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Adaptive Building Controls
The objective of this article is to provide a high-level overview of adaptive building controls, 
focusing on scope, strategies and implementation technologies.

Α
daptive controls” is an emerging term 
for automated controls, based on 
changes in environmental conditions 

in the spaces they serve.  The main goal of 
adaptive building controls is to maximize 
comfort (luminous & thermal), health 
(indoor air quality) and, lately, wellbeing 
(circadian rhythms), while minimizing 
energy requirements.
There are three main operable building 
systems that affect comfort, wellbeing and 
energy efficiency: HVAC, Electric Lighting 
and Fenestration (windows/skylights) 
systems.
Adaptive controls for HVAC and electric 
lighting systems have been in the market 

for many decades, with accelerated growth 
since the introduction of digital controls 
and communications, Light Emitting Diodes 
and a multitude of new approaches to 
sensing environmental conditions.
Adaptive fenestration controls are recently 
new, with minimal market penetration in 
high-visibility buildings, mainly because 
they are more difficult and expensive to 
implement.

Adaptive HVAC Controls

Even the most basic HVAC systems use 
thermostats that aim at maintaining 
predefined temperature levels.  Today’s 

technologies support not only additional 
thermostat capabilities, such as seasonal, 
weekly and time-of-day scheduling, but also 
support for consideration of environmental 
conditions, such as relative humidity, CO2 
levels and occupancy.

Adaptive Lighting Controls

Time-based lighting controls have been 
in use for many decades, through use of 
time clocks and timer switches, mainly 
for on/off scheduling. Occupancy-based 
controls are also wide-spread and today 
they are required by law in commercial 
building energy codes, in many countries.
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Many energy codes also require dimmable 
light sources and photosensor-based 
lighting controls for daylight harvesting in 
daylit spaces, i.e., controls that adjust the 
electric lighting output based on available 
daylight.
An emerging lighting control consideration 
is the effect of lighting on circadian rhythms, 
for health and wellbeing.  Circadian LED 
lighting is already available in the market, 
supporting spectral output control, by 
mixing different individual LED sources.

Adaptive Fenestration Controls

Operable fenestration systems can 
significantly contribute to minimizing 
energy requirements by providing daylight 
to reduce electric lighting output and 
controlling solar heat gain to reduce HVAC 
thermal loads.  Openable fenestration 
systems can further reduce HVAC loads 
through natural ventilation and cooling.
While energy codes for commercial buildings 
include requirements for fenestration 
systems in terms of visible transmittance 
and shading coefficient, they do not have 
any requirements for automated operation 
of operable shading systems, such as 
blinds, louvers, rolling shades and, lately, 
electrochromic glazing systems.  The latter 
are the easiest to control automatically, as 
they change their transmittance through 
use of digital controllers.
Some energy codes provide incentives for 
use of automated controls to encourage 
development and market adaption of 
strategies and technologies, as adaptive 
fenestration controls are also important in 
realizing the full potential for minimization 
of energy requirements.
Manual operation of shading systems by 
building occupants is based mainly on 
comfort and wellbeing and rarely to save 
energy. While most building occupants 
deploy shading systems to block direct 
solar radiation when it causes discomfort, 
very few readjust the shading systems 
when the potential for discomfort from 
direct solar radiation has passed. Such 
operation works against the potential 
savings from photosensor-based controls 
for electric lighting, as blocking the direct 
solar radiation usually blocks daylight too.
Manual fenestration controls are also not 
effective in realizing the full potential of 
minimizing HVAC energy requirements, 

as fenestration controls for HVAC load 
reduction are also required when there 
are no occupants in the building, e.g., 
during nighttime, weekends and holidays.

Integrated Building Controls

Adaptive HVAC and electric lighting controls 
are independent from each other and 
also from fenestration controls.  Adaptive 
fenestration controls, however, greatly 

depend on the status of the HVAC and 
electric lighting systems to effectively 
minimize their corresponding energy loads.
As daylight levels increase after sunrise, 
in an occupied space, adaptive electric 
lighting controls reduce lighting output 
following the daylight increase.  As long as 
the electric lighting is on, the fenestration 
controller aims at maximizing visible 
transmittance (while monitoring glare 
conditions) until the electric lighting is 
completely off, or at a minimum.  At this 
point, the fenestration controller requires 
information from the HVAC to determine 
what to do next.
If the HVAC system is in cooling mode, the 
fenestration control aims at adjusting visible 
transmittance to maintain daylight at the 
level that keeps the electric lighting off or 
at minimum.  If the fenestration were to 
introduce more visible light in the space, 
it would also introduce solar heat gain, 
increasing cooling loads.
If the HVAC is in heating mode, the fenestration 
control aims at increasing solar heat gain 
(while monitoring for glare conditions) to 
reduce heating loads.

Today’s Integration 
Technologies 

Since fenestration controllers need to 
know the status of the electric lighting and 
HVAC systems, they need to communicate 
with the lighting and HVAC controllers, 
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respectively.  HVAC and electric lighting 
controls have evolved independently, and 
their controllers are not designed for and 
cannot communicate with each other or 
with fenestration controllers, as they use 
different communication protocols.
Today’s approach to establishing such 
communications is the use of individual, 
central controllers (a.k.a. System Integrators) 
, which communicate with the individual 
controllers of the fenestration, electric 
lighting and HVAC systems.  Successful 
implementation requires careful selection 
of individual and central controllers to 
ensure effective communication among 
them and effective implementation of 
integrated control strategy in software 
for the operation of the central controller.
Extensive research and development efforts 
at the Integrated Building Controls Laboratory 
of the California Lighting Technology Center 
(figure 1) have resulted in the design and 
implementation of an integrated building 
controls system, using technologies that are 

available in the market (figure 2, page 45).
The algorithms in the central controller 
software are based on a simple control 
strategy:
g During Vacancy Focus on Energy 
Efficiency
=Adjust fenestration based on HVAC 

status
=Turn electric lighting off or dim to 

minimum
=Adjust HVAC
g During Occupancy Focus on Comfort
=Manual adjustment has top priority! 
=Adjust fenestration based on electric 

lighting status, glare from sunlight & 
HVAC status
=Adjust electric lighting based on 

available daylight

Strategic & Technical Issues 
& Challenges

The biggest strategic challenge in adaptive 
controls is achieving reliable sensing of 

changes in environmental conditions.  The 
placement and orientation of sensors is 
very important and requires significant 
understanding of how related space 
conditions may change.
As an example, sensing daylight changes 
with a single photosensor mounted on 
the ceiling and looking downwards can 
easily fail as its signal is affected not only 
by daylight and electric lighting changes, 
but also by changes in the geometry and 
reflectance of interior surfaces, which include 
movement of occupants in the space.  Using 
two or more photosensors as input to the 
logic controller can dramatically increase 
reliability in sensing daylight changes.
A major strategic issue of automated 
controls is the harmonization with manual 
operation, which is most important for 
occupant acceptance.  Manual override 
should always have top priority in control 
algorithms.  The key issue is determining 
when to resume the automated operation, 
e.g., after a certain time period, after 

FIGURE 1: 
The Integrated Building 
Controls Laboratory of 
the California Lighting 
Technology Center, which 
includes simulation of 
daylight changes during 
sunrise, sunset, partly 
cloudy days, etc.
The top photograph 
shows the laboratory 
with wall partitions and 
ceiling tiles removed, 
showing the daylight 
simulator and the 
individual components 
of the while system. 
The bottom photograph 
shows the laboratory 
under test conditions, 
with fenestration 
systems at random 
states for demonstration 
purposes.
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vacancy, etc.  These issues are best 
addressed by providing different and/
or adjustable options that occupants 
can choose/specify.
Another major strategic challenge 
is the commissioning of adaptive 
controls, not only at the level of each 
individual controller but also at the 
level of the central controller.  The 
goal of the commissioning process 
is to make sure that the controls 
work as expected, verifying proper 
connections and communications 
and determining control set points, 
e.g., photosensor values for adjusting 
electric lighting output.
A major technical challenge of 
existing technologies is the lack 
of common protocols, not only 
for communication (the central 
controller takes care of it), but also 
for sensory input rates and device 
status updates, which are critical for 
maintaining operational continuity 
and effective synchronization.  The 
response time of control systems 
is critical for effective operation, 
especially during occupancy, when 
there is expectation for immediate 
system response.
Response time also increases by the 
increase of the number of devices, 
such as luminaires and windows, 
handled by the lighting and fenestration 
controllers, respectively.  This is also 
true for the number of individual 
controllers that communicate with 
the central controller.

What the Future May Bring

Most of the technical issues of 
current integration approaches 
can be resolved by reducing the 
number of devices controlled by 
single controllers at the level of 
individual spaces, or, ultimately, 
at the device level, i.e., developing 
autonomous, or “smart” devices, which 
have their own controller, sensors 
and communication capabilities to 
effectively manage their operation.
Smart luminaires have the potential 
to automatically commission their 
photo-sensor set points by sensing 
their own light output.  They can 
also form networks automatically, 

by sensing the light output of the of 
each other.  Moreover, they can share 
information about environmental 
conditions to help resolve issues 
like the effect of interior changes on 
the signals of photosensors.  
The term “smart device” is also used to 
refer to devices that can be connected 
to the Internet, which certainly also 
applies to luminaires and windows.  
However, effective communication 
for adaptive controls is best through 
peer-to-peer communication among 
devices that serve the same space, 
as communication through the 
Internet is very slow for implementing 
control algorithms that operate at 
millisecond rates.
In-depth information about adaptive 
lighting and fenestration controls, is 
available at the California Lighting 
Technology Center web site (cltc.
ucdavis.edu), which includes many 
publications and presentations on 
related strategies and technologies.
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FIGURE 2: 
Schematic 
diagram 
of the 
components and 
communications 
of integrated 
adaptive 
building controls 
implemented 
at the Integrated 
Controls 
Laboratory 
of the California 
Lighting 
Technology 
Center.
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