.  

Technical Approach 

 Investigate the applications of GSHP 
technology (including the shallow surface 
ground source heat pump, the surface 
water and wastewater source heat pump, 
and the standing column well ground water 
heat pump) in both China and the United 
States to understand the status and trends 
of the technology; its applications, market, 
and related policies; the barriers 
preventing further development of the 
technology; and solutions to overcome the 
barriers 

 Develop methodologies and tools to 
evaluate the suitability of GSHP 
applications at various conditions based on 
performance data collected from GSHP 
systems installed in both China and the United States 

 Evaluate emerging technologies or products in both countries, including system configurations, ground 
coupling technologies, heat pump equipment, monitoring and control systems, and design software that may 
help break the cost barrier and/or further improve the efficiency of GSHP systems 

 Identify and implement optimal controls for GSHP equipment and distributed GSHP systems 

 Initiate and design a demonstration project in China to demonstrate advancements in GSHP technology 

Recent Progress 

 Identified alternative ground heat exchangers (GHXs) that require 21%–36% less drilling depth compared 
with conventional GHXs while retaining the same performance and completed a technical report of the study 
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Figure 4. A schematic for the advanced control for the hot water tank tied with a GSHP system.  

(Field Test and Evaluation of Residential Ground Source Heat Pump Systems Using Emerging Ground Coupling 
Technologies, ORNL/TM-2013/39). A technical paper based on this study has been presented at the 11th IEA 
heat pump conference in May 22-25 at Montreal, Canada 

 Submitted a technical paper to Journal of Renewable & Sustainable Energy Review for a comprehensive study 
that compares the major differences in GSHP applications in China and the United States. This paper has been 
accepted for publication 

 Conducted an extensive parametric study to identify key parameters that are most influential to the 
economical viability of GSHP applications at various climate conditions in the United States. The results of this 
study have been used in a newly developed web-based screening tool for the economical viability of GSHP 
applications in medium-sized office buildings in the U.S. 

 Developed a data collection protocol, a set of performance metrics, and a procedure for evaluating the cost 
effectiveness of GSHP systems. This methodology has been used in the case studies for six different GSHP 
systems in the U.S. 

 
  

 

 

 Analyzed performance data of two heating, ventilation, and air conditioning systems installed at the 
American Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) headquarters—a 
variable refrigerant flow system conditioning the first floor and a distributed GSHP system conditioning the 
nearly identical second floor.  The first paper from this study has been published as a cover story at the 
September issue of the ASHRAE Journal; the second paper has also been submitted and is under review; and 
a third paper is under preparation 

 Surveyed available geological information required in the design and installation of vertical bore GHXs 
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 Signed a cooperative research and development agreement (CRADA) entitled “Smart Tank and Smart Control 
for Ground Source Heat Pump Systems” between UT-Battelle (operator of Oak Ridge National Laboratory 
[ORNL]) and ClimateMaster 

 Hosted visits at ORNL by a delegation from Broad Homes Industrial, a large home builder in China, and a 
group of Chinese collaborators to discuss collaborations in the GSHP projects 

 Developed and submitted two invention disclosures: (1) Smart Pumping Control for Hydronic Distribution 
Systems, and (2) A Virtual-Sensing-Enabled Low-Cost Monitoring System for Distributed Ground Source Heat 
Pump Systems 

 A distributed GSHP system using ClimateMaster’s heat pump has been commissioned at CABR’s very-low-
energy-building (VLEB) 

 Designed, built, and instrumented a first-of-a-kind test bed for distributed GSHP systems. This 12-ton 
distributed GSHP (DGSHP) system has a dedicated mechanical system capable of emulating various ground 
sources. The test bed is instrumented and monitored through more than 100 sensors. The construction of the 
test bed is nearly completed and the entire system will be commissioned in the middle of November, 2014. 
Field test of the smart tank and pump control will be conducted in 2015 with this test bed 

 Participated in a study on developing advanced control algorithms for a heat pump water heater (HPWH), 
which is similar but less complicated than the integrated heat pump studied in this project. Simulations using 
a validated HPWH model and data from actual hot water usage events from 25 homes indicate an average of 
9% annual energy savings resulting from the advanced control algorithm. The savings can increase to 19% if 
the large hot water usage events can be perfectly predicted. Similar control algorithms will be implemented 
for the smart tank and tested at ORNL’s test bed for DGSHP systems 

Expected Outcomes 

 A comprehensive review of GSHP applications in both China and the United States (completed) 

 A performance evaluation of various GSHP systems in both China and the United States (completed) 

 Cost reduction and performance-neutral alternative vertical bore GHXs (completed) 

 Optimized controls for GSHP equipment and distributed GSHP systems (ongoing) 
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New and Renewable Energy Technologies 
Renewable Energy Utilization 

Joint Project 

Research Objective 

This project aims to develop a platform to evaluate the adaptability and optimize the operation of building energy 
systems involving renewable and distributed energy; this work also involves building a related database and 
creating optimization tools.  

The longer-term objective is to develop capabilities in the United States and China for building operations decision 
making. This system would deliver a 1-7-days-ahead optimal operating schedule for controllable building 
equipment that can be implemented in existing building systems. 

Technical Approach 

 Create an open-access website (Low Energy 
Building Optimization Web Service [WebOpt])—
together with efforts under task D/E.2—based on 
Lawrence Berkeley National Laboratory’s (LBNL’s) 
Distributed Energy Resources Customer Adoption 
Model (DER-CAM). DER-CAM provides pure 
analytic optimization, minimizing either the cost or 
carbon footprint of providing building energy 
services. The trade-off between the two objectives 
is often of great interest 

 Develop building energy system optimal control 
methods by integrating weather forecast, energy simulation, and DER-CAM optimization together. Applied 
the developed methodologies to pilot buildings in China and the U.S.  

 Develop an electrochomic window optimal operation method by coupling the energy consumption of 
cooling/heating and lighting systems. Create a real-time communication method to execute the optimal 
operation schedules to the electronic windows in a testbed. Also produce a battery system charging and 
discharging schedule in the testbed to maximize solar PV energy generation, and minimize the electricity bills 

 Assist the microgrid system design in the two Chinese demonstration buildings on their system structure, DC 
vs AC system selection, PV integration and battery system design. Work with Chinese researchers to develop 
microgrid system evaluation method for the demo buildings 

Recent Progress  

 Developed a Python language based weather forecast software tool to download real-time weather forecast 
information. The tool can receive weather data on an hourly basis seven days beforehand. Developed an 
EnergyPlus model for “Building 26” in Tianjin University. Refined the Energyplus by calibrating it with 
measured energy performance data. Developed an algorithm which takes forecasted hourly weather data 
and calculates the forecast building load profile for “Building 26”. The operation version DER-CAM takes the 
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Figure 1. Basic DER-CAM data flow, with key inputs to the 

left, outputs to the right, and objectives in the center. 
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forecasted load profile and calculates the optimal building 
energy system operation schedules. The method proved to be 
successful when applying to “Building 26” 

 Used the methodology mentioned above to the Mechanical 
Engineering (M.E.) building in University of New Mexico (UNM). 
Developed a closed loop data exchange method to conduct real-
time operation optimization, which takes forecast load profiles 
and calculates the energy storage system charging and 
discharging schedules. Developed a SQL based data exchange 
method to fetch data between LBNL DER-CAM tool and UNM 
database. Executed a test week of DER-CAM control at M.E. 
Building. The similar methods are applied to two other 
demonstration buildings in New Mexico 

 Developed a novel method to optimize electrochromic window 
operation control schedules. DER-CAM produce electrochromic 
window optimal shading control logic by coupling the cooling 
and lighting energy consumption in the LBNL building 71T 
testbed. Set up an interface between DER-CAM and controllable 
shading model to execute the real-time forecast operation 
schedule to the electrochomic windows 

 Worked with XingYe on its demo building microgrid design. Provided technical comments on DC vs AC 
microgrid system structure, Solar PV DC charging station for EV, and ventilation system design in XingYe 
demonstration building 

Expected Outcomes 

 An open-access WebOpt service that is widely available and delivers results 
that take into account building service requirements, available distributed 
energy resource technologies, possible efficiency and passive measures, the 
cost of electricity/natural gas and other fuels under complex tariffs, and 
available local energy harvesting opportunities 

 Extended capabilities that allow actual building operation using a Software-
as-a-Service (SaaS) model, which greatly simplifies licensing, training, etc. 
Apply the SaaS model in pilot buildings in the U.S. and China. Direct control of 
buildings from a remote server that can improve the operation of the 
buildings via implementation in building control systems and operating 
procedures 

 

 

 

 

Figure 2. UNM Mechanical Engineering 

building model and load profile. 

Figure 3. Xingye demonstration 

building. 
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