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PREFACE 

The California Energy Commission Energy Research and Development Division supports 
public interest energy research and development that will help improve the quality of life in 
California by bringing environmentally safe, affordable, and reliable energy services and 
products to the marketplace. 

The Energy Research and Development Division conducts public interest research, 
development, and demonstration (RD&D) projects to benefit California. 

The Energy Research and Development Division strives to conduct the most promising public 
interest energy research by partnering with RD&D entities, including individuals, businesses, 
utilities, and public or private research institutions. 

Energy Research and Development Division funding efforts are focused on the following 
RD&D program areas: 

• Buildings End-Use Energy Efficiency 

• Energy Innovations Small Grants 

• Energy-Related Environmental Research 

• Energy Systems Integration 

• Environmentally Preferred Advanced Generation 

• Industrial/Agricultural/Water End-Use Energy Efficiency 

• Renewable Energy Technologies 

• Transportation 

 

Saving Energy In Retail Buildings with Adaptive Envelope Solutions is the final report for the Saving 
Energy in Buildings with Adaptive Envelope Systems project contract number 500-10-048, work 
authorization number POEF03-D07 conducted by the California Lighting Technology Center at 
the University of California, Davis. The information from this project contributes to Energy 
Research and Development Division’s Buildings End-Use Energy Efficiency Program. 

 

For more information about the Energy Research and Development Division, please visit the 
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy 
Commission at 916-327-1551. 
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ABSTRACT 

Adaptive envelope systems, such as smart window and skylight systems, can potentially 
deliver significant energy savings and reduce peak demand when used in California’s retail and 
agricultural buildings.  These systems automatically adapt to environmental conditions such as 
occupancy, daylight levels and HVAC status. This project focused on four primary areas of 
research: exploring the energy-savings potential of adaptive envelope systems, through 
simulations, laboratory characterization of adaptive envelope systems, developing new 
strategies and laboratory prototypes, and field installations of commercial technologies.   

Adaptive systems considered included electrochromic glazings, louvers and roller films.  
Simulations were performed using the EnergyPlus whole building simulation tool.  However, 
EnergyPlus proved to be limited in modeling certain systems and conditions.  

Simulation of a retail store with idealized electrochromic glazing skylights showed potential 
energy savings between 3.7 and 25.5 percent, depending on the watts per square foot and the 
California climate zone. Work was performed in developing methods to characterize optically 
complex dynamic systems (i.e. electrochromic glazings, louvers, roller films, etc.) by measuring 
the visible light transmittance for multiple states across their dynamic range of operation for 
potential use in modeling building energy usage in EnergyPlus (A building energy use 
simulator).  Work was also performed in developing laboratory prototype systems aiming at 
automated operation of louvers and roller films. 

The project also installed adaptive skylights in two retail spaces for performance evaluation in 
the field.  One retail site was focused on louvered skylights aiming at evaluating potential for 
effectively adjusting daylight penetration to reduce glare potential and solar heat gain. The 
other retail site was focused on open able skylights, aiming at evaluating potential for natural 
cooling and ventilation.  The installation was not completed at the time of preparing this report. 
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EXECUTIVE SUMMARY 
Introduction 

California’s commercial buildings sector accounts for nearly 42 percent of the total state 
electricity consumed with 13.5 percent of this used for retail businesses. The retail sector offers a 
good opportunity to reduce electricity use by installing adaptive envelope technologies. 
Adaptive envelope solutions, such as smart window and skylight systems, can reduce energy 
use for electric lighting, heating, and cooling; systems that account for more than half of a 
building’s electricity consumption. Adaptive envelope systems automatically adjust to 
environmental conditions such as occupancy daylight levels and heating, ventilitation and air 
conditioning (HVAC) status to maximize comfort and energy efficiency. Developing and 
implementing adaptive envelope systems could be an important step in California’s continued 
efforts to reduce energy consumption in commercial buildings. 

Project Purpose 

This research explored the potential of dynamic (operable) and static skylights to save energy in 
retail facilities. The original intent of the research was to also address lighting agricultural 
buildings, however, preliminary analysis found that only 1 percent of electricity is used by 
HVAC in this building sector, and the impact of adaptive envelope solutions on heating and 
cooling is even smaller. Based upon these findings, research focused only on the retail sector, as 
it presented more potential for energy savings by using adaptive envelope strategies and 
technologies. 

Project Process and Results 

To better understand the potential energy savings of adaptive envelopes in the retail sector, the 
California Lighting Technology Center (CLTC) completed simulations using EnergyPlus v8.0, a 
state-of-the-art building energy simulation software, developed by the United States 
Department of Energy (DOE). Simulations were performed for a “big box” retail space, 
comparing the performance of adaptive and static skylight systems to a baseline building 
without skylights. Simulation results showed varied savings across California’s climate zones. 
Simulating dynamic skylights yielded a range of savings between 3.7 percent and 25.5 percent 
for buildings depending on lighting power. While the incremental differences were small, the 
savings were greater in each of the five zones for the dynamic skylights compared to the static 
skylights. The simulation studies, however, were limited, because EnergyPlus cannot effectively 
simulate optically complex skylights or model critical advanced controls to operate adaptive 
envelope systems,  

The team also explored ways to measure the luminous (light) performance of complex, dynamic 
skylight systems by shining light through the skylight at various angles (directional 
hemispherical transmittance).  While this data can be used to simulate the total light transmitted 
through optically complex systems, it provides limited information on thermal performance.  
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Field Study of Commercial Louvered Skylight 

Since the simulation proved limited in determining the energy-saving potential of adaptive 
lighting systems, the research turned towards field studies, where the team could measure 
actual performance.  The team formed a partnership with a grocery store and a skylight 
manufacturer, installing adjustable louvers in a small area of grocery store with to adjust 
natural light from the skylights.  The  researchers intended to compare the uniformity of light 
levels over time in store areas under the louvered to those under the non-louvered, static 
skylights.  Unfortunately the louver operation was based on a daily schedule rather than 
measured environmental conditions such as occupancy, daylight levels, solar radiation. The 
technology was not ready for such operation. 

Field Study of Commercial Venting Skylight 

Adaptive envelope systems can significantly reduce HVAC loads through venting mechanisms, 
especially in California climates with significant outdoor temperature differences between day 
and night. The team decided to evaluate the effectiveness of venting skylights by partnering 
with a retail business owner located in Davis, California and a venting skylight manufacturer . 
Installing these venting skylights was nearing completion at the time of this final report.  

Technology Development  

The researchers focused on preparing technology in the laboratory aimed at two main goals: 1) 
operating existing adaptive systems, such as louvers, based on multi-sensory input and 
communication with electric lighting and HVAC systems, and 2) developing  new adaptive 
systems that combine roller shade operation with window film.  The team considered these two 
approaches as the most promising combinations for comfort, energy savings and cost 
effectiveness.  

While technologies such as electrochromic glazings show great potential and promise in 
managing daylight penetration through windows and skylights, they are still expensive and not 
economically viable for widespread implementation in the retail market. In contrast, dynamic 
louver systems and window film rollers have potential to provide comparable performance in 
managing daylight entering into spaces at significantly lower initial cost.  Both approaches also 
most suitable for retrofit installations, which are most critical in meeting California’s building 
energy efficiency goals. 

The window film roller is a hybrid concept using window films with a motorized roller, which 
is most commonly combined with window shades rather than films. The window roller film 
offers the potential benefits of both systems without the draw backs most commonly associated 
with these devices when deployed individually. The main disadvantages of roller shades is the 
ineffectiveness in reducing glare from direct solar radiation without significantly if not 
completely eliminating daylight and view.  Roller films resolve both of these issues and can get 
excellent performance at very low cost. 

The team adhered a standard roll of window film to a motorized roller, with a weight attached 
at the free end of the window film to keep tension on the film as it is moved up and down. After 
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completing the window roller film prototype, the device was installed at CLTC for initial 
testing.  The results confirmed that roller films could effectively manage daylight infiltration 
through windows and skylights. Further work is required to evaluate a wider range of film 
technologies, actuators, and controllers, to achieve the full potential of this approach.  

In addition to the window film roller, the team worked on developing a louvered skylight 
system operated by the same dual-loop photo sensor technology, also developed by CLTC, that 
reliably operates electric lighting for daylight harvesting. The work resulted in a prototype 
design that integrates multiple existing technologies into a system, which manages daylight 
penetration into the building based on multiple criteria such as occupancy, light levels and 
status of HVAC. 

Project Benefits 

Adaptive envelope systems have the potential to save energy in retail spaces. To effectively 
quantify performance,  the research community must develop more effective simulation 
procedures that support modeling of optically complex systems and dynamic operation of 
adjustable envelope components (such as louvers, roller shades and films).These stimulations 
must also include multiple criteria, such as occupancy, light levels, irradiance, and status of 
electric lighting and HVAC systems. 

Further development and testing is also necessary in determining the capabilities and market 
readiness of the window film roller and the dynamic louvered skylight technology designs. 
While these technologies have shown promise in their early development stages, they currently 
are not ready for commercial offerings and require further testing and design alterations along 
with field-testing to observe and validate performance in real-world settings. 
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CHAPTER 1:  
Target Markets and Needs 
1.1 Introduction 
Implementing daylight harvesting strategy in commercial buildings is only partially being 
implemented, focusing mostly on electric lighting controls based on daylight availability.  
Complete implementation of daylight harvesting includes managing the daylight penetration 
through windows and skylights.  Managing daylight penetration improves the effectiveness of 
electric lighting controls, and also increases energy savings through reduction of heating, 
cooling and ventilation loads. 

1.1.1 Electric Lighting Controls 
Controlling electric lighting for daylight harvesting has been very ineffective for two main 
reasons.  The first is lack of reliability in sensing daylight changes and the second is occupants 
deploying the window shades, sometimes for privacy but mostly to avoid direct solar 
penetration and associated glare. 

The reliability in sensing of daylight changes has been resolved for spaces with skylights 
through the development of the dual-loop photo-control system developed at the CLTC, which 
is now available as a commercial product currently being installed in two retail spaces in 
Sacramento and Davis, California.  This new approach also includes continuous automated 
calibration that accounts for changes in the geometry and reflectance of interior surfaces, which 
is the main shortcoming of single-sensor approaches. 

CLTC is developing a new approach in the form of “ultra-smart luminaires”, which have two or 
more integrated photo sensors and also communicate with each other.  This approach has the 
potential to bring reliability to daylight sensing in spaces with windows at much lower first cost 
as well as less operational cost, as the cost of embedded sensors in luminaires is much lower 
than stand-alone sensors and, most importantly, the cost of commissioning is eliminated as the 
ultra-smart luminaires include continuous automated calibration of the dual loop approach. 

One of the main shortcomings of electric lighting controls for daylight harvesting is the 
occupants using shading systems for privacy or solar control.  Once deployed, shading systems 
significantly reduce daylight penetration and results in full output of electric lighting.  After the 
need for privacy or control of direct solar penetration has passed, occupants do not adjust the 
shading system to allow for daylight penetration, missing the electric lighting savings in most 
east-, south and west-facing spaces. 

1.1.2 Daylight Management 
Adaptive envelope systems have the potential to improve the effectiveness of electric lighting 
controls for daylight harvesting, and also deliver significant energy savings and peak demand 
reduction by reducing heating, cooling and ventilation loads.  Adaptive envelope systems, such 
as smart window and skylight systems, use integrated dynamic systems, such as adjustable 
glazings and shading systems, that automatically adapt to environmental conditions such as 
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occupancy, daylight levels, solar radiation, HVAC status, etc., to maximize comfort and energy 
efficiency. 

Operating smart windows and skylights is completely automated focusing on comfort and 
energy efficiency,and also supports occupant override.  The main control strategy gives priority 
to comfort during occupancy and to energy efficiency during vacancy.  Developing and 
commercializing such adaptive envelope systems can be an important step in California’s 
continued efforts to reduce the energy use of its commercial buildings by taking full advantage 
of the daylight harvesting strategy. 

This project is focused on exploring the development of smart windows and skylights for the 
retail sector and focused on improving several of today’s most prominent barriers in using 
adaptive technologies.  These include lack of modeling capabilities in energy simulation 
software, developing new adaptive systems that are better for comfort, energy efficiency and 
cost-effectiveness than current commercial products, and demonstrating potential in field 
installations. 

1.2 California’s Commercial Sector 
California’s commercial buildings sector accounts for nearly 42 percent of the total state 
electricity use (115,081 gigawatt hours [GWh] of 272,645 GWh). The retail sector accounts for 
13.5 percent (15,535 GWh) of this use. A review of national electricity use data shows that the 
retail sector offers a good opportunity to reduce electricity use by installing adaptive envelope 
technologies. Adaptive envelope solutions can reduce energy use for electric lighting, heating, 
and cooling, systems that account for more than half of a building’s electricity consumption. 
Figure 1 through Figure 3 provide a summary of electricity use in the United States and 
California, respectively. 

Figure 1: United States 2010 Retail Sector Electricity Use 

 
Source: DOE 2010 US Lighting Market Characterization & United States Department of Energy, Energy Information Agency 
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Figure 2: Total United States Electricity Use by Sector — 2010 (Percent of Total) 

 
Source: DOE 2010 US Lighting Market Characterization & United States Department of Energy, Energy Information Agency 

 

Figure 3: 2011 California Electricity Use by Market Sector 

 
Source: California Energy Consumption Database (California Energy Commission) 

 

1.2.1 Retail Sector 
Warehouse stores, also called “big box” stores, offer a good opportunity to achieve energy 
savings in the retail sector through the implementation of adaptive envelope technologies. Big-
box retailers include companies such as Wal-Mart, Target, and Costco. These types of national 
chains offer large savings opportunities due to volume of buildings in their corporate portfolios. 
Adoption of innovative, energy efficiency measures across such a set of facilities would be a 
significant step forward in the path to broad market acceptance of the technology.  

In California, Building Energy Efficiency Standards (Title 24, Part 6), continue to expand with 
respect to requirements for the building envelope, particularly for buildings in the big-box 
category. Significant code changes have been adopted in recent years. Between the 2005 and 
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2013, envelope requirements for the big-box category focused on increased use of daylight to 
offset electric lighting loads. In 2005, Title 24 required low-rise buildings with a ceiling height 
greater than 15 feet (ft.) and an enclosed space greater than 25,000 square feet (sf) to have at 
least half the floor area of the building within primary daylit areas. In 2008, these requirements 
were tightened, by reducing the enclosed space threshold from 25,000 sf to 8,000 sf. In addition, 
the daylit area was expanded to include both skylight and sidelit daylight areas. In 2013, the 
enclosed space threshold was again reduced from 8,000 sf to 5,000 sf. The new requirements 
also increased the required floor area within a daylit zone from a minimum of 50 percent to 75 
percent. 

Due to these factors, this research focuses on developing adaptive envelope systems for big box 
retail buildings. Big box retail stores offer the greatest energy savings opportunity for the 
technology due to their increased need for solutions that meet California’s building and energy 
code regulations. These buildings also offer simplified interior floor plans that can reduce 
installation time and cost and they are often occupied by large, national retail chains that can 
deploy solutions across a large portfolio of facilities. 

1.2.2 The Agricultural Sector 
Initially, the project scope included consideration of agricultural buildings.  However, review of 
energy use in California’s agricultural sector showed a very small potential for building lighting 
and envelope energy savings. The agricultural sector within California accounts for 
approximately 7.4 percent (20,186 GWh) of the total electricity used within the state, Figure 4.  
Within this sector, just 1 percent of electricity is used for lighting agricultural buildings and the 
impact of adaptive envelope solutions on heating and cooling would be even smaller. Based 
upon these findings, the research focus was narrowed to just the retail sector as it presents far 
more potential for energy savings from the use of adaptive envelope technologies. 

Figure 4: 2011 California Agricultural Sector Energy Use 

 
Source: California Energy Consumption Database (California Energy Commission) 
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1.2.3 Adaptive Envelopes — Current Products 
Adaptive envelopes are an emerging technology, however, there are many commercially 
available technologies that can be used towards developing optimized, adaptive envelope 
systems.  Adaptive envelop systems use dynamic envelope technologies that are adjustable in 
controlling solar, optical and thermal properties.  Dynamic technologies can be controlled 
manually and automatically.  Automatic operation is usually based on astronomical clocks 
and/or sensing of the environment by occupancy, daylight and the status of the electric lighting 
and HVAC systems.  Dynamic technologies include electrochromic glazing, exterior retractable 
awnings, adjustable louvers, and interior or between glazings roller shades, adjustable louvers 
and blinds (Figure 5 and Figure 6). 

Figure 5: Commercial Skylights and Tubular Daylighting Devices 

 
Adaptive skylights are most suitable for big box retail spaces. The daylight penetration can be controlled 
through dynamic glazings, such as electrochromic glazings (top), as well as through louvers and other 
adjustable systems used in combination with skylights or tubular daylighting devices (bottom). 
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Figure 6: Window Shading Technologies 

 
A variety of exterior adjustable technologies are available today and are excellent candidates for 
development of adaptive envelope technologies through automation of their operation. 
 

In most current applications, these technologies are manually operated. Operation requires 
occupant involvement, which has been shown to be very unreliable. Studies show that 
occupants adjust dynamic fenestration systems only in response to needs such as privacy and 
comfort. For example, occupants will adjust dynamic systems to block direct solar penetration 
but will not adjust them again for energy efficiency when direct solar penetration is not an 
issue.  Automation of dynamic fenestration is the most effective way to realize the full potential 
for energy efficiency and peak demand reduction, while maintaining comfort through 
“comfort-based” operation and occupant override. 

The key to effective, automated, dynamic envelope systems is reliable sensing of environmental 
conditions such as occupancy and daylight combined with the ability to recognize and act on 
the status of the electric lighting and HVAC systems.  Reliable sensing depends on robust 
sensor technology and the algorithms embedded in logic controllers. The logic controller must 
accept inputs from the sensors, astronomical clocks, and occupants, then provide output to 
actuators, such as motors, to adjust the dynamic components of window and skylight systems 
to appropriate states for comfort and energy efficiency. 
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1.2.3.1 Commercially Available Technologies 
CLTC reviewed current product offerings to assess the potential for inclusion and deployment 
as part of an adaptive envelope system or as components of broader systems. Reviewed 
technologies included dynamic fenestration treatments, sensors, controls, communication 
hardware/software and communication protocols.  

Dynamic fenestration treatments include electrochromic glazings, operable shades, window 
blinds and louvers.  Electrochromic glazing is an advanced technology that supports varying 
visible daylight transmittance (VDT) approximately between 1 percent and 60 percent. While 
they can span a wide range of transmittance values, these windows typically can only assume 
up to two preselected states between the minimum and maximum settings.  The technology is 
relatively expensive and thus not widely used.   

Shades, louvers, and blinds are technologies commonly used in buildings, but mostly through 
manual operation by occupants responding to privacy needs and glare control from direct solar 
penetration. Several commercially available systems are available, most in the form of louvers 
and shades.  In most cases these are manually controlled and many of the current offerings are 
not as effective in controlling glare and daylight penetration.  Perforated shades, for example 
reduce daylight significantly without completely eliminating glare from direct solar 
penetration, as the sun can be directly visible through the weave of the fabric. 

Operable louvers are very effective in daylight management in terms of blocking direct solar 
penetration and significantly reducing associated glare.  Depending on louver position and 
color they can also manage solar heat gain.  Louvers can be used in skylights between diffuse 
glazings, where they act as daylight dimming devices.  Several skylight manufacturers offer 
motorized louver systems for skylights, most of which, however, are automated based on 
astronomical time clocks, rather than sensing of environmental factors.  Time-based controls 
cannot realize the full potential of the strategy.  

Selecting proper system controls is pivotal in assuring that the system has the ability to function 
as desired. Control systems are available from a variety of manufacturers such as WattStopper, 
Lutron Electronics, Philips Lighting, and Douglas Lighting Controls. Both WattStopper and 
Lutron offer local-space and building-level controls.  Commercial products include the Digital 
Light Management (DLM) System by WattStopper and the Quantum whole building control by 
Lutron.  

Environmental sensors are critical in providing information about environmental changes, 
which serve as the basis for the development of control algorithms in automated systems. This 
research focused on assessment of photosensors, which are the primary sensors that provide 
first-tier control of dynamic fenestration. Additional control tiers include occupancy sensors, 
temperature sensors and status of electric lighting and HVAC systems. 

Researchers evaluated photosensors offered by Lutron Electronics and WattStopper. Lutron 
offers a limited number of photosensors that would be of use for adaptive envelope systems. 
For example, the Radio Powr Savr Wireless Daylight Sensor (Figure 7), is also used in the 
Hyperion Solar-adaptive Shading system, and appropriate in an adaptive system. WattStopper 
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has a more extensive range of sensors for adaptive envelope systems, such as the LMLS- 600, a 
dual loop photosensor developed through a partnership between CLTC and WattStopper. This 
sensor is ideal for daylight harvesting through skylights, as it can provide information for 
management of both electric lighting and daylighting. 

Figure 7: Radio Powr Savr Wireless Daylight Sensor 

 
Source: Lutron 

Integrating various individual components (fenestration treatments, controls, sensors, user 
interfaces, etc.) into adaptive envelop systems is greatly facilitated through use of overarching 
communication protocols that support data transfer among different components. Several 
protocols are available and used within the building automation industry. In addition to 
proprietary protocols utilized by Quantum and DLM, CLTC reviewed protocols such as 
BACnet1, Niagara2, and LonWorks3.  CLTC also examined specialized software tools that allow 
development of customized communications for the DLM system. Protocol selection, with 
respect to device integration, is usually dependent upon the technologies being integrated and 
their specific requirements. The research focused on use of the Niagara protocol because of its 
compatibility with the DLM through the use of a Java Application Control Engine (JACE)10.  

Beyond the protocol, wireless communication can be very beneficial for adaptive envelope 
systems, especially skylights, as they can significantly reduce installation costs on retrofit 
projects. CLTC identified wireless control hardware offered by AIC Wireless, a newly acquired 
company of WattStopper, as suitable for use in adaptive skylight systems. AIC offers a wide 
range of wireless controllers with various capabilities and inputs/outputs such as their wireless 
input/output (WIO) product line. This product line has multiple communication ports such as 
digital, analog and RS-232 ports, and supports a variety of communication protocols. 

1 http://www.BacNet.org/ 

2 http://www.niagaraax.com/cs/products/niagara_framework 

3 http://www.niagaraax.com/cs/products/jace 
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CHAPTER 2: 
Performance Simulations 
In addition to evaluation of commercially available hardware and software, CLTC completed a 
set of parametric simulations to help better understand the potential for energy savings of 
adaptive envelope technologies in commercial buildings. Simulations were performed using 
EnergyPlus v8.04, a state-of-the-art energy simulation engine developed by the United States  
Department of Energy (DOE), modeling a big box retail space and comparing the performance 
of adaptive and static skylight systems to a baseline building without skylights. The building 
geometry and skylight layout were based on building plans of a recently renovated retail 
supermarket. 

Figure 8: Building Simulation Model 

 
Source: CLTC 

The operation of adaptive skylights was simulated using the “switchable glazing” system 
defined in EnergyPlus, which allows glazing properties to be altered from/to predefined “clear” 
and “tinted” states.  This is equivalent to an electrochromic glazing with full control along the 
entire range of its solar-optical properties. Currently available systems offer operation only in 
terms of four states, including the maximum and minimum settings, which are approximately 1 
percent and 60 percent in terms of visible transmittance.  

In the simulation, the switchable glazing was controlled based on daylight work plane 
illuminance and the status of the electric lighting. The model assumed a minimum requirement 
of 500 lux at the work plane, 30 inches from the floor. The skylight system was operated for 
maximum daylight contribution at the beginning of the day.  As the daylight levels increased, 
the electric lighting was dimmed accordingly, aiming at maintaining the 500-lux requirement.  
When daylight alone was meeting the 500-lux requirement, electric lighting was switched off.  
From that point on, the switchable glazing system was operated to maintain the 500 lux 

4 http://apps1.eere.energy.gov/buildings/energyplus/ 
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requirement, i.e., continuously reducing transmittance as daylight levels continued to rise and 
then increasing transmittance following the daylight decrease at the end of the day.  

Potential energy savings were computed by comparing the energy use of the base case model 
without any skylights, a model that included static skylights and a model that included 
adaptive skylights.  Simulations were performed for five different California locations 
representing a cross section of climate zones: Sacramento, San Francisco, Los Angeles, Mt. 
Shasta, and Palm Springs. Simulations included consideration of two different lighting power 
densities (lighting power density (LPD) = 0.9 Watts per square foot [Wsf] and 0.7 Wsf). The 
higher LPD represents a lighting system linear fluorescent lighting and the lower a system 
composed of light-emitting diode (LED) lighting. Figure 9 shows the geographic locations of the 
five California climate zones. 

Figure 9: California Climate Zones 

 

 

The results from the parametric simulations of the adaptive skylight showed a variance in the 
level of energy savings across individual climate zones within California. Energy savings were 
found to range between 4.65 to 25.54 percent and 3.72  to 21.57 percent for the 0.9 and 0.7 LPD 
buildings, respectively. The savings range was similar for static skylights, however the savings 
were greater in each of the five zones for the dynamic skylights in comparison to the static 
skylights.  

Figure 10 and Figure 11 show energy savings by climate zone and lighting power density. The 
large range in potential savings, for both dynamic and static skylights, is dependent upon 
climate of the geographic location in which the technology is installed. Potential savings are 
found to be highest in moderate climate areas, such as Los Angeles, where heating and cooling 
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play a lesser role in energy use within a building. Locales with more extreme climates 
experience reduced savings, especially where heating energy usage is high such as Mt. Shasta. 

Figure 10: Energy Savings from Minimally Adaptive Skylights for 0.9 LPD of Electric Lighting 

 
Source: CLTC 

 

Figure 11: Energy Savings from Minimally Adaptive Skylights for 0.7 LPD of Electric Lighting 

 
Source: CLTC 
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Skylights are shown to reduce energy use in both electric lighting and cooling, while increasing 
heating energy use. The main source of potential savings comes from the reduction in electric 
lighting energy use within the buildings, with the savings associated with cooling through 
reduction of daylight penetration having far less of an impact.  In this “minimal” adaptive 
operation, reduction in heating loads played the largest role after electric lighting reduction in 
potential energy savings variance across climate zones. Figure 12 and Figure 13 show total 
energy use, by climate zone, for the two LPD cases. 

Unfortunately, EnergyPlus does not support modeling of optically complex skylights, which 
represents the majority of skylights used in retail buildings.  The skylights in the modeling were 
assumed to be flat glass.  The errors from this simplification can be large, as the shape of most 
commercial skylights has been considered for best performance in terms of daylight and solar 
heat gain. 

EnergyPlus also does not support modeling of dynamic shading systems beyond the 
electrochromic glazing option.  This limitation did not allow us to include consideration of 
HVAC status in the operation of the adaptive envelope system.  It also did not allow us to 
consider the energy savings from natural cooling and ventilation. 

Figure 12: Comparison of Buildings Total Energy Use — 0.7 LPD 

 
Source: CLTC 
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Figure 13: Comparison of Building’s Total Energy Use Based on Climate Zone and Skylight 
Technology — 0.9 LPD 

 
Source: CLTC 

 

2.1 Characterization of Optically Complex Dynamic Skylights 
The characterization of optically complex systems has been a major barrier in performance 
simulations for a very long time.  The most promising approach to overcoming this barrier is 
through the combination of experimental and computational means, i.e., measure the 
directional output of optically complex systems for each and every incoming direction of 
radiation, and then treat the optically complex system as a “black box” in the energy simulation 
software, i.e., treating the fenestration system as a luminaire of varying candle power 
distribution, which is computed at each time step of the energy simulation process. 

While measuring the directional transmittance of small samples (2 inch by 2 inch) of materials is 
possible through commercially available goniophotometers, it is not yet possible for large 
systems at the level of full window and skylight systems.  This can only happen with through 
research and development of methods and, while the need has been recognized for a long time, 
the issue has not yet been addressed successfully. 

The next level for characterization of optically complex systems is measuring of their directional 
hemispherical transmittance, i.e., the total (rather than directional) light transmitted for each 
and every incoming direction of radiation.  This characterization could be successfully realized 
using integrating spheres.  During its establishment, CLTC saw this next potential step and 
developed an integrating sphere that is designed to measure the directional hemispherical 
transmittance of windows and skylights as large as 4 ft. by 4 ft. (Figure 14). 
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Figure 14: Commercial Skylight with Louvered System Mounted on the Port of the Customized 
CLTC Integrating Sphere 

 
Photo credit: CLTC 

 

As most skylights in retail spaces use diffusive material to diffuse the direct solar radiation, the 
directional hemispherical transmittance could be used to derive transmitted candlepower 
distribution considering a theoretically perfect diffuse transmittance.  The team decided to 
explore this path and used the CLTC integrating sphere to measure the bidirectional 
transmittance of a full scale 4 ft. by 4 ft. commercial skylight which is offered by a commercial 
skylight manufacturer (Figure 15). 
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Figure 15: Skylight Mounted on the CLTC Integrating Sphere 

 
Photo credit: CLTC 

 

Figure 16: Interior View of CLTC Integrating Sphere with Skylight Mounted in Place for 
Measurements 

 
Photo credit: CLTC 
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Measurements were taken through a special setup at the CLTC research laboratory that met the 
requirements for the distance of the light source to uniformly illuminate the sphere opening 
(Figure 17).  The different incoming directions were achieved through rotation of the integration 
sphere, at the end of a long black tunnel set up with black cloth.  Measurements were taken for 
66 positions in terms of skylight angle, from 0 degrees (fully open) to 75 degrees on the 
horizontal plane and -90 degrees to +90 degrees on the vertical place, at 15 degrees increments. 
Results from the measurements are shown for on azimuthal direction in 15 degree incident 
angle increments (Figures 18). 

Figure 17: The Set Up for the Directional Hemispherical Measurementsat the CLTC Research 
Laboratory 

  

 
Top left photograph shows the positioning of the integrating sphere at the end of the tunnel that shields 
the sphere port from ambient light.  Top right photograph shows the skylight system mounted on the 
integrating sphere from inside the black tunnel.  The bottom diagrams show the plan   (top) and section 
(bottom) of the overall setup, along with the sphere rotation angles along the horizontal and vertical axes 
of the sphere. 
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Figure 18: Plot of Relative Throughput vs. Incident Angle for Commercially Available Diffuse 
Skylight 

 
Source: CLTC 

The experiment proved successful in showing the impact the incident angle of the solar 
radiation on the skylight has on the amount of throughput. Reaffirming the need to take this 
varying rate into account when modeling skylight systems for performance simulations or 
when reviewing data from simulations where the varying rate was not able to be taken into 
consideration. While the experiment was able to give insight into the affect incident angle has 
on the varying level of visible transmittance, this experiment was not able to show the effect of 
varying the incident angle has on the thermal characteristics of the system such solar heat gain.    
However, due to limitations with the EnergyPlus program and available time during this 
project collected data was not able to be used in the performance simulations. 

Though moving forward data from future experiments, i.e. skylight with louvers, could be 
useful in energy performance simulations. While the decision was made to not proceed with 
further testing for this project due to the inability to use the data with the simulation software 
and the amount of time it took to carry out the experiments. In the future, it would be beneficial 
to consider trying to automate the positioning of the integrated sphere. This enhancement to the 
experiment setup would greatly reduce the amount of time currently needed to manually 
position the integrated sphere for each desired data collection point, since the number of data 
collection points would greatly increase with the use of complex skylight fenestration controls, 
i.e. skylight louvers. 
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CHAPTER 3:  
Technology Development 
A major front on this project was the development of new technologies that can address both 
comfort and energy performance issues in a cost-effective way. The review of the available 
technologies for the development of adaptive envelope systems resulted in identifying three 
main categories of systems: dynamic glazings, such as electrochromic glass, louvered systems, 
and roller shades. 

The electrochromic glazing industry is following its path to increasing functionality in terms of 
transmittance steps, transition speed from one step to another and cost.  As electrochromic 
glazings improve in these three areas, the team expects that their penetration in the market will 
increase.  Given electrochromic glazings operational issues in terms of changing status have 
been successfully resolved in currently available systems, the team opted to focus technology 
development in other areas.   

Adjustable louvers are most appealing, as they can assume an infinite number of states, which 
is the equivalent of a daylight system with continuous diming, which is the ultimate goal for the 
dynamic glazings.  The main issue with louvers is automating their operation, as most of the 
commercial systems are offered only with manual control or, at best, with scheduling control 
through astronomical clocks.  The team collaborated with industry partners to understand the 
current status of the technology and then develop laboratory prototypes with full adaptive 
control capabilities. 

While roller shades are very common, the current offerings are limited in terms of transmittance 
patterns.  Most block majority of the incoming daylight, i.e., they regulate total daylight through 
partial deployment.  Most materials used in currently available systems minimize daylight 
penetration and/or view.  The team thought that the most appropriate material that addresses 
daylight penetration and view issues is window film, which is currently used as a permanent 
addition to existing glazings.  The team thought that a window film on a roller would be an 
excellent value and developed a laboratory prototype to test the feasibility of the approach and 
explored the application of roller films. 

3.1 Dynamic Louvers 
The first step in the direction of dynamic louvers was to partner with a skylight manufacturer 
who is offering automated louvers for skylights and a retail store interested in experiencing 
their performance.  The second step was developing a laboratory prototype to resolve the 
performance issues that were realized during the field demonstration. 

3.1.1 Field Testing of Existing Commercial System 
The partnership for the field-testing was focused on the performance of the commercial system 
as offered by the manufacturer.  The CLTC role was to measure the effect on daylight 
distribution in the space. 

22 



The retail store CLTC chose for field-testing had recently undergone a comprehensive 
remodeling, during which louvers were installed in a portion of the previously installed 
skylights. Field tests compared the daily variation of daylight levels between the areas under 
the louvered skylights with an equivalent area under skylights without louvers (Figure 19). 

Figure 19: Retail Store — Reflected Ceiling Plan 

 
Plan showing the skylights in blue color and highlighting the areas with (produce section) and without 
(meat section) louvers. 
Source: CLTC 

CLTC took measurements of horizontal and vertical illuminance over a three day period from 
February 27, 2013 through March 1, 2013 at various points within the sections of the store with 
and without skylight louvers (Figure 20 and Figure 21). The data collection was accomplished 
through the use of a custom-made 5-plane measurement device (Figure 22) that consisted of a 
meter array comprised of five calibrated Konica Minolta illuminance meters (4 vertical 
illuminance measurements and 1 horizontal illuminance measurement) aligned with four 
orthogonal planes and one upward facing plane. Illuminance measurements were taken 
approximately every 15 minutes from just before sunrise to just after sunset. Additionally, the 
relevant electric light data for the main sales area was recorded by the building energy 
management. 
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Figure 20: Measurement Configuration for Data Collected in the Area of Store Without Louvers 
(meat section) 
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Figure 21: Measurement Configuration for Data Collected in the Area of Store with Louvers 
(produce section) 
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Figure 22: Illuminance Measurement Equipment 

 
Photo Credit: CLTC 

The four graphs below are representative of four data collection points, two within the louvered 
section and two within the section without louvers. For both sets of graphs data was shown for 
a point directly under one of the skylights and a point between skylights. 

Figure 23: Plot of Illuminance Data 

 
The curves for exterior horizontal illuminance and sales lights energy are normalized to their respective 
peak delivered illuminance and plotted on the right vertical axis. Section without Skylight Louvers Point 1. 
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Figure 24: Plot of Illuminance Data 

 
The curves for exterior horizontal illuminance and sales lights energy are normalized to their respective 
peak delivered illuminance and plotted on the right vertical axis. Section without Skylight Louvers Point 5 
 

Figure 25: Plot of Illuminance Data 

 
The curves for exterior horizontal illuminance and sales lights energy are normalized to their respective 
peak delivered illuminance and plotted on the right vertical axis. Section with Skylight Louvers Point 12 
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Figure 26: Plot of Illuminance Data 

 
The curves for exterior horizontal illuminance and sales lights energy are normalized to their respective 
peak delivered illuminance and plotted on the right vertical axis. Section with Skylight Louvers Point 8 
 

Non-uniformity and variance in illuminance levels are seen throughout the entirety of both 
monitored areas. This occurrence was the result of the overall electric lighting design (high 
illuminance from electric lighting at points directly under luminaires) as well as the 
performance of skylights and daylight harvesting controls. Ideally, there would be no 
fluctuation in illuminance throughout the area with daylight and electric properly balanced and 
maintained to deliver a fairly constant light level. However, the skylights are limited in their 
ability to deliver a constant light level throughout the area. The inability of existing skylights, 
both without and with louvers, to properly limit incoming daylight beyond a certain threshold 
can result in problems such as non-uniform lighting, glare or unnecessary solar heat gain. 

3.1.2 Development of Laboratory Prototype 
After the failure of the commercial system to deliver expected performance operated by a clock 
rather than environmental sensors, the team aimed at developing a laboratory prototype that 
would support operation based on sensing.  Since CLTC could not get access to the control 
system that operates the louvers,the team decided to move forward with a control manufacturer 
and system which the team had previously used for development of laboratory prototypes, 
especially the development of the motor mechanism and the algorithms that would use the 
signals of the environmental sensors to appropriately adjust the louvers. 

CLTC Concentrated on the development of a dynamic skylight fenestration system integrated 
with an electric lighting control and management system. For the development and prototyping 
of this system, CLTC worked on creating a system that would integrate the Dynamic Louvered 
Skylight under development at CLTC with the DLM system manufactured by WattStopper.  
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The dynamic louvered skylight system prototype is comprised of four major sections. These 
sections are the dynamic louvers and frame, actuator, WattStopper DLM system, and Aurora 
wireless control panel. Together these components offer the ability to create a flexible skylight 
control system, which offers the ability of being scaled and altered to meet various skylight or 
other daylighting needs. The system may be used with various skylights and diffusers and is 
appropriate for new constructions or retrofit applications. 

At the center of the dynamic louvered skylight system is the Sunoptics skylight louver system, 
shown in Figure 27. The louver system consists of a metal frame that supports the louvers, 
which are linked together. The linking of the louvers allows all louvers to be positioned 
concurrently based upon the turning of a single louver shaft. The skylight louvers are used to 
mitigate glare, daylight levels, and solar heat gain. The louvers are able to accomplish this by 
reducing the aperture of the skylight, redirecting incoming daylight, and reflecting unwanted 
daylight back out the skylight. 

Figure 27: Louvered Skylight 

 
Photo credit: CLTC 

The current actuator being used is the TFB24-SR, manufactured by Belimo. This actuator was 
selected primarily because it is commonly used with HVAC systems to control ventilation ducts 
within buildings. The common use of this device within commercial buildings, or similar 
devices within the Belimo product line, should allow building technicians to perform any 
maintenance needs that may arise. This alleviates issues with specialized training for personnel 
to handle maintenance needs.  

The actuator offers the ability to control the louvers in both clockwise and counter clockwise 
directions in the range of 0 degrees to 95 degrees. The actuator provides spring return operation 
for a reliable fail-safe application, assuring that the louvers will either return to a full open or 
closed position in the occurrence of a system failure (i.e. power loss to the actuator). The 
actuator operates in response to a 2 to 10 volts - direct current (VDC) signal. The 2 to 10VDC is 
determined within the WattStopper Segment Manger/Niagara JACE by an algorithm being 
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developed by CLTC. The signal is finally sent to the actuator from the WattStopper Segment 
Manager/Niagara JACE via the Aurora WIO. 

Figure 28: Belimo Actuator (left) and WattStopper Segment Manager with Niagara JACE (right) 

 
Credit: Belimo and CLTC 

Integrating the dynamic skylight louver system with the DLM is pivotal in achieving an optimal 
balance between the available daylight and electric lighting within a space. The DLM is capable 
of providing both the needed information (signals from sensors) and outputs via the Segment 
Manager/Niagara JACE and the Aurora wireless system to control the positioning of the 
skylight louvers. The Niagara JACE provides the software environment, located within a 
WattStopper Segment Manager, for the algorithms underdevelopment at CLTC to be 
implemented. The JACE is capable of implementing these commands via wireless 
communication with the Aurora WIO controller. Using the WattStopper Segment Manager with 
Niagara presents the added benefit of being capable of easily retrofitting the Dynamic Louver 
Skylight System into already installed DLM systems. 

The algorithm, under development by CLTC, will utilize data signals from sensors connected to 
the DLM system to determine proper positioning of the skylight louvers. Once the optimum 
louver positioning has been determined, along with the corresponding amount of present 
daylight, the system then determines what corresponding adjustments to the electric lighting 
are required.  

The main sensor used in the controlling of the dynamic skylight is the LMLS-600, a dual loop 
photosensor, Figure 29. The LMLS-600 was developed by CLTC in partnership with 
WattStopper for use in skylight applications. The photosensor utilizes both open and closed-
loop sensors. This allows for the photosensor to be used to more accurately determine lighting 
changes within the space with top light, such skylights, and implement the required changes. 
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Figure 29: LMLS-600 Dual Loop Photosensor 

 
Photo Credit: CLTC 

The wireless control panel consists of two main components, the 24VDC power supply and 
Aurora WIO Controller, secured within a weather proof casing. The Aurora WIO Controller, 
manufactured by AIC Wireless, is an IP based controller that possesses both monitoring and 
controlling capabilities. The wireless controller is available in a wide range of sizes, offering 
various connector terminals and ports. The Aurora wireless controller is compatible with a large 
number of different input and output ports, which allows for its use in a wide variety of 
applications, including controlling and monitoring fluorescent and LED lighting as well various 
actuators. In the Dynamic Louver Skylight System, the Aurora WIO Controller will serve as a 
bridge between the DLM system and the actuator controlling the louvers. The use of the Aurora 
WIO Controller allows for a reduced amount of wiring to be installed to reach each of the 
actuators from the DLM control panel within a building. For the application of controlling the 
Belimo actuator only digital and analog inputs and outputs of the Aurora WIO controller are 
used. 

The 24VDC power supply in the control panel powers both the Aurora WIO and Belimo 
actuator. This helps in reducing the amount of equipment needed and allows for a more 
compact casing that can hold all needed hardware. The 24VDC power supply is powered using 
a standard 120VAC connection. 
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Figure 30: Aurora WIO Controller (left) and Control Panel (right) 

 
Photo credit: CLTC 

 

3.2 Roller Films 
The window film roller idea combines window films, which are usually applied to glass 
permanently, with motorized rollers, which are usually used with window shades. The window 
roller film offers the potential benefits of both systems, roller shades and window films, without 
the draw backs most commonly associated with the application of these devices when deployed 
individually. The most common drawbacks associated with a majority of roller shades includes 
the penetration of light through the weave of the shade and the reduction or complete 
obstruction of the window view. Benefits of the window film roller include the ability to adjust 
the positioning of the film in the effort to maintain optimum lighting within the space through 
the regulating of incoming daylight, while also maintaining the window view.  

The window roller film development process was straightforward. It involved adhering a 
standard roll of window film to a motorized roller, with a weight being attached at the free end 
of the window film to keep tension on the film as it is moved up and down. Upon completion of 
the window roller film prototype, the device was installed at CLTC for initial testing. Photos of 
the installation of the prototype in the Daylight Harvesting Lab at CLTC are presented in the 
figures below. 
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Figure 31: Roller Film Installation at CLTC (1/4 down) 

 
Photo credit: CLTC 
 

Figure 32: Roller Film Installation at CLTC (3/4 down) 

 
Photo credit: CLTC 
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Figure 33: Side View Roller Film Installation at CLTC 

 
Photo credit: CLTC 
 

CLTC performed testing on the prototype to gain initial insight on various characteristics of the 
system and its potential for further development. These tests included the observation on how 
the film responded too being raised and lowered, and luminance measurements to assess its 
ability to reduce glare potential. The operation of the film was successful, with only minor 
damage seen originating along the edges of the film. Otherwise, the window film operated and 
behaved in a similar manner to standard roller shades.  

Luminance mapping of the window with the installed system was performed to determine the 
quality and effectiveness of the device in overall daylight penetration and reduction of glare. 
Example luminance maps demonstrate the ability of the roller film to reduce window 
luminance levels as expected.  Luminance levels were reduced by about 65 percent when the 
roller film was fully deployed compared to when it was completely retracted. These reduced 
luminance levels are in line with expected performance, based on the 0.35 visible light 
transmittance (VLT) rated film used in the prototype. 
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Figure 34: Luminance Map with Window Film Retracted 

 
Source: CLTC 
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Figure 35: Luminance Map with Window Film Deployed 

 
Source: CLTC 
 

Initial test results confirmed the potential of roller film shades for general operation and 
daylight mitigation. Further testing is needed to evaluate a wider range of film technologies, 
actuators, and controllers, to determine the full potential of design concept. 

3.3 Daylight Harvesting Laboratory- Daylight Test Facility at CLTC 
The CLTC has been developing a unique Daylight Harvesting Laboratory facility, which 
supports simulation of changes in light entering through a façade of a space (Figure 36).  The 
facility is essential for development of algorithms for both electric lighting controls for daylight 
harvesting and adaptive windows controls.  The development and construction of the Daylight 
Harvesting Laboratory at CLTC was an integral part of this project.  Facility plans are shown in 
Figure 36. The Daylight Harvesting Lab was constructed to serve as a test bed for daylighting 
controls and other daylighting technologies. The lab supports the simulation of multiple “light-
penetration-changing” conditions, which can be repeated on demand. The capability to repeat 
lighting conditions provides the ability to test daylighting technologies within a standardized 
environment that is not possible within a normal real world setting, since lighting conditions 
are always changing. 
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Figure 36: Computer–Assisted Drafting (CAD) Representations of the CLTC Daylight Harvesting 
Laboratory Building Construction (left) and Floor Layout (right) 

 
Source: CLTC 
 

The Daylight Harvesting Laboratory is capable of being altered to model various building 
facades. This alteration is possible through the addition of plywood inserts into the frame of the 
all-glass facade of the model space (Figure 37). This allows for testing multiple window designs 
and façade configurations.  It also allows testing of different configurations of external 
obstructions.  These tests are critical for the validation of control algorithms for both electric 
lighting and window controls. 

Figure 37: Daylight Harvesting Laboratory with Plywood Inserts Installed to Form a Two-Punched-
Window Façade (with the door closed) 

 
Photo credit: CLTC 
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The incoming light-changing scenaria are simulated using a so-called Skywall, which is a large 
array of dimmable tubular fluorescent lamps, which are controlled by software that supports 
programming of different light-changing scenaria to simulate changes equivalent to sunrises, 
sunsets, partly cloudy days and uneven façade obstructions (Figure 38). 

Figure 38: The Skywall of the CLTC Daylight Harvesting Laboratory, Viewed Through the Internal 
Customizable Façade 

 
Photo credit: CLTC 
 

The Skywall consists of 176 lamps controlled in pairs by 88 ballasts.  The Skywall also supports 
changing of the orientation of the lamps in groups, which increases the number of incoming 
distributions and changes that can be simulated (Figure 39). 

Figure 39: Possible Lamp Configurations of Skywall (Left) Vertical, (Center) Horizontal, and (Right) 
Checker Board 

 
Credit: CLTC 

 

The CLTC Daylight Harvesting Laboratory has been in use to develop the algorithms the ultra-
smart luminaires.  The testing of adaptive window technologies will be initiated as soon as the 
ultra-smart algorithms are completed. 
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CHAPTER 4:  
Field Testing of Commercial Venting Skylights 
Technology demonstration allows the preliminary research to be tested in an authentic retail 
environment. Through the processes of specifying, purchasing, installing and commissioning 
the adaptive envelope technologies it is possible to determine feasibility of such measures.  

CLTC partnered with a small commercial business to demonstrate a dynamic fenestration 
system into their retail store located in Davis, California. The business is located in a multi-
tenant single-story commercial building. 

Figure 40: Retail Demonstration Site 

 
Source: Google maps 

The demonstrated technology is an adaptive, venting skylight manufactured by Velux Design 
and Development Corporation. The skylight is from Velux’s venting skylight line (Figure 41). 
These motorized skylights may be opened to allow for natural ventilation and cooling. The 
skylights have integrated sensors that signal the skylight to close if begins to rain. 
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Figure 41: Electric, Venting, Curb Mounted Skylight (VCE) 

 
Source: Velux Design and Development Corp. 

The CLTC worked with Velux on the skylight layout for the demonstration space.  The skylight 
layout was designed to meet illuminating engineering society (IES) recommended light levels 
and uniformity.  For general retail applications, the IES recommended horizontal illuminance is 
40 foot-candles (fc) at 2.5 ft. from the finished floor. Velux determined that ten 30 x 30 inch 
electric venting skylights were required for installation to meet these recommended levels, the 
store layout and illuminance map can be seen in Figure 42 and Figure 43. The skylights were 
installed on site at the time of this report.  CLTC will continue the demonstration effort as part 
of another, separately funded research program. 

Figure 42: Lighting and Skylight Layout forRetail Demonstration Area 

 
Source: CLTC 
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Figure 43: Skylight Layout / Illuminance Map for Retail Demonstration Area 

 
Source: CLTC 
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CHAPTER 5:  
Conclusions and Recommendations 
Adaptive envelope technologies are most critical for the complete realization of the daylight 
harvesting strategy.  They are critical for the effectiveness of electric lighting controls and can 
offer significant additional comfort and energy benefits by reducing heating, cooling and 
ventilation loads. 

The realization of adaptive envelopes for retail spaces requires research and development work 
on multiple fronts.  This project was instrumental in advancing the state in several of these 
fronts, such as: 

 • Characterization of optically complex systems that will potentially allow us to model 
them in energy simulation software such as EnergyPlus.  

 • Development of simulation approaches that support consideration of complicated 
controls based on environmental conditions. 

 • Demonstration and evaluation of current state-of-the-art technologies to understand 
barriers and issues and guide the development of new, improved technologies. 

 • Development of new technologies by expanding on existing technologies and also 
developing new technologies that offer better performance in terms of comfort, energy 
efficiency and cost. 

Advancements in all of these fronts are critical for each other.  Simulation improvements are 
critical for development of new technologies.  Laboratory testing and evaluation is critical for 
the development of new technologies, especially algorithms for automated operation of 
dynamic systems.  Finally, field demonstrations and evaluation of existing and emerging 
technologies is most critical in understanding installation and operation issues that in turn 
guide the work on the research & development fronts. 

5.1 Recommendations & Future Work 
To fully understand and realize the promise of adaptive envelope systems it is important to 
advance the state-of-the-art in all fronts. 

5.1.1 Simulation Algorithms 
Performance simulation is one of the most important fronts to advance, as can greatly accelerate 
the development of new technologies.  Research and development efforts should be focused on 
expanding energy simulation software such as EnergyPlus to support consideration of optically 
complex systems and advanced control strategies based on multiple criteria, such as occupancy, 
light levels, status of electric and HVAC systems, etc.  Such improvements are intimately linked 
to the characterization of optically complex systems, as the new simulation algorithms should 
be compatible with what researcherscan measure in the laboratory. 
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5.1.2 Product Development 
Further development and testing is needed to advance the development of commercial systems 
for dynamic louvers and roller films. While these technologies show significant promise in their 
early stages of development, they currently are not ready for the development of commercial 
products.  CLTC plans to continue work on the development of these two approaches in the 
CLTC Daylight Harvesting Laboratory. 

CLTC is also involved in the development of commercial prototypes of adaptive tubular 
skylights, which adjust their transmittance through a butterfly-type mechanism operated by a 
stepping motor based on available daylight and the status of the electric lighting and HVAC 
systems. 

Finally, CLTC continues the development of the roller film idea, which seems to be most 
promising in terms of delivering excellent comfort and energy efficiency at a very low cost.  
Development includes integration of alternative window films and sensors that provide 
information about the indoor and outdoor environments. 

5.1.3 Field Demonstration & Evaluation 
Currently, CLTC is working on two field demonstrations of adaptive envelope technologies that 
are expected to be very useful in understanding limitations and guiding further product 
development activities. 

The first field demonstration & evaluation project is focused on commercial venting skylights in 
a retail store in Davis, California.  The evaluation is being focused on validating the 
effectiveness of the dual-loop technology for electric lighting control, and the effectiveness of 
natural cooling and ventilation through automated operation of the venting skylights.  The 
demonstration could be extended to include operation of prototype roller films, using the same 
dual-loop sensing systems that operates the electric lighting system. 

The second demonstration and evaluation project is focused on commercial prototypes of 
adaptive tubular daylighting devices that automatically adjust daylight penetration based on 
occupancy and the status of the electric lighting and HVAC systems.  The demonstration and 
evaluation involves three side-by-side classrooms in a San Diego elementary school, aiming at 
comparing the incremental benefits of static and adaptive skylights from the base case of a 
classroom with no skylights. 
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GLOSSARY 

Term Definition 

Building 
Envelope 

The physical separators between the conditioned and unconditioned 
environment of a building resistance to air, water, heat, noise, and light 
transfer5 

CAD Computer-assisted drafting 

Candela The SI unit of luminous intensity, equal to one lumen per steradian6 

Candlepower Luminous intensity expressed in candelas6 

CLTC California Lighting Technology Center 

Daylight 
Harvesting 

The use of daylight in the attempt to reduce energy consumption by 
offsetting the amount of electric lighting used in lighting spaces 

Directional 
Transmittance 

Ratio of incident flux collected over an element of solid angle 
surrounding the given direction to essentially collimated incident flux6 

Directional-
Hemispherical 
Transmittance 

Ratio of transmitted flux collected over the entire hemisphere to 
essentially collimated incident flux6 

DLM Digital Light Management System (WattStopper product) 

DOE United States Department of Energy 

Dual Loop Control method utilizing both open and closed loop control strageties 

fc Footcandles 

Fenestration Any opening or arrangement of openings for the admission of daylight6 

ft. Feet 

Glare The sensation produced by luminances within the visual field that are 
sufficiently greater than the luminance to which the eyes are adapted, 
which causes annoyance, discomfort, or loss in visual performance and 
visibility6 

5 Cleveland, Cutler J., and Christopher G. Morris. "Building envelope (HVAC)". Dictionary of Energy. 
Expanded Edition. Burlington: Elsevier, 2009. Print. 

6 Rea, Mark S. The IESNA Lighting Handbook: Reference & Application. 9th ed. New York, NY: 
Illuminating Engineering Society of North America, 2000. Print. 
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Goniophotometer A photometer for measuring the directional light distribution 
characteristics of sources, luminaires, media, and surfaces.12 

GWh Gigawatt hours 

HVAC Heating, ventilating, and air conditioning 

IES Illuminating Engineering Society 

Illuminance The areal density of the luminous flux incident at a point on a surface12 

JACE Java Application Control Engine 

LED Light-emitting diode 

LPD Lighting power density (the total load of lighting equipment within a 
defined area) 

Luminance The quotient of the luminous flux at an element of the surface 
surrounding the point, and propagated in directions defined by an 
elementary cone containing the given the area of the orthogonal 
projection of the element of the suface on a plane perpendicular to the 
given direction. The luminous flux can be leaving, passing through, 
and/or arriving at the surface12 

RD&D Research, development, and demonstration 

sf Square feet 

SHGC Solar heat gain coefficient (fraction of incident solar radiation admitted, 
both directly transmitted and absorbed and subsequently released 
inward) 

VCE Ve nted, curb-mounted electric skylight 

VDC Volts – direct current 

VDT Visible daylight transmittance (fraction of incident daylight in the visible 
light spectrum that passes through a material) 

VLT Visible light transmittance 

WIO  Wireless input/output (a method of transmitting information over 
wireless links). 

Wsf Watts per square foot 
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