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Residential thermostats control a substantial portion of both fuel and electrical energyd9% of the total
energy consumption in the U.S. Consumers install programmable thermostats to save energy, yet
numerous recent studies found that homes with programmable thermostats can use more energy than
those controlled manually depending on howdor ifdthey are used. At the same time, thermostats are
undergoing a dramatic increase in capability and features, including control of ventilation, responding to
electricity price signals, and interacting with a home area network. These issues warrant a review of the
current state of thermostats, evaluating their effectiveness in providing thermal comfort and energy
savings, and identifying areas for further improvement or research.

This review covers the evolution in technologies of residential thermostats; we found few standards
and many features. We discuss studies of how people currently use thermostats, finding that nearly half
do not use the programming features. The review covers the complications associated with using
a thermostat. Finally, we suggest research needed to designdand especially test with usersdthermostats
that can provide more comfortable and economical indoor environments.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Heating and cooling homes consumes a substantial portion of
energy. Most households in the U.S.1 use thermostats to control the
heating and/or cooling system in their home; in 2005, approxi-
mately 97% of households in the U.S. had a heating system and over
75% had air conditioning (Table 2.6 in [1]). In 2008, about a quarter
(28% or 6.04 quadrillion BTUs) of the total residential source energy
consumed was for heating and 14% (3.07 quadrillion BTUs) for
cooling [2]. Most (65%) of the energy supplied by fuels (primarily
natural gas, also fuel oil and propane) was for heating [3], but the
use of electricity for heating nearly doubled from 1985 to 2005.
While approximately 20% of total residential electrical energy was
used for cooling, air conditioning constitutes the largest single
contributor to peak electricity demand (which can lead to brown-
outs and wildly variable wholesale prices) [4]. Moreover, electricity
use for air conditioning is rapidly increasing, due to population
growth in hot climates and greater demand for comfort. In 2009,
er).
y control forced-air systems
e same issues apply to other
lia, and East Asia.

All rights reserved.
nearly 90% of newly constructed single family homes included air
conditioning [5]. In 2008, energy for heating and cooling homes
comprised approximately 42% of the total source residential energy
and about 9% of the total source energy in the U.S. [2,6].

The basic function of the typical residential thermostatdto set
a target temperature, see the current temperature, and control the
equipment accordinglydhas remained constant over the past sixty
years. A seconddand expandingdrole is to save energy. Many new
features and functions have emerged in the past twenty years to
facilitate the energy-saving role. While the thermostats’ capabil-
ities to control temperature are well understood, less is known
about the effectiveness of the technologies devised to enable
savings. The uncertainty in these savings is increasingly important
because manufacturers are adding many new features and func-
tions that affect the ability and ease of saving energy. The most
advanced thermostats control multiple zones and humidity levels.
Still other features include one-touch energy-savings, access to
weather, display of energy consumption, alerts for maintenance
(e.g., battery, filter), and diagnostics [7]. Remote control is
becoming a popular feature as smart phones and Internet access
become ubiquitous. Some changes are dictated by regulations or
utilities. Since 1978, California building codes have required ther-
mostats with night setback capabilities and many other regions
followed. The Environmental Protection Agency (EPA) established
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technical specifications for programmable thermostats for its
EnergyStar program in 1995. A relatively recent development is
residential demand response: utilities with high costs of supplying
peak power want to communicate directly with thermostats
because adjusting temperatures in cooperating customers’ homes
is cheaper than building new generation capacity.

This review describes the history and current state of the art of
thermostats in Sections 2 and 3. Section 4 draws from the literature
to understand what types of thermostats are installed and how
they are used across the U.S. Section 5 discusses the energy savings
from thermostats. Section 6 categorizes the types of problems in
adopting programmable thermostats. Section 7 pairs what we
know with what we don’t know in suggesting areas for future
research and policy implications. Section 8 of the review is the
conclusion.

2. History

Since the first fire was lit in a cave, heating and cooling for
thermal comfort in dwellings has required human intervention [8].
The Romans were among the first to move from the concept of
a simple open fire to a central heating system, where hot air from
a wood fire flowed through under-floor chambers or hypocaust [9].
In fact, the word thermostat is derived from the Greek words
thermos (“hot”) and statos (“a standing”). Cornelius van Drebbel
(born 1572 in Alkmaar, Holland) is commonly credited with
inventing the thermostateautomated temperature control in the
form of a mechanical device; Van Drebbel was able to regulate the
temperature of ovens and chicken incubators [8,10].

Modern thermostat history in the U.S. revolves around two
companies who are still in the business of building thermal controls
today: Johnson Controls and Honeywell. In 1883,Warren S. Johnson
received a patent for the first electric room thermostat; upon his
death in 1911, his company Johnson Controls focused on tempera-
ture controls for nonresidential buildings only [11]. In 1885, Albert
Butz developed a furnace regulator that used a “damper flapper” to
control air entry (and thus heat output) to a furnace. His company,
the Electric Heat Regulator Co., eventually became Honeywell Inc
[12]. In 1906, Honeywell produced the first automatic program-
mable setback thermostat, using a clock to turn the temperature
down at night and up in the morning. The first thermostat with an
anticipatorda means of reducing temperature overshootdwas
produced in 1924. The first modern thermostat controlling a central
heating system (typically a forced air system in the U.S.) used
a bi-metallic strip to measure temperature change and used
mercury in a tilting glass tube to provide contact with the elec-
trodes in the tube to control the furnace. The typical thermostat
interface was a simple rectangular box on the wall that used sliding
levers to control the temperature; the ubiquitous Honeywell
Round, which emerged in 1953 and is still available today, required
the user to turn the round dial. These types of thermostats are often
termed manual, standard, or mechanical thermostats. Both current
temperature and the target or desired temperature were displayed
on an analog scale showing temperature range.

Over the past 40 years, different policies have driven the
development of features in thermostats. The first oil crisis in 1973
spawned the creation of the first energy code (Building Energy
Efficiency Standards) in California in 1978, part of which required
clock or setback thermostats for new homes. These thermostats
were designed to save energy by automatically relaxing temper-
ature setpoints when people are sleeping. Studies performed in
the 1970s, based on models of energy flows through a house,
suggested that on average a daily 8-h nighttime setback could
bring approximately 1% reduction in natural gas consumption for
each degree Fahrenheit offset [13]. This result became and
remains the rule of thumb that guides much of the discussion on
the effectiveness of programmable thermostats with gas- and oil-
fired heating systems.

The physical human interface on thermostats has evolved partly
because of technical innovations and partly pushed by regulations.
The Americans with Disabilities Act (ADA) standards introduced in
1988 mandated controls that did not require the twisting of one’s
wrist [14]. This requirement along with the trend away from
mechanical thermostats with their moving parts towards semi-
conductor electronic manufacturing drove the “modern” look for
thermostats. By the early 1990s, the new thermostat was a plastic
rectangular box with few moving parts; thermistors replaced bi-
metallic strips, digital display replaced analog, and push buttons
replaced dials and slider bars. The addition of memory allowed the
storage of data, such as target temperatures for different times of
day, and required a power source.

In 1995, the Environmental Protection Agency’s EnergyStar
program included programmable thermostats, suggesting that
homeowners could save about $180 a year with a programmable
thermostat [15]. EnergyStar requirements included certain
features: default energy-saving and comfort setpoint temperatures,
cycle rate setting, recovery systems, and a hold or override option.
Consumers understood that the EnergyStar emblem on an appli-
ance indicated energy efficient equipment; manufacturers had to
comply with EnergyStar eligibility requirements.

Throughout the 1990s programming grew more complex, with
these features plus programming schedules for weekend/weekday
(5þ 2), seven-day, or vacation. More recently, part of the 2008
California Building Energy Efficiency Standards, commonly referred
to as Title 24, requires that programmable thermostats have the
ability to set temperature preferences for at least four different time
periods per day.

Utilities across the globe are exploring time-varying price tariffs
to reduce peak electricity demandddriven primarily from space
heating (e.g., in hydroelectric-rich New Zealand and Canada) and
cooling systems (e.g., in the U.S.). This created the demand for
programmable communicating thermostats that can receive price
or reliability signals from the utility. In California, while these
thermostats were not included in the 2008 energy code, this is
expected for future iterations; at the federal level, this will most
likely start with the new EnergyStar specifications regarding
climate controls (a subset of programmable thermostats) that
include communication and time of use price level indication [16].

Remotely controlled thermostats have become both feasible and
possible with the growing prevalence of cell phones, home area
networks (HAN), and the Internet in residences. Several applica-
tions have been developed to enable control of a thermostat using
amobile phone. Global Positioning Systems (GPS) in mobile phones
can be used to convey occupancy and proximity information to
thermostats, which can then predict arrival times of a home’s
occupants and modify the setpoint accordingly [17].

Many aspects of a programmable thermostat’s functionality
have been transferred to the Internet. An Internet thermostat
describes a programmable thermostat that connects to an IP
(Internet Protocol) network; models are currently being made by
Proliphix, Aprilaire, and Ecobee. Internet connectivity has spawned
companies such as EcoFactor, which sells an energy-saving ther-
mostat service. One network-enabled thermostat has a removable
standardized communication module (based on U-SNAP (Utility
Smart Network Access Port)) to connect the thermostat to a Home
Area Network via various wireless standards, such as ZigBee,
Z-Wave, RDS (Radio Data System), WiFi, FlexNet and Trilliant
[18]. Further, companies such as Control4 who specialize in
home automation have added a comfort function to their home
management interface to remotely control an Internet thermostat



Fig. 2. Disaggregated components of a typical thermostat.
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from the TV or other display. Likewise, security companies such as
ADT have also included thermostats in their networks.

Thermostats have come a long way from simply controlling
a heating or cooling unit and displaying current and target indoor
temperatures (Fig. 1). Today’s thermostats can control ventilation,
whole house fans, humidity, and multiple zones. The user interface
can be remote (e.g., controlled throughweb or smart phone), voice-
controlled, a large full color LCD or touchscreen. Displays now can
include outdoor temperature, messages from the utility, or main-
tenance alerts (e.g., battery or filter replacement warning).

These trends have shifted the thermostat from being a simple
wired appendage of the heating and cooling systems to a separate
product resembling software or consumer electronics. This is also
reflected in the shift in the orientation of companies involved in
thermostats, from more mechanical (e.g., manufacturers of HVAC
equipment) to those more familiar with consumer electronics and
communications.

3. Architecture & features

A basic thermostat has four components: a temperature sensor
in the desired environment, a switch or actuator to the physical
target of heating, ventilating, and air conditioning (HVAC) equip-
ment, a feedback loop between the two, and some means of dis-
playing the current (and target) temperatures as well as providing
a means for the user to change the target temperature. Electronic
devices with digital displays have largely replaced mechanical and
mercury-based thermostats; wired connections are slowly being
replaced by wireless. Advances in communication networks have
allowed thermostats to become increasingly disaggregated into
separate components. Fig. 2 shows a schematic of thermostat
components, which may or may not be packaged together. The
temperature sensor may be wireless, communicating with the
controller via radio frequency; the user interface may be a mobile
phone or web page.

1. Sensors: basic functioning of a thermostat requires at minimum
a single room temperature sensor. Additional sensors could
monitor humidity, outside temperature or additional inside
temperature points, occupancy through infrared sensors, or
connected to a security system that includes door entry or
window sensors.

2. Actuators: the thermostat uses a switch or relay, whether
mechanical or electronic, to turn on or off the target equipment,
whether furnace, fans, or compressor for the air conditioning
system. Other potential equipment includes an economizer,
whole house fans, and a humidifier/dehumidifier.

3. Control logic: for simple thermostats, the control logic is simply
a feedback loop that compares the target temperature with the
Fig. 1. Timeline of the history o
current measured temperature to determine when to turn on
or off the equipment. Mechanical thermostats handled this,
plus anticipation (to prevent overshooting the target) and
hysteresis (a deadband of temperature typically �1 �F around
the target temperature to prevent frequent switching of the
equipment). Modern programmable thermostats provide
anticipation, hysteresis, as well as other features through
electronics. Data is read from the settings, user interface, and
sensors, and a set of algorithms determines when the system
switches on and off.

4. User interface: the user interface (UI) represents a means for the
user to provide input for thermostat control and view a display
of information. The UI allows users to change the target
temperature settingdand on programmable thermostats,
input a schedule of changing temperature settingsdwhile
displaying information, such as current and target tempera-
tures. The thermostat interface can be mechanical with slide
bars, digital with push buttons, or digital with touchscreen.
New interfaces include web interfaces, mobile interfaces, TV
interfaces, audio, and remote controls.

5. Communication interface: at a minimum, a thermostat must
communicate with the HVAC system, generally through wired
connections. Additional capabilities require communication
using various protocols; examples include connection with
a home area network, receiving price or reliability signals,
streaming local weather forecast, receiving control signals
through an external optimization service, or communication
with interval meters.

6. Memory: programmable thermostats require memory for data
storage; memory can be permanent or volatile (i.e., disappears
when power is disconnected). These data, such as time of the
day and target temperature for each program, are needed for
the thermostat control logic.

7. Power supply: modern programmable and digital thermostats
require electric power for operation. Batteries or low voltage ac
power from the heating or cooling equipment typically provide
this power; electric heating systems commonly use line voltage
f residential thermostats.
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power. Thermostats often employ both systems, using the
batteries to preserve settings in the event of power outages or
other failures.

3.1. Control features

Today’s thermostats have a variety of features, both for control
and the user interface, with different levels of sophistication. One
range of features is related to what is under control. Thermostats
typically control heating and cooling equipment, which can include
forced air, radiant floor (typically using water) or radiant ceiling
systems (water or electric), or radiators (typically steam). Some
equipment, such as heat pumps, requires specialized control.
Thermostats may also control related equipment, such as humidi-
fiers/dehumidifiers, auxiliary heating systems, economizers, whole
house fans, or other ventilation systems. High efficiency equipment
often includes two stage systems with variable speed fans, which
are controlled based on the difference in current and target
temperature.

Another set of features of thermostats involves where the
control lies. For example, a fan-delay relay at the equipment allows
the blower fan to continue to run a few minutes after the
compressor has turned off to take advantage of residual cooling.
Some thermostats provide this control at the thermostat and allow
adjustment of this time period. The anticipator, which turns off
equipment before the setpoint is reached to prevent overshoot,
may be adjustable (especially for heating) or not (cooling).
Compressor protection, which requires the compressor to remain
off for a few minutes minimum to protect equipment, is a typical
feature often embedded at the HVAC controls.

A key issue is how these features work; some features with the
same name (such as hold or recovery) have very different functions
with different manufacturers. Some de facto standards have
evolved, such as switches for heating/cooling mode (HEAT-COOL-
OFF), auto switchover (automatically switch between use of heat-
ing and cooling equipment), and separate control of the blower fan
(Fan-AUTO). For programmable thermostats, two push buttons to
increase or decrease target temperature (as well as other functions)
is fairly standard.

Some features have been driven by the EnergyStar program,
such as default energy-saving and comfort setpoint temperatures
and schedule, cycle rate setting, pre-comfort recovery, and hold
and/or override options. Other policies, such as demand response
dynamic pricing (described in [19]), are driving features such as
communication and temperature setpoints that automatically
respond to price. Other feature development is driven by increasing
sophistication, such as multi-zone control, air filtering, and multi-
stage HVAC equipment. While some thermostats do not indicate
current time of day, programmable thermostats typically dodeither
Fig. 3. Older thermostat designs with slider bars, dials, and analog displays; Honeywell Rou
Peffer).
allowing an internal clock to be set by the user or providing a means
of updating the time automatically.

3.2. User interface features

Another set of features relates to the user interface of the
thermostat. These features are categorized bywhat is displayed and
how it is displayed. Typical information to be displayed includes
current and target temperatures (in Fahrenheit or Celsius), day of
week, time (12 or 24 h), and current schedule control mode (e.g.,
morning, day, evening or night); some displays show outside
temperature, relative humidity, and/or local weather forecast.
System status is often displayed by the position of a switch, or text
or icon. Status information includes:

B thermostat is off or in heating, cooling, or auto switchover
mode,

B fan is off or in auto mode,
B heating or cooling system, fan, or backup heating system is

currently running,
B hold/temporary/vacation mode is active (supercedes regular

programmed schedule).

Another type of display is an alert, such as indication of a low
battery or that the filter needs changing. Other types of information
include help (e.g., tips, other information for easy set up, instruction
manual), energy usage and or cost, messages from utility and/or
current price tier.

The user interfaces of thermostats have evolved over time, both
in how information is displayed and the means of user interaction.
Early thermostats presented a needle-type marker that indicated
current and target temperatures within a range of possible
temperatures in an analog display (Fig. 3). The majority of
programmable thermostats now use digital numbers to display
temperature; some recent models have returned to numbers on
an analog scale. Many programmable thermostats display text or
numerical information on some sort of Liquid Crystal Display
(LCD). The early models had relatively small monochrome screens
that had space dedicated to specific information. In some models,
a marker such as an arrow pointed to text (such as day of the
week) printed on the plastic enclosure of the thermostat; the
displayed marker changed position to indicate change in status or
information. In recent years, the LCDs have grown larger, multi-
colored, and screen space is sharedddifferent information can be
displayed in the same area at different times. Some thermostats
use menus in a framework similar to personal computer interfaces
to provide many layers of information structured on the same
screen. Many programmable thermostats now have backlights for
reading the LCD screen at night (Fig. 4).
nd [20] on left and Honeywell Chronotherm setback thermostat on right (photo by T.



Fig. 4. The evolution of the programmable thermostat from small LCD on LUX 1500 [21] on left to full touchscreen on White Rodgers [22] on right.
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The user interaction has changed from sliding needle-markers
and turning dials to push buttons and even touchscreens on
some models. While early models used push buttons to control
a single usedup, down, hold, next, reset, cleardsome thermostats
rely on context-sensitive buttons, that is multi-use buttons that
control different features in different modes. Physical slider
switches are still commonly used, although in touchscreen andweb
interface models, these are replaced with a virtual switch. Other
conventions borrowed from computer interfaces include using OK,
Back, and Save buttons.2

Many thermostats have controls or settings meant to be used
rarely and/or only at installation. These functions are often hidden
from apparent view, such as locating the switch for temperature
display in Fahrenheit or Celsius on the back of the thermostat.
A separate installer mode might include setting cycle rate or
temperature differential (deadband); these features may be only
accessible via a specific sequence of button pushes.

Manufacturers are constantly offering new interfaces. Voice
control thermostats allow a thermostat to be set up and controlled
by spoken commands. Some thermostats offer the user a selection
of multiple languages. Others provide great flexibility, such as
custom names for various programmed schedules. Audible touch
confirmation is a feature that imparts an audio prompt to confirm
entries. Single button pushes allow easy program switches, such as
changing to Daylight Savings Time versus Standard Time or
changing to an occupied or energy-savings mode.

4. Thermostat ownership & usage

4.1. Thermostat ownership

We found data on thermostat ownership mainly from surveys.
The Residential Energy Consumption Survey (RECS) is a national
area-probability sample survey (about 4000 homes every four
years) that includes several questions about presence, type, and
usage of thermostats. The American Home Comfort Study (AHCS)
also surveys 30,000 homeowners every two years; the 2008 survey
was conducted via the Internet. About 86% of U.S. homes have
a thermostat of some type controlling heating and/or cooling
systems [24,25]. Over time, the penetration of programmable
thermostats has increased in response to codes, decreased costs,
needs for additional features (e.g., central air conditioning), and the
desire to save energy. Building codes and other efficiency programs
have accelerated the transition to programmable units.
2 We note that Honeywell holds a patent on the saving changes indication, which
poses a constraint on other thermostat designs [23].
Currently, about a third of U.S. homes have programmable
thermostats [24,25]. The exact saturation is difficult to determine
because the estimates rely on consumer responses to surveys.
Consumers do not universally understand the distinction between
the types of thermostats even though manual and programmable
thermostats have very different capabilities. While two major
categories of thermostatsdmanual or programmabledare gener-
ally recognized, several surveys have indicated that lay people do
not understand these terms. Manual thermostatsdthose that
require human intervention and have no automatic featuresdare
often called standard or mechanical. However, manual thermostats
can have digital displays and operate with electronic sensors and
switches instead of mechanical ones. The early setback or clock
thermostats look like manual thermostats with their analog
displays, but they are categorized as programmable thermostats,
since they can automatically change temperature based on a timed
schedule. In both the national RECS and California-based Residential
Appliance Saturation Survey (RASS), the authors noted problems
with people understanding the term programmable thermostat
[1,26]. In RECS, the authors noted that when a clarifying phrase was
added to the question regarding type of thermostat, the number of
households reporting a programmable thermostat nearly dropped
in half compared to the previous survey, from 44.9million in 1997 to
25.1 million in 2001 [27]. RASS noted that the numbers listed were
lower than expected, that is, the response rate regarding program-
mable thermostats in post-1995 houses was expected to be 100%
due to the energy code, but was underreported.

Although programmable thermostats have been available for
more than 30 years, only 30% of U.S. households have installed
them. In the 2005 RECS, 14% of U.S. households reported having no
thermostat, 30% (34.6% of thermostat owners) had a programmable
thermostat, and 56% had a manual thermostat [1]. According to the
AHCS, 36% of households had programmable thermostats in 2004,
and the percentage increased to 42% in 2008 [28]. In California, the
2005 RECS reported 19% of households with no thermostat, 44%
(54% of thermostat owners) with a programmable thermostat, and
37% with a manual thermostat [24]. The percentage of houses in
California without thermostats differs from the national percent-
ages due to milder weather, whereas the increased number of
programmable thermostats in California versus nationwide is likely
attributed to the last 30 years of energy code requiring a setback or
programmable thermostat. Of those that used central air condi-
tioning in California, 68% had programmable thermostats; this
most likely reflects the fact that homes built in the past 30 years
were more likely to have central air conditioning (Fig. 5). Another
survey conducted in Seattle, the Residential Customer Character-
istics Survey 2009, reported that programmable thermostats were
installed in approximately 51% of households [29].
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Thus, residential energy use (and savings) still depends largely
on the settings of manual thermostats by the owners. This fraction
will fall steadily in the next decade as older thermostats are
upgraded through weatherization programs, utility incentives, and
consumer initiatives to achieve energy savings and more features.

4.2. Thermostat usage patterns

Several studies show that programmable thermostats are set
and programmed differently than manual thermostats. In a home
with a programmable thermostat, the occupants can program
a schedule to change the target temperature or setpoint. During the
heating season, the temperature setpoint can be reduced
(“set back”) when the house is empty or at night; in the cooling
season, the temperature setpoint can be increased (“set up”) to
prevent operation of the cooling system when not needed. In the
2005 heating season, about 60% of U.S. households with program-
mable thermostats reported using them to reduce temperature at
night. Only 45% reduced the temperature during the day; the same
survey indicated that approximately 51% of homes have someone
home all day, which may explain why fewer household reduce
temperature during the day than during the night [25]. During the
cooling season, 55% of households with programmable thermostats
set them to increase temperature at night as well as during the day
[24]. According to the California 2003 Residential Appliance Satu-
ration Survey (RASS), only 28% of households in California actively
set up the temperature for air conditioning (AC) during the day, and
the presence of programmable thermostats did not appear to
dramatically affect setback behaviors [26]. Of the recent buyers of
HVAC equipment, the American Home Comfort Study (AHCS)
reported that 56% of homeowners always program their thermo-
stats, 32% sometimes program, 9% never program their thermo-
stats, and 3% do not know how [28].

In a study that compared the energy consumption of manual
thermostats versus programmable thermostats in CA households,
programmable thermostats were set slightly higher (i.e.,
0.7e1.2 �F) than manual thermostats in the cooling season (which
would save energy), but were not in OFF mode as often. In the
heating season, programmable thermostats were set at higher
temperatures than manual thermostats (which would cause more
energy use), and far fewer were placed in OFF mode than manual
thermostats [30]. A consumer survey conducted in Seattle revealed
that a night setback was adopted by 86% of people with program-
mable thermostats and only by 60% of people with manual ther-
mostats [29]. A study in California found that setpoints assumed in
Title 24 energy code compliance software (similar to those required
for EnergyStar eligibility) overestimated the cooling setpoint and
underestimated the heating setpoints; in other words households
in the study on average used a lower setpoint for cooling (used
more energy) and a higher setpoint for heating (used less energy)
than the default energy-saving setpoints [31].

Similarly, outside the U.S., setup and setback behaviors are not
a commonhabit, as reported in several international studies. A cross-
cultural study of energy behavior in Norway and Japan [32] reveals
that less than 50% of Oslo’s households setback temperature at night
and 28% did not lower thermostat settings during weekends or
vacations. Another northern European survey of 600 homes [33]
showed that only 38% of the houses with thermostats lowered
their temperature during the night.

Occupants regularly interrupt the programming of their
programmable thermostat by selecting operating modes that
suspend the programmed schedule: hold and override (sometime
called temporary hold or temporary override) mode. Override
allows the occupant to temporarily raise or lower the desired
temperature typically until the next scheduled time program. The
hold mode is a permanent change, and functionally transforms the
programmable thermostat into a manual thermostat. A study
conducted by thermostat manufacturer Carrier examined the
operating mode of installed programmable thermostats in house-
holds within the jurisdiction of four utilities, LIPA, ConEd, SCE,
SDG&E. Of the 35,471 thermostats monitored overall, only 47%
were in programmode, in which the thermostat used the schedule
previously input by the occupant to control temperature setpoints.
The restd53%dwere in hold mode. The households within the two
southern California utilities (SCE and SDG&E) showed a higher
percentage (65%) in program mode, although it was unclear why
[34]. In the AHCS, no distinction was made between override and
hold. One question asked about the frequency of overrides for
recent HVAC buyers (all the time 8%, often 12%, sometimes 36%,
rarely 35%, never, 9%) [28]. It is difficult to knowwhether overriding
“all the time” means the thermostat was in hold mode or not.

Several studies have examined temperature swings, comfort,
and control within homes [31,35e39]. These indicated that thermal
comfort preferences at home are very different from that in offices:
there is a wider temperature range, because of greater control (i.e.,
occupants opened windows, and had greater freedom to change
thermostat settings, clothing, and activity level) [40] and because of
costs [41]. A recent national survey found that 49% of homeowners
were very much satisfied with their home comfort systems, 43%
somewhat satisfied, and 8% not at all satisfied [28]. There was
a slight correlation between programmable thermostats and
satisfaction: 45% of those very much satisfied had programmable
thermostats compared to 32% of those who were not at all satisfied
[28]. A preliminary study indicated that socioeconomic class may
affect these responses: in a recent weatherization study by one of
the authors (Meier) in low-income households, the top two
complaints were mechanical ventilation and the programmable
thermostat. However, thermal comfort throughout the home tends
to be problematicd68% of homeowners found at least one room
too hot in the summer and 60% found at least one room too cold in
the winter [28]. When asked about seeking improvements to their
home comfort system, 89% of homeowners listed greater energy
efficiency as very important, but many listed issues with thermo-
stat as very important as well: more even temperature (65%), better
temperature control (68%), faster heating and cooling (64%) [28].
Other issues were listed as very importantdsuch as better air
purification (76%), improved air flow (69%), and better humidity
control (64%) [28]. However, most commercially available ther-
mostats (the main device to affect house thermal environment)
control only air temperature, leaving all other parameters un-
monitored and uncontrolled.

There are no set standards for thermal comfort in residences,
although New York rental housing has a minimum indoor
temperature requirement for the eight coldest months of the year
[42]. A few have suggested the Adaptive Comfort Standard
described in ASHRAE 55-2004 as an appropriate standard [40,43]
since houses by law have operable windows for ventilation; this
standard allows a wider comfort temperature range given the
occupants’ ability to adapt. Thermal comfort has been defined and
studied both in the lab and field, primarily in the commercial sector



Table 1
Summary of thermostat behavior and energy savings studies [68].

Organization Investigators Location &
year

Sample size Conclusions

Southern
California
Edison

Paul Reeves,
Jeff Hirsch,
Carlos Haiad

CA 2004 N/A Energy savings
depend on
behavior
and can be þ or �

Energy
Center of
Wisconsin

Monica Nevius,
Scott Pigg

Wl 1999 299 Homes No significant
savings. PT’s
don’t change
behavior.

Connecticut
Natural Gas
Corporation

David Cross,
David Judd

CN 1996 100 Homes PT’s cause no
significant
behavior change.

BPA/PNNL Craig Conner NW 2001 150 Homes No significant
behavior
change/savings.

Florida Solar
Energy
Center

Danny Parker FL 2000 150 Homes No savings,
some increases.

Fig. 6. Rogers’ technology adoption or Diffusion of Innovation Curve [75].
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[44e49]. Many factors have been found to influence thermal
comfort, such as air temperature, radiant temperature, air speed,
humidity, level of clothing/activity [44,50,51] as well as psycho-
logical, behavioral, and physiological influences [52e56]. These
may explain the difference in heating and cooling season temper-
ature offsets [57]. In general, comfort temperatures have been
increasing in winter and decreasing in summer over the past
several decades [58,59]. Several studies indicated control as amajor
issue in thermal comfort at home [35,38,40,60]. However, most of
the thermal comfort testing and surveys in residences have suffered
from small sample size and not been representative of all socio-
economic and demographic classes; even surveys such as AHCS,
RECS and RASS still struggle with definition of terms (e.g.,
programmable thermostat, setpoint, zones).

5. Energy savings from programmable thermostats

Programmable thermostats have been promoted (and
mandated) as a means of saving energy. But programmable ther-
mostats differ from the traditional conservation measures, such as
insulation or a more efficient refrigerator, where simply installing
the measure will save energy. In contrast, the occupants must
actively program the thermostat and select settings that result in
savings. Furthermore, observing the programmable thermostat-
induced energy savings is experimentally difficult since energy
savings cannot be observed directly; instead one must examine the
difference in energy use between two periods. Few studies directly
meter the gas for heating or electricity for cooling separately from
other appliances. In addition, the differences in energy use may be
partially attributable to differences with other appliance energy
use, seasonal weather variations, or changes in occupants or
economic conditions. Alternatively, one can measure the difference
in energy use between similar homes with and without program-
mable thermostats. This approach is sometimes simpler but
introduces other kinds of uncertainties. Perhaps these difficulties in
evaluations explain why field studies of thermostat savings have
shown mixed results.

One recent analysis of energy bills in about 7000 households
concluded that savings of about 6% in natural gas consumption
could be attributed to programmable thermostat use [61]. In
Quebec, 90% of houses are electrically heated with room thermo-
stats; a billing analysis study (more than 25,000 households) esti-
mated that the use of programmable thermostats reduced the
energy consumption by 3.6% [62]. In a survey conducted in Seattle
with 2300 respondents, houses with programmable thermostats
had on average a 9% reduction in electricity consumption [29].
Studies of cooling energy savings are less common.

Several field studies showed no significant savings in
households using programmable thermostats compared to
households using non-programmable thermostats [30,63e65].
Some of these studies are summarized in Table 1. The avail-
ability of a programmable thermostat did not change setback
behaviors: people who were accustomed to setting back with
a manual thermostat kept doing so, and did not increase their
energy savings. Those who had not previously changed the
temperature setpoints did not set back with programmable
thermostats. Some researchers argued that homes relying on
programmable thermostats consumed more energy than those
where the occupants set the thermostats manually [66], espe-
cially with heat pumps [67].

The EPA reviewed these studies and concluded that consumers
were not using programmable thermostats effectively due to
programming difficulties and lack of understanding of terms such
as setpoint [69]. As a result, the EPA discontinued the EnergyStar
programmable thermostat program in December 2009.
6. Usability issues

Programmable thermostats have not seen great market pene-
tration; only about half are actually programmed to adjust
temperatures at night or unoccupied times, and thus they do not
necessarily save energy. The EPA review and other studies indicate
that people find programmable thermostats difficult to understand,
and lack the confidence and motivation to overcome difficulties in
programming [64,70e74].

We recognize that there are many factors involved in people
adopting and using a new device that are applicable; here we
discuss Rogers’ technology diffusion theory, Nielsen’s factors of
system acceptability, and usability guidelines.

Rogers’ diffusion of innovation curve (Fig. 6) defines different
attributes that affect the willingness and ability of consumers to
trying new technology [75]. Rogers’ theory describes why seem-
ingly advantageous innovations, like the programmable thermo-
stat, can take some time to diffuse in a social system. In some cases,
policy has created a tipping point in driving adoption, especially
between early adopters and the early majority; this has certainly
been the case in California’s higher adoption of programmable
thermostats compared to the rest of the U.S.

Jakob Nielsen outlines factors in system acceptability, in Fig. 7.
This figure is targeted for web interfaces, however, we feel it is
applicable since thermostats are becoming more like other
consumer electronics.



Fig. 7. Nielsens’ factors in system acceptability [76].

T. Peffer et al. / Building and Environment 46 (2011) 2529e25412536
In the International Organization for Standardization (ISO)
Guidelines on Usability (ISO 9241-11 1998), usability refers to the
extent to which a product can be used by specified users to achieve
specified goals with effectiveness (the accuracy and completeness
with which users achieve specified goals), efficiency (the resources
expended in relation to the accuracy and completeness with
which users achieve goals) and satisfaction (freedom from
discomfort, and positive attitudes towards the use of the product)
in a specified context of use [77]. In this section, we focus on some
of issues mentioned in the literature on the use of programmable
thermostats.

Our review of several U.S. and European studies collected a list
of complaints and unexpected beliefs held by users on thermostats.
Misconceptions about both energy and thermostats affect the use
of thermostats, which arguably can be categorized under social
acceptability in Nielsen’s framework. Some people feel that heating
all the time is more efficient than turning the heat off; in other
words, they feel that turning down the thermostat for several hours
per day actually consumes more energy because of the energy
needed to heat the house back up to the comfort temperature
[64,70]. Several studies have reported that consumers do not
understand how their HVAC system works [36,78e82]. They may
have incorrect mental models about creating comfortable indoor
air temperature, especially since thermal feedback is delayed due to
thermal inertia of the house. For example, they may think of the
thermostat as an oneoff switch or they may think the thermostat
works as a valve: to accelerate heating, onemust set the thermostat
higher [80,83]. Many consumers do not know how much energy
heating and cooling their home consumes or costs [70]. Other social
acceptability issues may relate to priority of values: consumersmay
care about the environment, but value their comfort more [81,84].
In some cases, discomfort in entering a cold house discouraged
people from lowering the temperature when they are away during
the day [33]. In fact, in some countries a warm house is cozy and
socially recognized [32]. Other social issues include gender differ-
ences in thermal perception or different needs and schedules of
people in a household that make it more difficult to find agreement
on the programmed temperature [53,54,80,81,85,86]. While some
studies indicate residents found comfort in “fiddling” with their
thermostats [35,60,87], other studies found that most people do
not have interest in tinkering with their thermostats to optimize
performance [38,78,88e90]. Other issues that are social in nature
include a fear of the unknown: some people unfamiliar with
a thermostat are afraid of using it in case there are terrible conse-
quences [64,80,81,88].

The practical acceptability and satisfaction of using a program-
mable thermostat has many factors. Programmable thermostats
cost more than manual thermostats, and consumers must expect
enough value or usefulness (whether convenience, cost-savings, or
some other utility) to warrant the time and money to purchase and
install the new device. At least one study suggested that the
payback and convenience are not worth the cost [64]. Other prac-
tical concerns include compatibility with the current system; there
are a few anecdotal reports of people mounting their new
programmable thermostat sideways to match the “footprint” of the
old manual thermostat so they wouldn’t need to repaint the wall. A
few studies mention that the programmable thermostat was
located in an inaccessible location [80,81]; many are located in
hallways that are poorly lit. Current ADA standards require the
placement of the thermostat 48 in. (1.2 m) above the floor which
may be more usable for those in wheelchairs, but less usable for
others than the 60 in. (1.5 m) de facto standard. In addition, many
houses have alternative heating or cooling systems (e.g., wood-
stoves) not controllable by thermostats [64,81]. While many people
have predictable schedules, others’ schedules are more variable
which makes the programming useless [64,81].

The poor usability of programmable thermostats and the
necessity to improve their ergonomics was highlighted almost
thirty years ago by Dale and Crawshaw, who stated that “it is easy to
blame them [thermostat users] for stupidity, but is slowly being
realized that the problem of efficiency in practice properly belongs
to the engineers or the system designers” [91]. A report from 1982
illustrating the application of human factors techniques to heating
controls interfaces listed several flaws, such as small text size and
knobs, difficulties reading in poor lighting and distinguishing the
current mode of the device, and lack of feedback on programming
[92]. Although the technology of the interfaces has greatly
improved over the past decades, little has been achieved in over-
coming these problems.

One important aspect of usability is learnability: is operation
of the device easy to learn? The EPA review and many other
studies indicate that programmable thermostats are too compli-
cated to use [33,64,71,73,74,80,81,83,93], especially for the elderly
[73,81,88,94,95]. A consumer reports lab test stated that the
subjects had difficulty setting the current time and day [71]; other
studies indicate problems with programming desired tempera-
ture and schedule [33,64,81,94]. Several studies report that
buttons and/or font size of text are too small [71,81,89,91,92].
Other studies point to poorly understood abbreviations (e.g., “Clk”
for clock, “Prg” or “Prog” for program) and terminology (e.g., set-
point, program, default, zone) and confusing lights and symbols or
icons [38,80,89,91,92].

Another aspect of usability is efficiency: how many steps does it
take to achieve the objective? Boait and Rylatt reported the
example of a thermostat that required a total of 28 steps to enter
heating times, which were identical for each day of the week [74].
Freudenthal and Mook observed that programmable thermostat
owners do not use all functions, even the ones they find valuable,
due to poor interface design [94]. Several studies suggested that the
layout of the interface itself was illogical, and thus difficult to
navigate [89,91,92].

Since many thermostats at minimum require seasonal adjust-
ment, the easy to remember factor of usability is important. Some
thermostats have help or have a quick guide located on an inside
cover. But many programmable thermostats require a manual,
which can be 100þ pages long and are often unavailable when
needed. Of the manuals themselves, Rathouse and Young reported
that many people find them too technical, detailed and wordy, with
not enough diagrams and attention on basics with procedural step-
by-step instructions [81].

Another measure of usability is few errors. In a recent study in
progress by one of the authors, Pritoni, nearly a fifth of households
reported that the current time on their programmable thermostats



3 While programmable thermostat manufacturers affirm they perform usability
tests for their products, they do not disclose results because they consider the user
interface a key feature for sales.

T. Peffer et al. / Building and Environment 46 (2011) 2529e2541 2537
was incorrect by more than an hour. Poor feedback in setting
a program was listed in a few studies as leading to errors [80,92].

We only found one study that addressed the aesthetics of the
programmable thermostat (is it subjectively pleasing?) as a barrier
to usability [17]. Anecdotally, one author has heard many complain
of the lack of aesthetics, especially in the vein of, “it just looks
complicated, I don’t want to touch it.”

7. Discussion

Programmable thermostats have largely fallen short of the goal
of saving consumers energy. Some research suggests that
improving usability may increase use and adoption of program-
mable thermostats towards facilitating energy-saving behavior.
This section describes what usability testing has been done and
what more is needed as well as describing what new features may
help usability.

7.1. Usability testing

Although a wide range of studies has been conducted on
temperature settings, thermal comfort, and efficiency of HVAC
systems, little quantitative information is available on how people
deal with temperature and environmental controls. A few researchers
have performed quantitative usability tests on programmable
thermostats.

Karjalainen completed qualitative and quantitative surveys on
thermostat use in homes and offices in Finland, and then developed
a prototype thermostat interface with usability guidelines and
a user-centered design approach [80]. As an example of user-
centered methods, six focus groups were conducted in the UK
[81] to investigate issues in use of heating controls. Based on user
experiences and complaints, a series of recommendations for
manufacturers and installers was formulated to improve the next
generation of thermostat interfaces, including the recommendation
that manufacturers offer a variety of products of different
complexity to suit different needs.

Freudenthal and Mook [94] developed a programmable ther-
mostat interface with vocal messages that guide the users through
the programming steps, in order to provide an interface usable for
people with no knowledge of the device, even for elderly users. The
device usability was tested by videotaping the interactions with
a touchscreen computer of 14 people randomly selected among the
population of Delft.

Sauer et al. investigated various types of enhanced user support
(status, history, predictive, instructional and warning displays) on
user performance [95]. Seventy-five subjects were asked to eval-
uate them. The highest scoring interface was the predictive display,
which predicted the impact of heating setups on certain parame-
ters, such as energy consumption, efficiency, and comfort level,
thus helping users make informed decisions [95]. The more inter-
active and rich information displays (e.g. warnings) appeared to be
useful for less experienced people. The results of this study sug-
gested that different levels of support were appropriate for specific
situations and groups of users.

A recent publication by the UK Building Control Industry Asso-
ciation [96] focused on the implementation of user interfaces of
control devices for heating, cooling, and ventilation, analyzing the
flaws of existing interfaces and providing usability guidelines for
new products. The authors affirmed that usable controls improved
not only user satisfaction and comfort, but also they provided
higher energy efficiency (use of HVAC only when needed), helped
to building management (local control versus central control) and
provided users with faster response of the system (due to perceived
control and feedback).
To our knowledge, the only comparative usability study on
commercially available programmable thermostats was conducted
by Consumer Reports [71].3 Twenty-five different thermostats were
lab-tested to assess their energy performance and their usability. As
a result, programmable thermostats were ranked according to
these criteria and a series of problems with using thermostats were
highlighted. Consumer reports did not explicitly state what
parameters were considered to assess thermostat usability, and it
did not appear that quantitative tests were performed. Moreover,
the thermostats were tested in unusual conditions; namely, the
users evaluated the thermostats while sitting down and in a well-
illuminated room.
7.2. Recommendations

What features might increase adoption and usability of
programmable thermostats? We discuss below some recom-
mended features listed in the literature, as well as standards. The
current trend in consumer electronics may help thermostat
usability. Certainly adding thermostat functionality to existing
interfaces, such as on the television or smart phone, may improve
the use and usability. While home automation has been around for
many years, perhaps today’s more compelling interfaces will
encourage consumer acceptance of automation and intelligence in
home controls. Educating consumers with better feedback may
encourage programmable thermostat use, by revealing how much
heating or cooling energy homes consume and how modifying the
temperature setpoint can save energy.

Improved feedback: recently energy consumption feedback has
received a great deal of attention [97e108] with respect to
changing energy consumption behavior. Cost and energy
consumption data can be obtained from interval meters, user-
installed sensors on meters or appliances, smart appliances, and
other intelligent systems. This information can help users under-
stand the connection between temperature settings, HVAC use,
cost, and the environment. Some recent studies indicate that the
estimated time expected to reach the selected temperature is
a useful indication for users [17,80]. This feature may also enhance
the users’ perception of control of the system and discourage the
use of the thermostat as if it were a valve.

Intelligent systems: automated systems can, in theory, limit the
need for human interaction, such as eliminating thermostat
programming by systems that learn occupancy schedules and
thermal preference. Different solutions have been suggested to
monitor the location of household members ranging from occu-
pancy sensors [57,109e112] toMobile GPS [17]. Occupancy data can
also be predicted from historic energy consumption [74]. Sensors
can be complemented by an intelligent controller that uses learning
algorithms to recognize patterns (e.g., preference in temperatures
and characteristics of HVAC and house) [57,74,113]. Intelligent
systems can theoretically overcome some of the problems associ-
ated with human-thermostat interaction, although some users may
be reluctant to surrender control. Clearly the optimal path is to
provide choices in the balance between user control and automated
features [57].

Communication: the thermostat can use a home gateway to
communicate with other devices in a Home Area Network such as
smart appliances, in home energy displays, and energy detectors.
A thermostat could in theory exchange data with utilities and other
service providers. Web/mobile interfaces already enable the control



T. Peffer et al. / Building and Environment 46 (2011) 2529e25412538
of thermostat configurations from personal computers, cell phones,
and potentially Internet-connected television. Enhanced commu-
nicationwith other devices in the home and with the outside world
may increase thermostat usability by piggybacking on other
devices with more interesting and provocative user interfaces that
are easy to use.

Other improvements: voice-controlled thermostats, such as by
Talking Thermostats.com and Innotech, may improve thermostat
usability for elderly or motion-disabled people [114,115]. Voice-
activated devices could dramatically simplify the interaction with
thermostats, especially in case of out-of-schedule requests [81].
Some researchers have proposed the development of goal-setting
strategies for occupant interactions with programmable thermo-
stats [85]. Some studies have suggested new functions considered
useful to consumers. One is a “boost button” (an additional hour of
heating or cooling) [81], similar to the plus-1-minute button
commonly found on microwave ovens. This function could provide
flexibility to a programmed schedule; in other words, a single
button press could extend the space conditioning to accommodate
an impromptu change in schedule. In the same vein, another
potential function is a timer [90] to turn on or off heating or cooling
for a specific amount of time. A third helpful function is an esti-
mation of the time needed to reach the desired temperature [80].
These features are not currently available in any of the surveyed U.S.
thermostats. In response to demands to simplify the interfaces,
a single button push triggering an energy-saving mode has been
proposed in EnergyStar Program Requirements. Aesthetically
improved interfaces are suggested by several studies to improve
social acceptability and increase likelihood of adoption. Another
area of improvement is motivation: the “Green Machine” [116] is
a mobile application that is an example of persuasive tech-
nologyddefined by BJ Fogg as technology created for the purpose of
changing people’s attitudes or behaviors [117]. The Green Machine
interface provides a visualization of energy consumption in
comparison to user goals and utilizes social networking tomotivate
users to reduce their energy consumption.

In the long term, standardization can improve usability, because
people have to learn a system only once. In our survey of thermo-
stats currently available in the market we found a substantial lack
of standardization not only in the interaction design, but also in
symbols, icons, and text. The most basic functions and concepts are
implemented in different ways. Standardization of interfaces,
symbols, and icons has been successfully implemented in other
sectors such as in car dashboards (SAE Standards [118]) and in
power controls for electronic equipment (IEEE 1621 [119]).

7.3. Future work

We suggest that a “good” thermostat design is not only usable
(easy to use/learn/remember), but also useful (provides needed
functions for its users) in away that is cost-effective and compatible
with existing equipment. Arguably, a good programmable ther-
mostat would facilitate energy-saving behavior as well as provide
comfort and convenience for the people using it. But do thermo-
stats really save energy? What else factors into their adoption and
use? And what is good usable design? To whom?

We recognize several needed areas of research. Additional
research is needed to determine the energy savings from
programmable thermostats and link the amount of savings to initial
conditions and usage of the thermostat’s features. In addition, we
uncovered little exploration of thermal comfort in homes; this is
well studied in commercial buildings and has led to better control
strategies. Understanding residential thermal comfort could
improve comfort and save energy. Another issue entirely is
addressing motivation to use the thermostat to save energy. Are
there softer non-technical means of achieving the same goals, for
example, with social networking with Facebook or encouraging
behavior change by promoting positive social norms in utility bill
inserts?

At the beginning of this section we listed the few quantitative
usability studies we could find. While a few surveys and some
studies point anecdotally to widespread user difficulties with
programmable thermostats, the literature contains relatively few
usability studies with quantitative data and analysis. (Access to the
thermostat manufacturers’ consumer telephone help lines would
be invaluable.) Lack of usability studies is a critical weakness in the
design of advanced thermostats because usability is among the
most frequent complaints about them.

We have begun some initial exploratory usability studies which
are described in [120]. We think that there is not a “one-size fits all”
solution; we are exploring the elements of good thermostat design,
and are currently outlining design principles of programmable
thermostats. While we briefly mention technology adoption theory
and guidelines for web user interface design in this review, we plan
further research to look at usability in other fields, such as medical
equipment and dashboards.

8. Conclusion

Thermostats play a vital role in both providing comfort to people
in their homes and controlling the most energy intensive systems
in the homedheating and cooling. This review began with a brief
history of the thermostat, outlined the basic features, discussed
ownership and use of manual and programmable thermostats in
the U.S., described the energy savingsdor rather lack thereofdand
pointed out usability issues. Our review of thermostats indicates
that the thermostats designed and promoted by energy conserva-
tion policies have had slow penetration into the market and are
used as designed in only half of the homes in the U.S. In general, the
energy savings from using programmable thermostats are less than
predicted, although we acknowledge that these evaluations are
difficult to perform.

The number and variety of new features for programmable
thermostats is increasing, which further complicates the device.
One example is the programmable communicating thermostat for
residential demand response. Many utilities are exploring time-
varying price tariffs to reduce peak electricity demandddriven
primarily from space heating and cooling. Yet, overlaying price-
response on the current functionality of programmable thermo-
stats will only increase the complexity of this already misunder-
stood and underutilized device, much less introduce a tariff
structure completely foreign to many consumers.

User complaints culled from the literature include misconcep-
tions about energy use and how thermostats work, lengthy and
obtuse operating manuals, and social and practical barriers to using
programmable thermostats. The user misconceptions are particu-
larly important since they may encourage incorrect usage that
cannot be easily overcome by better interfaces. When users com-
plained about the thermostats themselves, they noted in particular
their complexity, small size of buttons and text, confusing terms and
symbols, and the number of steps needed to program the devices.

Several studies indicated disparate attitudes towards thermo-
stats. Some users preferred never to adjust their thermostatsdto
the point of being afraid of touching them; some believe that
changes in thermostat settings consume more energy. Others
tinkeredwith their thermostat several times per day, and prefer the
control of manual adjustment to a set program. These groups will
have different priorities for top-level features.

Our recommendations for improved usability include access
through a web portal and use of audible commands and even voice
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recognition. The literature revealed some functions that would be
desirable to some users but are not available in U.S. models, such as
a “boost” feature that would provide an extra hour of operation
(similar to the “plus one minute” feature on a microwave oven).
One study found that users liked a feature that would indicate how
long it would take to achieve the desired temperature.

A goal of future thermostats will be to overcome the miscon-
ceptions about thermostat operation and tominimize thenumberof
interface-related complaints. At present, however, designers lack
the foundational research to determine which thermostat features
succeed or fail. We are encouraged by EnergyStar’s inclusion of
usability metrics in the future thermostat specification and hope
that this effort leads to more quantitative usability research as well
as building on the success of intuitive popular consumer electronics.

Finally, we note that the thermostat is only one of many devices
where human interaction plays a role in energy consumption. We
expect a similar discourse in the future on in-home energy displays,
lighting controls, as well as household appliances (such as televi-
sions) that focus on making energy consumption more transparent
and user interfaces more usable.
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