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a  b  s  t  r  a  c  t

Programmable  thermostats  are  generally  sold  as energy-saving  devices  controlling  heating  and  cooling
systems,  but  can  lead  to energy  waste  when  not  operated  as  designed  by the  manufacturers.  We  uti-
lized  Amazon  Mechanical  Turk,  an  online  crowdsourcing  service,  to investigate  thermostat  settings  and
behavior  in  households.  We  posted  a survey  and  paid  respondents  to upload  pictures  of  their  thermostats
to  verify  self-reported  data.  About  40% of  programmable  thermostat  owners  did  not  use  programming
features  and  33%  had  programming  features  overridden.  Respondents  demonstrated  numerous  miscon-
ceptions  about  how  thermostats  control  home  energy  use.  Moreover,  we found  that  57%  of  households
were  occupied  nearly  all the time,  limiting  the  potential  energy  savings.  The  study  revealed  flaws  in  self-
reported  data,  when  collected  solely  from  traditional  surveys,  which  raises  concerns  about  the  validity
of current  thermostat-related  research  using  such  data.  “Ground  truth”  temperature  data  could  now

be  available  in  homes  with  Internet-connected  thermostats.  Online  crowdsourcing  platforms  emerge
as valuable  tools  for  collecting  information  that  would  be difficult  or  expensive  to  obtain  through  other
means.  Advantages  over  traditional  surveys  include  low-cost,  rapid  design–implementation–result  cycle,
access to  diverse  population,  use  of multimedia.  Crowdsourcing  is  more  effective  than  alternative  online
tools  due  to easier  recruitment  process  and  respondents’  reputation  system.

© 2015  Elsevier  Ltd.  All  rights  reserved.
. Introduction

.1. Surveying thermostat behavior

Maintaining thermal comfort in a home is a web  of competen-
ies and behaviors [1–3]. It requires a mental model of the technical
elationship between the thermostat, the heating system, and the
hysical and social characteristics of the home. Equally impor-
ant, maintaining thermal comfort involves a set of practices and
ehaviors encompassing much more than setting the temperature;
hese include choice of clothing, the use of windows, instructions
o children, and the general perception of thermal comfort. The

echnical and behavioral aspects are both closely related and entan-
led. Installing a new thermostat is a relatively minor technical
ntervention; nevertheless, it causes a realignment of practices and

∗ Corresponding author at: Western Cooling Efficiency Center, University of Cali-
ornia Davis, 215 Sage Street, Suite 100, Davis, CA 95616, USA. Tel.: +1 530 752 0345;
ax:  +1 530 754 7672.

E-mail address: marco.pritoni@gmail.com (M.  Pritoni).

ttp://dx.doi.org/10.1016/j.erss.2015.06.002
214-6296/© 2015 Elsevier Ltd. All rights reserved.
behaviors. The first step in understanding this realignment is to
examine how occupants use a new thermostat.

Programmable, digital thermostats are generally sold as
“energy-saving devices” and have been purchased by more than
a hundred million consumers in North America and Europe in the
past two decades.1 The reduction in energy consumption arises
from the automatic use of energy-savings settings, i.e., turning off
the heating and cooling system when not needed, or “setting back”
the temperature in winter (or “up” in summer) during unoccupied
periods and at night [4]. Simulations of residential buildings in
North American climates suggest that lowering the thermostat
2–4 ◦C for 8 h per night saves 5–15% a year on the heating bill

[5,6], although the savings depend strongly on thermostat con-
trol strategy, climate and other factors. But unlike an efficient
boiler or a refrigerator, the mere installation of a (programmable)

1 Despite the growth in sales of more advanced devices, such as Internet-
connected thermostats, the number of programmable thermostats currently
installed in homes is far higher (∼10 fold).

dx.doi.org/10.1016/j.erss.2015.06.002
http://www.sciencedirect.com/science/journal/00000000
http://www.elsevier.com/locate/erss
http://crossmark.crossref.org/dialog/?doi=10.1016/j.erss.2015.06.002&domain=pdf
mailto:marco.pritoni@gmail.com
dx.doi.org/10.1016/j.erss.2015.06.002


h & S

t
h
f
c
m
i
w
r
d
b

E
g
a
E
d
y
g
a
t
p
o
t
u
[

s
h
t
p
t
i
a
i
r

1

p
I
t
e
t
H
r
i
R
E
m
A
d
s
a
e
f
r
i
t
t

1

t
t
l
r

2. Methods

We collected thermostat usage data using an online crowd-
M.  Pritoni et al. / Energy Researc

hermostat does not affect the house’s energy use. Field studies
ave, not surprisingly, observed wide ranges in energy savings

rom programmable thermostats. Some studies found no signifi-
ant difference in energy consumption between households with
anual and programmable thermostats [6–9], some found an

ncreased consumption with programmable thermostats [10,11],
hile a few others observed small energy savings [12–14]. The

ange of outcomes found in these studies may  be explained by
ifferent climates and fuel use, small sample size, self-selection
ias, and difficulty of establishing a baseline.

In 1995, the US Environmental Protection Agency (EPA)’s
NERGY STAR program established specifications for pro-
rammable thermostats, suggesting that homeowners could save
bout $180 a year with a qualifying programmable thermostat.
NERGY STAR requirements included certain features such as
efault comfort and energy-saving setpoint temperatures. Twenty
ears later, the EPA concluded that consumers were not using pro-
rammable thermostats effectively due to programming difficulties
nd lack of understanding of terms such as setpoint. As a result,
he EPA discontinued the ENERGY STAR programmable thermostat
rogram in December 2009 [4]. Around the same period, careful
bservations of thermostat behavior in Finland, the UK, Japan, and
he United States have found that many people are confused and
nable to operate a thermostat as expected by the manufacturers
15–19].

More reliable—and contemporary—data on indoor temperature
ettings are needed to support design of more effective policies,
elp educate consumers, and improve saving estimates. However,
hese data need to be collected in the context of thermal comfort
references, household occupancy patterns, and people’s interac-
ion with the device [4]. The aim of this study is two-fold: (1) to
nvestigate how people actually use thermostats in their homes,
nd (2) to assess the validity of crowdsourcing as a tool for collect-
ng household thermostat usage behavior. Before delving in our
esults, the state of current research is summarized below.

.1.1. Temperature settings
Energy simulations require reliable temperature setpoints to

redict energy savings for a particular heating and cooling strategy.
nformation about temperature preferences and thermostat set-
ings of US households (Table 1) have been compiled in several large
nergy surveys (600–30,000 participants), including the Residen-
ial Energy Consumption Survey (RECS) [20–22] and the American
ome Comfort Study (AHCS) [23]. In addition, many utilities and

egional organizations conduct their own surveys, notably the Cal-
fornia Residential Appliance Saturation Survey (RASS) [24,25], and
esidential Customer Characteristic Survey (RCCS) in Seattle [14].
nergy surveys conducted by the European Union collect less infor-
ation about thermostat settings [9,26]. The European Statistics
gency recommends making the collection of thermostat-related
ata for heating and cooling a high priority [27]. All of these surveys
uffer from problems associated with self-reported data. Temper-
ture settings are especially unreliable [28]. These surveys are also
xpensive, so they are conducted rarely (every 3–10 years), thus
ailing to capture technology and behavioral trends. Several other
ecent studies tried to examine indoor temperatures in dwellings
n UK [29] and US [30]. The authors note the need for further inves-
igations of thermal comfort both in the UK and elsewhere due to
he limited data.

.1.2. Household context
House routines and schedules can significantly limit the effec-
iveness of programmable thermostats. For example, in houses
hat are occupied all the time people are less likely to tolerate
ess comfortable temperatures. Irregular household schedules also
epresent a challenge for programmable thermostats, which are
ocial Science 8 (2015) 190–197 191

designed mostly to enforce a fixed schedule. Large surveys do not
contain detailed data about home schedules or occupancy.

1.1.3. Interface-related behavior
Recent research showed that people find programmable ther-

mostats confusing and cumbersome to program [19]. Difficulties in
planning, programming and managing the setpoints through the
interface might reduce saving potentials of programmable ther-
mostats [19]. However, these experiments were conducted in a
laboratory so little is known about what people do in their own
homes. Lack of data and shortcomings of previous research led us to
search for alternative approaches to collecting thermostat-related
information.

1.2. Online crowdsourcing services as means of data collection

Starting in about 2005, online services began performing small,
defined, tasks for clients. These are tasks that machines cannot
complete easily (e.g., labeling images or music, transcribing audio
recordings, removing errors from data, filtering blogs for adult con-
tent, and taking surveys). Each task usually requires only a few
minutes for a person to complete, although some may be as long as
half an hour. The online service matches customers with workers,
and arranges for payment, data compilation, and quality control.
The workers are paid according to the number of tasks that they
accomplish. Several services have appeared since 2005, but Amazon
Mechanical Turk is by far the largest. In 2014, Amazon Mechanical
Turk claimed over 500,000 workers located in 190 countries and
over 200,000 tasks currently on offer to its workers [31]. Similar
online crowdsourcing services have recently become available in
other languages, including French, German, and Japanese. A recent
survey found over 75 services available around the world.2

Researchers have already used online crowdsourcing services
to conduct behavioral experiments and compared their results to
conventional techniques. For example, Paolacci et al. [32] obtained
similar results from judgment and decision-making experiments
through crowdsourcing and laboratory measurements. The most
important benefits are: wide and diverse population, very short
design-result cycle, low cost, supportive web infrastructure, and
complete anonymity (while maintaining identifiability) of workers
[32–35]. Crowdsourcing data has also been used in a growing num-
ber of energy-related fields. Bazilian et al. [36] surveyed research
on crowdsourcing for energy analysis, noting the usefulness of such
techniques in determining energy usage patterns and for replac-
ing expensive sensors with human computation. The Mechanical
Turk has also been used in the US to survey saturation of miscel-
laneous appliances [37,38] and characteristics and usage patterns
of ceiling fans [39]. Ford and Karlin [40] studied energy feedback
with this tool. However, thermostat behavior has not been previ-
ously evaluated through crowdsourcing approaches. The present
study is unique because (1) it investigates thermostat use beyond
setpoints, exploring how people actually use thermostats in the
context of their homes; (2) it uses pictures uploaded by par-
ticipants to validate the results of the survey and obtain other
insights in energy behavior; (3) it examines crowdsourcing as
a tool for collecting behavioral information about energy use in
homes.
sourcing service (Amazon Mechanical Turk). The survey was

2 http://publish.smartsheet.com/89f4ed2c1e9e45618870f62f17054dd7.

http://publish.smartsheet.com/89f4ed2c1e9e45618870f62f17054dd7
http://publish.smartsheet.com/89f4ed2c1e9e45618870f62f17054dd7
http://publish.smartsheet.com/89f4ed2c1e9e45618870f62f17054dd7
http://publish.smartsheet.com/89f4ed2c1e9e45618870f62f17054dd7
http://publish.smartsheet.com/89f4ed2c1e9e45618870f62f17054dd7
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Table 1
Availability of thermostat information from surveys.

Information RECS 2009 AHCS 2009 RASS 2009 RCCS 2009

% of households with no thermostat/manual/programmable Y Y Y Y
%  of households doing day setback/night setback (cooling season) Ya N Y N
%  of households doing day setback/night setback (heating season) Ya N Y Y
%  of households actually programming the thermostat N Y N N
Detailed settings (time and temperature for each setting) P N P P
Frequency of overriding/hold N P N N
Thermal comfort/overall satisfaction with Heating Ventilation Air

Conditioning (HVAC) and thermostat
N Y N N

Household demographics (number of people, age, etc.) Yc N Y Yc

Schedule/daily occupancy Pb N N Pb

House energy consumption Yc N N Yc

Y, yes; N, no; P, partial data available (usually only temperature and not time).

me.

l
t
q
t
t

r
q
M
t
a
p
i
w
m
s
f
a

d
e
d
t
A
b
$
t
l

v
t

T
S

n

a Only for programmable thermostats.
b Only whether house used for business, no info whether always somebody at ho
c Data aggregated by thermostat type are not available.

imited to Amazon Mechanical Turk workers with programmable
hermostats living in the US. The survey consisted of two parts: a
uestionnaire about the worker’s thermostat usage and the option
o upload a photo of the worker’s thermostat. Table 2 summarizes
he survey parameters.

One advantage of online surveys is the short time between
eleasing the survey and obtaining results, which allows for fre-
uent iterations. We  performed three small-sample surveys in
ay  2010 with 63 subjects, but adjusted wording and ques-

ions at each iteration. The number of respondents was 3, 10
nd 50 in the first, second and third surveys respectively. Ten
ictures of residential thermostats were collected in this prelim-

nary phase to verify the self-reported data. The value of iteration
as demonstrated in the criteria for the photographs of the ther-
ostats. The first batch of photos was unclear, so we required

ubsequent uploads to meet minimum readability criteria. Results
rom these preliminary surveys are not included in the present
nalysis.

The second round of the survey was limited to 200 respon-
ents (collected in 7 days). Subjects were recruited through a task
ntitled: “Answer a short survey about your thermostat” with this
escription: “Complete the survey. Photograph the programmable
hermostat used in your residence, and upload photo for $2 bonus.”

 reward of $0.40 was given for completing the survey, and a $2
onus was offered for uploading a readable picture (increased from
1 in the preliminary phase). We  collected a total of 31 pictures in
his phase. Demographics were not collected in the survey, due to
imitations set by the human subject protocol.

The survey was completely hosted by the crowdsourcing ser-

ice, but we provided a link to a popular website (picturepush.com)
o upload the pictures. The projected average hourly rate at the end

able 2
urvey facts.

Trial surveys Actual survey

Period May  2010 (2 weeks) September 2010 (1 week)
Respondents 63 200
Pictures 10 31a

Drop-out N/A 8
Reason for
drop-out

Only for test
- 3 said thermostat is on the
ceiling
- 5 reported a non-existent
brand of thermostat (1 of them
was also located outside the
US)

Cost $25 $142

a Of those, one picture had to be removed because it showed a thermostat that is
ot sold in the US.
of the survey was  $4.00 (i.e., average completion time was  6 min3),
plus the supplementary bonus for uploading a picture (a fairly high
compensation compared to ordinary tasks).4

Several procedures were used to ensure reliable responses. First,
workers were required to live in the US and have a quality rating
greater than 90% (based on their performance of previous tasks
with Amazon Mechanical Turk). Second, we  asked three “nonsense
questions” to guard against random answers to questions, that is, if
the thermostat was attached to the ceiling, if the distance between
computer and thermostat was more than one mile, and if the ther-
mostat manufacturer was Ford or Sony (two companies that do
not manufacture thermostats). Additional filtering was conducted
based on completion time, clarity of photograph, and reported loca-
tion (must be in the United States). We  discarded a survey if it
was completed in less than 90 s (the range of accepted surveys was
98–3039 s). These filters resulted in the exclusion of eight respon-
dents (and one picture), reducing the pool to 192 subjects from 38
states (Fig. 1) and 30 pictures.

3. Results and energy considerations

We  present here the major results of the final survey. Survey
responses provide insights into use patterns, household routines
and user understanding of terminology and operation of pro-
grammable thermostats. The full list of questions (and answers)
designed to survey the type of thermostat, knowledge about its
operation, and user behavior, is provided in the Appendix. The
most significant outcomes are listed in Table 3. Results are com-
pared to larger surveys, or to other available data in the literature.
Responses were not weighted to correct for difference in demo-
graphics between the survey sample and the national population,
since demographic information was  not collected.
3.1. Programmable vs. manual thermostats

This study focused on programmable thermostats; how-
ever, 58%(±7%5) of the respondents reported having a manual

3 $0.40 to work 6 min corresponds to an average hourly rate of
$0.40/6 min  × (60 min/h) = $/h 4.

4 Amazon has subsequently added a feature that permits workers to directly
upload photos or videos. This feature will greatly simplify investigations like this
one.

5 We report 95% confidence interval (normal approximation to the binomial dis-
tribution) here and in the rest of the paper. Confidence intervals represent only
uncertainty due to sample size. Other sources of uncertainty such as recollection
bias, estimation bias and others are not easily quantifiable, therefore they were not
reported.
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Fig. 1. Location of respondents. Actual numbers of

hermostat. The remaining respondents (42% ± 7%) said they have
 programmable thermostat that “can automatically change the

emperature at different times of the day”. These proportions
re consistent with other US surveys, as shown in Table 4, even
ithout adjusting for demographic bias (testing that the % of pro-

rammable thermostats in RECS, AHCS and this study are identical

able 3
ost significant results of the survey.

Result % and CI5

Respondents with programmable thermostats 42% ± 7%
Respondents with programmable thermostats that do

not use programming features (self-reported)
39% ± 7%

they don’t know where the settings are 14% ± 5%
they don’t know how to change them 25% ± 6%

Households with somebody at home nearly all the time 57% ± 7%
Thermostats with (self-reported) time incorrect 15% ± 5%
Respondents who  mistook the target temperature

setting with the current room temperature in the
programmable thermostats (from picture)

>20% ± 14%

Thermostats in HOLD (from picture) 33% ± 17%
of  which respondents had claimed he/she used the
programs

50% ± 18%

Thermostats not selected by the users 65% ± 7%
Users who  do not know where the instruction manual

is
70% ± 6%

Energy myths
“Setting the thermostat at higher temperature will
heat the house faster”

39% ± 7%

“Thermostat controls directly the temperature of the
air  coming out of the HVAC system”

62% ± 7%

“Turning the temperature down when the house is
unoccupied or at night is more energy consuming
than keeping it always at the same temperature”

36% ± 7%
ndents for each state are reported in parentheses.

leads to �2 = 1.45, p = 0.52). However, authors of large surveys
noted that the response varied depending on how the question
was framed—if asked “can you set it so that the temperature
setting automatically changes at the times of the day or night that
you choose?” the households reporting having a programmable
thermostat dropped by nearly half compared to the question “do
you have a programmable thermostat?” [41,42].

Our survey asked several questions to confirm the accuracy
of the answer to the first question about the type of thermostat.
These questions focused on the use and availability of program-
ming features. For example, 4% (±3%) of those who reported
having a programmable thermostat in the first question later
responded that they do not have programming features (which
means the thermostat is manual). These two  answers are obviously
incompatible. Analogously, 3% (±2%) of the subjects who  affirmed
having a manual thermostat later reported they use programming

features. Moreover, out of 30 pictures collected, we verified that
one thermostat reported as programmable had a digital display,
but it was manual in operation, and one that was  defined manual

Table 4
Manual vs. programmable thermostats in recent surveys.

Survey Population Sample size
(households)

Manuala Programmable

RECS 2009 US 4000 57% ± 2% 43% ± 2%
AHCS 2009 US 30,000 58% ± 1% 42% ± 1%
RASS 2009 CA 25,000 47% ± 1% 53% ± 1%
RCCS 2009 Seattle 600 49% ± 4% 51% ± 4%
AMT  2010 Turkers, US 192 58% ± 7% 42% ± 7%

a When surveys indicated a different values for heating controls and cooling con-
trols, only the first one is reported.



194 M.  Pritoni et al. / Energy Research & S

Fig. 2. Thermostat in hold mode (arrow) in a household reporting the use of pro-
g

w
p
t
o

3

h
j
(
d
g
e

o
“
a
(
h
s
d
b
h

g
h
t
S
u
m
j
t

e
b
a
t
s
t
(

3

t
s
t

although most of them also stated they did not need it to operate
the thermostat. 67% (±8%) of those who reported to be unable to
program their thermostats did not know the location of the manual.

6 About 10% reported the thermostat did not display the time. Initially, we thought
this was unlikely, but the analysis of the pictures revealed a model that used the
space on the display screen where the time digits would normally be seen to display
“hold”. Further, in a mechanical setback thermostat, a cover often hides the clock.
ramming features.

as actually a mechanical setback thermostat, which allows
rogramming. These findings may  indicate unfamiliarity with the
erminology, misunderstanding of the question or not being aware
f the thermostat’s capabilities.

.2. Use of programs/hold mode

We  asked the respondents with programmable thermostats
ow they used the programming features: 14% (±5%) of the sub-

ects reported they “do not know where the settings are”, and 25%
±6%) answered that they “know where the settings are but [they]
o not know how to change them”. Thus, about 40% (±7%) of pro-
rammable thermostat users do not operate their thermostat as
xpected by the manufacturers.

The photographs offered another important insight into the
perating problems: about one third of the thermostats were in
permanent hold” mode; this mode interrupts all the programs
nd turns the programmable thermostat into a manual thermostat
Fig. 2). In addition, 50% (±18%) of the photos of the thermostats in
old mode was uploaded by those who claimed to use programmed
ettings. This further undermines the reliability of self-reported
ata. Large energy surveys do not collect this type of information,
ut our findings are in line with other previous studies reporting
alf of thermostats in hold mode [19,43,44].

In separate work, we found that occupant interaction with pro-
rammable thermostats is difficult to describe and categorize, but
as important consequences for energy use [45]. Some users “set
he device and forget”, while others continually fiddle with it.
ome people use programmable thermostats as if they were man-
al thermostats, i.e., holding the temperature at desired values and
anually turning the unit on and off. Other people set the programs

ust once per season. Sometimes users do not fully comprehend
heir actions and whether their thermostat is programmed or not.

These considerations confirm that the installation (and pres-
nce) of a programmable thermostat does not assure that it will
e programmed to automatically set back the temperature. They
lso underscore the need for improved user interfaces and educa-
ion if programmable thermostats are to be expected to reliably
ave energy. Outcault et al. [46], in a recent paper, also confirmed
hat significant training and support is needed to effectively operate
advanced) programmable thermostats.

.3. Who  sets the thermostat?

Not surprisingly, about 50% (±7%) of the respondents reported

hat more than one person interacted with the thermostat. Some
tudies report that conflicts among the occupants regarding the
hermostat are a possible cause of increased energy use [47–49].
ocial Science 8 (2015) 190–197

3.4. Is the clock setting correct?

If the thermostat is set to the wrong time and date, the heating
and cooling will not occur at the preferred times. This will certainly
lead to occupant frustration and probably to higher than necessary
energy use. We  asked respondents to report if the time displayed
on the thermostat accurately reflected the actual time. About 15%
(±5%) indicated that the time was  not correctly set, and half of those
were one hour or more off.6 We  suspect that the percentage of
clocks with the wrong time could be even higher, especially in zones
that use daylight saving time.

3.5. Who  selected the thermostat?

About 40% (±7%) of the respondents with programmable ther-
mostats said the device was  not selected by a member of the
family. These numbers show the importance of other agents, such
as contractors, builders, landlords and previous owners in choos-
ing the technology used in people’s homes. These agents, might, for
instance, choose thermostats on the basis of contracts with manu-
facturers or to minimize cost, rather than selecting a device that is
easy to use and matches the family needs.

3.6. Household schedule/occupancy

More than half of the respondents (57% ± 7%) indicated that
somebody is at home nearly all of the time. This is not a unique
characteristic of the respondents since other surveys found similar
occupancy patterns: RECS reports 57% (±2%) of households with
somebody at home all day [50]. The extended periods of occupancy
also indicate a limit to the potential energy savings from regular
temperature setbacks during the daytime and unoccupied periods.

3.7. Average self-reported temperature

We  asked respondents to report the actual current indoor tem-
perature indicated by their devices, so that we could compare this
with the indoor temperature shown in the uploaded picture. How-
ever, we  discovered some unexpected problems: some thermostats
display only the actual indoor temperature, some display both
actual and target temperature (either at the same time or alter-
nating over time), others do not display the actual temperature all
the time (for instance, when in hold). We  suspect that this ambigu-
ity parallels operational uncertainty by the users. In about half of
the homes, the thermostat settings (revealed in the uploaded pho-
tos) matched the reported temperatures. In about a quarter of the
homes the temperature settings displayed on the thermostats dif-
fered from reported settings and about one third of the respondents
uploaded photos that were too blurry to determine the setting.

3.8. Availability of the thermostat’s operating manual

The majority (70% ± 6%) of respondents reported that they did
not know where the instruction manual of the thermostat was,
In  some cases, we were not able to validate the self-reported time setting with the
actual data because of blurry pictures, small fonts and the unavailability of the actual
time the picture was taken.
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.9. Occupants’ understanding of heating and cooling system
peration

We  included true/false questions (see Appendix) to learn if the
espondents understood how their home thermostat and HVAC
ystem operates. Lack of understanding of these operations can lead
o improper use and wasted energy. For instance, one might think
hat keeping a constant (comfort) temperature in the house saves
nergy, but this is, in most of the cases, a misconception.

First, we asked the respondent if setting the thermostat at a
igher temperature would heat the house faster. (The answer is
o, for a traditional US HVAC system, with some exceptions that
e could easily identify.) This question traces back to a 1986 study

onducted by Kempton [51] uncovering folk theories about heating
ontrols. People equate the operation of a thermostat with a valve
i.e., like a gas pedal, the more you press it, the gasoline – or in this
ase heat – flows) and not as a thermostatic device (i.e., a switch
ontrolling a single rate of heat delivery until the desired temper-
ture is achieved). In our survey, 36% (±7%) of the respondents
ubscribed to the (technically incorrect) “valve theory”.

Second, the respondents were asked if they believed that the
hermostat directly sets the temperature of the air coming out of
he HVAC system. (The correct answer for most US systems is no.)
n fact, 62% (±7%) of the respondents answered affirmatively, con-
rming the mistaken belief that the heating control is a valve or a
as pedal rather than a switch.

Finally, respondents were asked if lowering the thermostat set-
ing at night or when people were not at home used more energy
han keeping the temperature constant. (The correct answer is no
n most cases, because of reduced heat losses when allowing the
emperature to drift to low values, as shown in simulations7 [5,6]).
bout one third of the respondents thought that turning down the

hermostat at night or when people are not at home used more
nergy than keeping the house at the same temperature all the
ime. Thus, over one third of the respondents did not understand
he relationship between inside temperatures and heat loss.

.10. Methodology results

The responses to this survey paint a remarkable picture of a
echnology that is widely misunderstood by its users (and probably

is-designed by its manufacturers). We  showed that crowdsourc-
ng can be used to obtain both qualitative and quantitative data
bout use of thermostats in homes. How reliable is this data? Can
his tool replace traditional surveys? As shown above, responses
o survey questions in this study agree with large energy surveys.
owever, a direct validation is challenging, because of the small

ample of this study, and because large surveys dedicate only a few
uestions to thermostats. More interestingly, by combining survey
nd images we found inconsistency in self-reported data, which
ast doubts on the current approach of using surveys for energy effi-
iency research. A broader discussion of the merit of crowdsourcing
n comparison with other methods is presented below.

. Discussion
The traditional approach to collecting data about buildings, the
ccupants, and their operating habits relies on a survey (written
r telephone) or a physical visit by a trained auditor. When used

7 The result depends on thermal mass and insulation of the house, and capacity of
he HVAC system, but in most of the cases the setback strategy will save energy as
ocumented in the literature. The ability to automatically setback the temperature
t certain times is the main reason why  properly programmed thermostats save
nergy over manual thermostats kept at constant temperature.
ocial Science 8 (2015) 190–197 195

to retrieve temperature setpoints and other quantitative thermo-
stat data these methods have several limitations. Most importantly,
they frequently rely on self-reported data. Different studies found
that self-reported thermostat settings are inaccurate. The compar-
ison between pictures and reported data in our survey confirms
these observations. People under-report their temperature set-
tings [7,52] to conform to social norms or to please the researcher
introducing social desirability bias. Finally, settings can be hard to
remember (and thus hard to accurately report), especially if the
thermostat is adjusted rarely (recollection bias) [53]. Users also may
find it difficult to retrieve the program inputs in order to answer a
survey [4,45]. Even when reported correctly, setpoints can change
seasonally or over time. Large surveys are expensive, thus they are
conducted rarely (3–10 years) and fail to capture these changes.

Policymakers, program designers, and modelers would like
to know temperature setpoints that are representative of the
whole population, and capture periodic, exceptional and annual
changes. One promising new approach relies on data from
Internet-connected thermostats. Internet-connected thermostats
are offered by various providers (the Nest [54] is probably the best
known, but they are also offered by utilities, cable TV providers, and
burglar alarm companies). The network connection allows users to
control settings on a website or with a smart phone. We  estimate
that already more than four million homes in North America are
equipped with Internet-connected thermostats and their usage is
expected to grow rapidly. Similar services have recently appeared
in other countries, such as France, UK and Germany [55–58]. The
thermostat providers typically log thermostat settings, indoor tem-
peratures and furnace (and air conditioner) cycle times. Some units
also capture humidity, outside temperature, and other parame-
ters. Thus, the Internet-connected thermostat offers a detailed view
of heating and cooling operations in a large number of homes.
These logs represent the only real “ground truth” for thermostat
and temperature data. However, despite the ease of data collec-
tion, connected homes8 are not (and are not going to be for many
years) representative of the national building stock or its occupants
(because of the service’s opt-in feature). Further, the vendors of
Internet-connected thermostats have been reluctant to share this
information with researchers and policymakers. Finally, as antici-
pated above, setpoints are essential, but not sufficient to estimate
savings in homes. Additional information, such as thermal comfort,
occupancy patterns as well as motivation and type of interaction
with the device need to be understood. Connected thermostats do
not provide that information.

The richest techniques to understand these qualitative aspects
are interviews and direct observation of the household. Kemp-
ton [51] pioneered this type of research almost 30 years ago.
Recent work has explored in detail how people interact with
programmable (and advanced) thermostats [31,45,60]. These tech-
niques are expensive and can only reach a very small fraction of the
entire population (due to self-selection and geographical location
of the researchers). We  propose, as an alternative way  of obtaining
both setpoints and other qualitative information, the use of online
crowdsourcing. Our research method shares the same advantages
of online surveys, being inexpensive, rapid, and able to collect
data from a geographically diverse population. Furthermore, online
crowdsourcing does not limit the kind of information that could

be collected compared to traditional surveys based on telephone
or mail. We collected pictures uploaded by Turkers, to crosscheck
survey results with the real settings of the thermostat. In another

8 Internet-connected thermostats can be considered nodes of the new smart-grid,
the  new electric network of the 21st century that uses information technology to
deliver electricity efficiently, reliably, and securely. [59] NIST. (2015). Smart Grid: A
Beginner’s Guide. Available: http://www.nist.gov/smartgrid/beginnersguide.cfm.

http://www.nist.gov/smartgrid/beginnersguide.cfm
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nvestigation using Amazon Mechanical Turk, Ford and Karlin [40]
ested eco-feedback interfaces and different ways of displaying
eedback information. It is now relatively easy to ask Turkers to
pload videos or pictures of daily routines that have impact on
nergy use. Crowdsourcing can also engage the respondents in
ore dynamic interactions with the researcher. For example, Ama-

on Mechanical Turk has the unique feature of being able to identify
ubjects (using a numeric ID). This identification feature allows for
ollow-up questions but keeps the respondent’s identity anony-

ous. Thus, researchers can ask open-ended questions and use the
urvey as a form of remote simplified interview with the subject. For
nstance, the researcher could obtain pictures of seasonal settings
rom the same Turkers, thus creating a longitudinal study.

Rapid turnaround allows conducting pilot studies and clarify-
ng ambiguous questions, as well as fine-tuning the survey design.
esearchers can quickly adapt the survey to new findings and post

t again. They can request the previous subjects to complete the
ew survey or exclude them from the pool. This feature is partic-
larly valuable when investigating complex problems such as the
elationship between behavior and energy use. We  took advantage
f this feature, repeating the survey three times, before the final
un.

The crowdsourced respondents are not representative of the
ational population. Crowdsourcing platforms tend to under-
epresent elderly, low-income and low-education people, intro-
ucing sampling bias [33,61]. Other studies showed that cell
eighting can be used to calibrate and adjust the results [39],

ut some segments of the population will most likely never be
dequately captured through crowdsourcing. In our survey we
id not collect the demographics of the sample, but our results
atch reasonably well data collected in other studies even without
eighting.

Crowdsourcing platforms simplify recruitment, solving a signif-
cant problem with other online survey tools. On the other hand,
elying on a pool of people paid for their work raises problem of reli-
bility, truthfulness and intrinsic motivation. Paolacci [62] showed
hat Turkers are both intrinsically and extrinsically motivated and
eliable, and Rand [63] and Shapiro et al. [64] consider them hon-
st, consistent and conscientious. The reputation system, which
ives the option to select only Turkers with high score (based on
heir previous work), is another significant advantage compared to
raditional online surveys.

Finally, the Mechanical Turk offers researchers toolsets to easily
anage the submitted data and perform simple evaluations. It is

ow possible for the workers to directly upload photos or videos
rather than uploading to a separate site as was done in this paper).
his provides a useful tool for tracking how users adjust the set-
ings on a thermostat or, for example, collecting images of building
eatures.

Online crowdsourcing still shares many of the drawbacks of
ther surveys based on self-reporting. Reliability and truthfulness
f the survey pool cannot be tested, especially when some tasks
nvolve off-line (non-verifiable) components. The respondents can
till be confused with the terminology or meaning of the questions.
ersonal interviews would still be more helpful for these kinds of
xploratory studies.

. Conclusions and future work

The Amazon Mechanical Turk is a valuable crowdsourcing tool
or collecting information that would be difficult or expensive to

btain through other means. Online crowdsourcing platforms have
everal advantages over traditional (postal or telephone) surveys.
or example, a survey can be easily repeated in winter and summer
nd thus capture seasonal variation, and the pairing of a survey
ocial Science 8 (2015) 190–197

with a photograph of the thermostat offers an unprecedented
mean of verification. Easier recruitment process and reputation
system make this tool more effective than alternative online
tools. Limitations include non-representativeness and concerns
about reliability of the population. This study was limited to the
United States, but it could be easily duplicated in other countries
offering similar online crowdsourcing services. Knowledge and
understanding of users’ behavior in operating thermostats is
highly valuable to policymakers, energy efficiency researchers,
manufacturers, as well as behavior change practitioners in utilities
and non-governmental organizations worldwide.

The results of our study show, from many perspectives, that peo-
ple have a poor understanding of programmable thermostats and
an imperfect grasp of how heating systems operate. We  identified
significant failures in the people–technology interactions, proba-
bly resulting in wasted energy use. About 40% of programmable
thermostat owners did not use the energy-saving programming
features. In about one third of the homes, the occupants dis-
abled or overrode the programming features. Responses suggest
thermostats have confusing user interfaces that leads to opera-
tion different from what manufacturers expected. The installation
of a new thermostat affects a wide range of practices, many of
which were not anticipated by the thermostat designers or energy
researchers. The study also suggests weaknesses of self-reported
data when collected exclusively in the form of a survey, which raises
concerns about the validity of current thermostat-related research
using such data. “Ground truth” temperature data is now possi-
ble with Internet-connected thermostats, but these still represent
a very small portion of the home control systems.

Future work should aim at extending this experiment to a larger
sample (a shortcoming of the present study is the small sample size,
with 192 survey respondents and 30 pictures), testing the same
method in other countries, and conducting longitudinal studies
collecting diary logs, pictures and possibly videos.
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