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Teleworking has been widely perceived as a more sustainable mode of working for knowledge workers
compared to the status quo of commuting to centralized offices because of its reduced dependency on
transportation and centralized office space. However, the situation is far more complex than would
appear on the surface, when the scope is expanded to include home office energy use, the Internet,
long-term consumer choices, and other so-called rebound effects. Few studies have quantified home,
office, transportation, and communications energy or GHG emissions implications of telecommuting
simultaneously. To make progress in answering the question of whether telecommuting results in less
energy use and greenhouse gas emissions than conventional centralized office working, this paper
reviews results and research methods of primarily quantitative studies of any and all four domains that
consider operating energy and/or greenhouse gas emissions. The results ultimately show that this prob-
lem is complex, and that current datasets and methods are generally inadequate for fully answering the
research question. While most studies indicate some benefit, several suggest teleworking increases
energy use – even for the domain that is thought to benefit most: transportation.
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1. Introduction

For nearly the past five decades, teleworking has been toted as a
movement that is beneficial for employee and employer alike and
one that can reduce commuting time, traffic, and energy use
[87,97]. Since then, technology and the corresponding shift
towards knowledge-based jobs has enabled significant growth in
teleworking [2,23,35], while the pandemic of 2020 has accelerated
this growth. However, under normal circumstances, full predicted
extent has not been realized [111]. And whereas telecommunica-
tion technology was once speculative [89,114] or a major obstacle
[7], it is now ubiquitous with video-based communication being
possible for anyone with a computer or smartphone and a broad-
band Internet connection [2].

In principle, a full-time teleworker could eliminate transporta-
tion to work and the need for a central office, both of which carry
a significant environmental and economic cost. However, the liter-
ature (extensively cited throughout this paper) indicates that there
numerous so-called rebound effects that erode or eliminate the
potential energy savings from telework [58,85]. On telework,
Moos, Andrey et al. [83] stated that ‘‘Since lifestyle alterations
are rarely linear combinations of decisions that can cause unex-
pected and offsetting results are likely to occur. Without assessing
the complete spectrum of environmental consequences, the net
effects will remain uncertain.”

Fig. 1 shows the conceptual balance between zero impact of
teleworking (i.e., no net energy benefit of teleworking) and the
maximum theoretical potential. In fact, there is no reason that
the net impact cannot be negative, as this paper exposes.

Quantifying the net energy and GHG emissions impacts of tele-
working –the topic of the current review paper– is a nontrivial
exercise. Consider the following illustrative example where all
rebound effects are underlined.

Bob gets a new job in engineering consulting and brings his family
to a new city as a result. Bob’s new boss allows him to work up to three
days a week at home; this was used as a perk to recruit him from a
different company. Because Bob’s wife plans to get a job a local school,

wherever they end up living, Bob and his wife opt to live in the sub-

urbs, about 30 km from the central business district where his office
is located. He figures that this is a bit far to commute, but if he only
must do it twice per week, then his average commute (normalized
by five days per week) is merely 12 km each way. That’s better than
the 15 km he used to drive each way to work every day. And now they

can afford a much bigger house to accommodate their three teenaged
children. Moreover, Bob’s company gave him funding to furnish the
Fig. 1. Conceptual illustration of primary potential for net en
home office of his dreams. He’s got a powerful desktop computer with

four LED monitors, a laser printer, and a heavily used high-speed Inter-

net connection so he can videoconference with his colleagues and cli-

ents and use cloud computing. The office is on the second floor of the

house and has big windows. As a result, the furnace (in the heating

season) and central air-conditioning (in the cooling season) are often

running on full to keep Bob’s office comfortable, even though the fam-
ily is away and the rest of the house is unoccupied. At work, Bob has a
dedicated cubicle. Because he is free to choose which days he works
from home and the company is relatively small, it is not worth risking
letting someone else use Bob’s cubicle in case he needs to come into the
office. Afterall, Bob’s salary is still an order of magnitude higher than
the employer’s cost to lease his cubicle. The open-plan office where

Bob’s cubicle is located has overhead lighting that is controlled by a

schedule for the entire space even when he’s working from home.

Bob leaves his computer on most of the time because he may need
to access his files from home. Back at home, now that Bob’s car is in

the driveway three days a week, his teenaged children drive to school

(even though it’s within walking distance) and they each drive to an

after-school sporting activity that would not have been possible if

Bob drove the car to work. The kids recommend that the family buy

a bigger car next time; Bob figures they can justify a less fuel-
efficient car since he’s commuting so much less now so the gas bill
won’t be too expensive. While Bob used to pick up some groceries

for dinner on the way home from work, he or his wife now drive

7 km to the nearest suburban big-box grocery store.
The above example illustrates the complexity of the problem at

hand. Much of the theoretical savings of teleworking are reduced
or eliminated. And many purchasing or everyday behaviors are
affected or enabled by teleworking. Moreover, the effects are
wide-ranging and far beyond the teleworker him/herself, to
include the whole household.

Before proceeding, teleworking and telecommuting need to be
properly defined. Teleworking is an umbrella term that covers
numerous working arrangements. Consider the following defini-
tions that are used throughout this paper.

� Teleworking is an inclusive term meaning partially or fully
working outside of a central workplace in a remote location
(e.g. home, library, café) using information and communications
technology (ICT) and either during normal business hours or
otherwise [31].
ergy savings from telecommuting and rebound effects.
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� Telecommuting is a subset of teleworking, with the condition
that there is a formal arrangement (e.g. policy or contract)
between the employee and employer allowing or encouraging
remote work at home [2].

� Hoteling/hot-desking: An office space management approach
whereby individual employees are not permanently assigned
to a desk or office, such that the number of workplaces can be
less than the number of employees [75].

Great care must be taken when researching the current topic,
due to the broad spectrum of teleworkers and associated defini-
tions [98,80,2]. For example, childcare workers, plumbers, door-
to-door salespeople, homemakers, and moonlighters could all be
considered teleworkers – and may skew results because travel is
a major part of their job [99]. However, this paper is focused on
workers who would normally work at a central office (e.g. admin-
istration, design, banking, legal services, etc.), but instead are
spending one or more days per month working from home (i.e.
telecommuters). This distinction is not only important for the
scope of this review, but also for research methods. Broader defini-
tions for telework in studies may dilute the environmental impact
of teleworking.
Table 1
Energy and non-energy advantages and disadvantages of teleworking (with sample refere

Advantages

Primary
effects

� Reduced commuting time and distance [36,94,41,61]
� Reduced traffic faced by teleworker due to flexibility of timing [36]
� Reduced office space and associated operating costs/energy [88,11]

Secondary
effects

� Outward movement of teleworkers to suburbs allows non-telework
to live closer to work on average (e.g., through relaxed housing price
urban cores) [65]

� Reduced traffic congestion resulting from fewer commuters me
more efficient travel [86,65]

� Improved energy efficiency behaviors at home because telecommut
pay for energy use at home (and not at work)

Non-
energy

� Reduced commuting costs
� Improved employee recruitment potential (e.g., from further away
those who value flexibility) [7,69,44]

� Increased employee productivity (e.g., fewer disruptions, flexible hou
work during normal commuting time, work during peak productiv
hours rather than normal work schedules) [118–120]

� Improved employee satisfaction means reduced turnover and abs
teeism [88,7,69]

� Improved employee morale and sense of being trusted [7,69]
� Less exposure to illness at work [29]
� Increased flexibility to avoid poor weather for commuting
� Increased personal time because of avoided commute [7]
� Reduced stress means lower health care costs [69]
� Improved family life [20,46]
� Improved opportunities for child/elder care [19]
� Fewer barriers for employees with disabilities [42]
� Decreased formal clothing [43]
� Improved diet because teleworkers can make their own food at ho
during work [2]

� Decreased transportation infrastructure and parking cost [88]
� Reduced number of cars per household because of flexibility afford
[5]
1.1. Advantages and disadvantages of teleworking

The advantages and disadvantages of telecommuting are sum-
marized in Table 1. Primary effects on energy are those which are
immediate and direct, whereas secondary effects are those which
may be unanticipated and/or indirect. Non-energy impacts of tele-
working are also summarized, as they are an important part of pol-
icymaking, though not part of the comprehensive review.

1.2. Spatial and temporal study boundaries

To answer the title question (does teleworking save energy?) or
more generally quantify the environmental impacts of humans,
one must carefully define the study scope and boundaries [109].
While secondary and tertiary effects and beyond are known to
occur, a balance using judgment and existing knowledge must be
made to define the appropriate study scope that is comprehensive
enough to answer the question, yet not so onerous as to prevent
the question from being answered in a reasonable timeframe and
cost.

On the basis of the literature review that was performed in
preparation of this paper, in addition to the authors’ experience,
nces).

Disadvantages

� Increased energy use at home for lighting, HVAC (heating, ventilation,
air conditioning), and office equipment [85]

� Increased HVAC energy because it may condition entire homes during
telework days because of centrally controlled HVAC [70,83]

� Increased reliance on ICT for work-related communications and associ-
ated energy use/infrastructure

� More home office space required, which may mean larger homes and
higher energy use [87,116]

ers
s in

ans

ers

� Increased transportation energy because teleworkers opt to live further
from their workplace and thus potentially further from amenities and
in less transit-accessible neighborhoods [78,84]

� Increased commute time and distance because teleworkers tend to live
further from their workplace [103]

� Increased non-commuting trips for errands, etc. because teleworkers
cannot integrate those into commutes [121,105]

� Larger homes that are more affordable away from teleworkers’ central
office and thus more energy for HVAC and lighting[65]

� Larger car given the (perceived) reduced cost of driving (due to less fre-
quent commutes)

� Increased non-commute trips because household members have access
to car(s) on days when the worker(s) work(s) from home [55]

� Teleworkers may obtain a second apartment [40]
� Need for redundant office equipment (e.g. personal computer, printer),
which likely has phantom loads

or

rs,
ity

en-

me

ed

� Reduced physical activity (e.g., shorter distances to walk)
� Increased employee perception of isolation, loneliness and lost cama-
raderie [7]

� Reduced access to resources/equipment [7]
� Downloaded office operating costs (e.g. electricity, Internet service, fur-
niture) to the employee

� Increased difficulty to manage employees [100]
� Increased data security risks [107]
� Reduced reliability of network connection [35]
� Worsened social problems associated with urban sprawl [83,65]
� Reduced visibility for employee [7]
� Reduced psychological benefits of commutes (e.g., adventure, indepen-
dence, control, mental therapy, work-life separation) [76]
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this review’s scope is limited to transportation, office buildings,
residential building, and information and communications tech-
nology (ICT), as illustrated in Fig. 2. We must also include the
impacts of teleworking over time, as some of its impacts evolve
over decades [95,84]. Some obvious omissions to this review
include embodied energy/carbon of buildings, vehicles, transporta-
tion infrastructure and ICT equipment, and food and clothing.

While this paper is focused on energy, GHG emissions cannot be
neglected, as they are arguably more indicative of environmental
impact. Teleworking’s effect on GHG emissions may be quite differ-
ent than energy because of different levels of GHG emission inten-
sity for different energy sources – to the extent that the impact of
teleworking could increase energy and decrease emissions or vice
versa [65]. Emission factors, but local infrastructure, construction
Table 2
Original research papers that attempt to quantify one or more environmental effects of te

Study Scope of energy/GHG emission quantification

Transportation Offices Homes ICT Metr
resu

[3] X E, GH
[7] X E, GH
[8] X –
[17] X GHG
[22] X –
[26] X X E
[30] X GHG
[31] X GHG
[32] X –
[46] X X E
[49] X X E
[54] X –
[57] [58,59] X X X GHG
[61] X GHG
[64] X GHG
[65] X X E, GH
[70] X X X E
[72,14,15,16] X –
[82] X GHG
[78] X –
[85] X X E
[88] X X E
[95] X GHG
[99] X
[102] X X X E
[103] X X X X E, GH
[105] X GHG
[106] X X E
[110] X1 GHG
[112] X –
[113] X GHG
[114] X X X E
[117] X GHG
Total (33) 31 7 12 1

Fig. 2. Framework for studying the energy and GHG emissions resulting from
teleworking versus traditional office working models.
types, climate, and availability of transit all cause studies to be
somewhat locally specific [47].

The objective of this paper is to synthesize the existing knowl-
edge on the energy/GHG emission impact of teleworking and then
identify gaps in knowledge and research methods. The remainder
of paper is structured as follows. The next section is the core of
the paper and covers all four domains. For each domain, the poten-
tial energy savings, rebound effects, and research methods are
reviewed as per the literature. Following the core literature review
section, the overall verdict of the studies is summarized to provide
some meta-evidence towards the title question: does teleworking
save energy? Finally, the paper provides a forward-looking over-
view of research method and some closing thoughts.
2. Literature review

This literature review provides an overview of the existing
quantitative studies that attempted to quantify the energy and/or
GHG emission impacts of one or more of the four main domains
of teleworking. First Table 2 summarizes the studied papers. It is
structured to reveal the studies’ scope and methods because the
inconsistency of scopes and assumptions makes it difficult to form
generalized conclusions [59].

2.1. Transportation and urban form

The potential for teleworking to save on transportation is the
predominant and oldest motivator [89] for teleworking in the
reviewed literature on its environmental impacts, as per Table 2.
leworking. Note papers that quantify transportation distance were included.

Primary research Method(s)

ics of main
lts

Modeling/
simulation

Survey/interview/
focus group

Secondary/existing
data analysis

G X
G X

X
X

X

X
X

X
X
X

X
X

X
X

G X
X

X
X
X
X
X

X
X

X
G X

X
X

X
X

X
X

X
10 13 8



Table 3
Typical transportation scenarios.

Worst Moderate Best

Teleworking allows
household to move
to more rural,
sparsely populated
area that is heavily
car-dependent for
errands and
traveling to work.
Household
incorrectly assumes
reduced travel and
purchases larger
and/or more
personal vehicles.

Teleworker does not
change long-term
home/vehicle
purchasing decisions,
but still drives
significant distances for
errands that were
previously chained as
part of commuting to a
central office.

Teleworker eliminates
travel to work and lives
in neighborhood that
supports cycling,
walking, transit, etc.
Their flexibility in
location reduces
demand for real estate
near employers (e.g.,
CBD) so that other
commuters can live
closer to work.
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While some of the reviewed papers only focus on vehicle-distance
travelled, the assumption here is that a reduction in distance trav-
elled has a positive environmental impact, if all else is equal.

We must consider spatial scale; an avoided commute has
broader implications than the commuter, including reduced con-
gestion and in turn, more efficient and enticing travel for others
[57,76,65]. Accordingly, this section also reviews the wider per-
spective of telework’s impact on travel and its short and long-
term impacts. Table 3 provides a range of possible scenarios
regarding the environmental impact of transportation from
telework.

Electric self-driving vehicles are virtually void from the tele-
working literature, in part because they were only a fantasy during
the time of much of the research (much like videoconferencing was
in the 1970s). On the one hand, electric vehicles are likely to reduce
energy use and GHG emissions (though not with certainty [51]; on
the other hand, self-driving cars may promote urban sprawl [73].
2.1.1. Potential
The primary benefit to the teleworker and environment alike is

the reduction in distance travelled (often by single-occupancy
vehicles) [36,94,41,61,110]. In principle, teleworkers can reduce
their travel to zero on teleworking days. However, the literature
is quite consistent on the fact that teleworkers typically only tele-
work part of the time (e.g., once per week) [8,7,14], which imme-
diately reduces the potential.

Flexible hours for days worked in a central office, which may be
associated with employers who permit or promote teleworking,
have the advantage that employees can commute during non-
peak traffic hours and/or integrate errands [88,3,62]. Flexible com-
muting times benefits teleworkers and overall traffic congestion
alike, which in turn can reduce energy use and emissions of
vehicles.

The potential of teleworking for reducing transportation energy
use and GHG emissions also depends on the form of transportation
it is replacing [110]. In regions with a high proportion of walking,
cycling, and public transportation, the benefit of teleworking is sig-
nificantly less than in sprawling cities where commuters primarily
rely on personal automobiles and with bad congestion. Tang,
Mokhtarian et al. [108] found that individuals with positive views
towards public transit and cycling and negative views about driv-
ing were more likely to telework. Conversely, teleworkers may
have greater tolerance for public transportation if they only must
make a few roundtrips per week, thus further reducing the envi-
ronmental impact of commuting.

Among the 30 reviewed papers that quantified the impact of
travel from teleworking, the estimated magnitudes of the effect
are as diverse as the units used to express them. The results are
not only difficult to compare to each other, but also highly context
dependent. Some papers focused on individuals, others increased
the spatial scope to the household level, while others used city
or nation boundaries as their analysis scope. The benefit of tele-
working ranges from negative (e.g., [117] to very significant (e.g.,
[46], with many papers reporting modest improvements (e.g.,
[105]). As shown in Table 4, only four of the reviewed papers pre-
dicted an increase in travel distance, energy use, and/or emissions.
Given the vast variety of contexts, this paper does not attempt to
directly compare the reported impacts to each other. However,
we briefly assess the context and methods for the four papers that
predict negative impacts here.

Alonso, Monzón et al. [3] project a 10% decrease in the number
of trips to work by 2031 in the Madrid Region. They further predict
telework to reduce traffic at peak hours, which would improve
vehicle efficiency. However, their city-wide model predicts that
teleworkers commute more during non-peak times and take more
or longer non-work trips, such that energy and GHG emissions.
Additional information is not provided in the paper.

The remaining three papers that suggest teleworking increases
transportation use are based on large surveys. Zhu and Mason
[117] analyzed the US-based National Household Travel Surveys
(NHTS) in 2001 and 2009 to attempt to estimate the vehicle dis-
tance traveled for telecommuters and non-telecommuters. From
their Tobit-based analysis, they concluded teleworkers drive sig-
nificantly more on average, than their counterparts. However,
there were several fundamental challenges with the dataset. First,
the survey is based on a randomly selected single-day self-reported
travel log and thus it might be completed by a teleworker who
happens not the be teleworking that day. Moreover, the data is
separated by those who did not travel on the survey day and those
who did. When the participants who did not travel on the surveyed
day were included, and not accounting for income and related vari-
ables, the teleworkers commuted by car marginally farther (ap-
proximately 10%) than their counterparts. For the same
comparison, non-work trips were about 25% higher for telework-
ers. Due the coarseness of the dataset, it is possible that telecom-
muters include salespeople and other telecommuting jobs that
are known to be associated with significant travel. The NHTS asked
‘‘How many times in the last month did you work at home for an
entire workday instead of traveling to your usual workplace?”.
The NHTS data also assume –by the nature of the data collec-
tion—that each day is independent, whereas for example, tele-
workers may add weekly errands to their commuting trips rather
than leaving home on teleworking days. Like Moos and Skaburskis
[84] and [15], Zhu and Mason [117] note that teleworkers may also
drive further because they opt to live far from work or they may be
more likely to telework because they live far from work. Thus, if
the randomly selected day in the NHTS happened to be a commut-
ing day, they would be disproportionately penalized even if they
have a shorter annual net travel distance. Despite the data limita-
tions, Zhu and Mason [117] were thorough in attempting to
remove biases and their finding suggest that potentially telework-
ing leads to greater distance travelled should be considered a real
possibility.

Similarly, de Abreu e Silva and Melo [14,15] used the results of
the Great Britain’s National Travel Survey (NTS) from 2005 to 2012.
That dataset includes seven days of self-reported travel logs, thus
addressing part of the limitation of the American data used by
Zhu and Mason [117]. Following previous work [14], the paper
divided the data into single and double-worker households, having
found significantly different travel behaviors between the groups.
Namely, single-worker households with more frequent telework-
ing positively correlates with both number of trips and distance
travelled, whereas double-worker households with higher tele-
working frequency is only positively related with number of car



Table 4
Comparison of papers that sought to estimate the impact of teleworking on travel impacts.

Paper Energy impact GHG emission/air pollution
impact

Distance/ mode/ cost impact Assumptions/ scope

[3] Increase of 3% in energy use Increase of 2% for GHG
emissions

Linear projection to 2031 in Madrid

[7] – Decrease of 0.65 tonnes CO2/
employee/year

Survey of 1238 AT&T managers

[8] Decrease of 27 VKT per week for teleworkers Three-day diary of 24 workers
[14] Increase of 93 VKT per week for single-worker

households and 16 VKT for double-worker
households whose worker teleworks three or
more days per week

Great Britain’s National Travel
Survey – 17,000 seven-day trip
diaries

[17] Decrease of 18 – 26% for overall
air pollutant emissions from
transportation

Decrease of 18 – 20% overall Modeling of Bangkok and five
hypothetical teleworking centres

[22] Increase of 33% in daily travel distance from 46
to 61 km

Analysis of 2300 participants of the
Swedish National Travel Survey for
the Gothenburg, Sweden area

[26] Decrease of 61 MJ/day Bottom-up approach assuming
three days per week working from
home in Ireland

[30] Decrease of N02, CO, PM10 by
3.3–3.7%; 03 by 2.3%; SO2 by
2.1%

Survey of 5000 Swiss households

[31] Decrease of 9% Survey of 72 workers in Mexico City
[32] Insignificant impact 74,000 participants of Dutch Labor

Force Survey in 1996 and 2010
[46] Decrease of 98 and 407 km/week, depending

on survey
Survey of 199 employees of British
companies who adopted telework

[49] 91% of participants disagreed that teleworking
increased travel distance

Survey of 53 teleworkers

[54] Non-commuting travel doubles to 4
PKT/day/household if household head
telecommutes

Survey of 15,458 Korean
households where the household
head is a professional

[57] [5859] Decrease of 17, 52, and 89% over no telework
case for 1, 3, and 5-day per week teleworking

Bottom-up model with setting in
United States

[61] Decrease of 48–78% depending
on emission type

Decrease of 77% VKT on teleworking days (15%
of which is non-commuting travel)

Travel diary of 40 telecommuters
and 58 non-telecommuters

[65] Decrease of 23% for one
teleworking day per week

Numerical model, considering
teleworking, urban density, and
wages

[64] Decrease of 45 VKT per teleworked day Longitudinal survey of eWorkPlace
participants

[70] Decrease of 42 and 14.4 GJ/
teleworker in the US and Japan

Bottom-up model based on national
averages

[82] Decrease for teleworking days:
15% organic gases, 21.5% CO,
34.9% NOx, 51.5% PM

Decrease of 11.5% for teleworkers per five-day
workweek

Combination of interviews and
surveys for 72 center-based
telecommuters in California

[78] Decrease of 15% for overall commuting
distance

Survey of 221 workers – one-third
of which are teleworkers

[88] Decrease of 22 GJ/year/
telecommuter

Survey of 329 telecommuters and
231 controls

[99] Decrease of 5.8 km travelled to work Analysis of several surveys in the
USA

[102] Decrease of approximately 10% Simulation and analytical models
[103] Decrease of 0.13–0.18% of total

US primary energy or 9 MJ/year
for 5-day/week telecommuters

Decrease of 0.16–0.23% of total
US CO2e

Simplified model of 4-million
teleworkers in US

[105] Decrease of 0.71–1.14% of GHG
and PM emissions

Decrease of 0.69% Model if 50% of workers have
flexible working time (up from the
current 12%)

[110] Decrease in external transportation costs of
approximately 19.9% per teleworked day per
week

Survey of 1247 Belgian office
workers

[112] Decrease of 15.5 VKT by 2021 Simplified model applied to New
South Wales, Australia

[113] Decrease of 54 g of VOCs and
48 g NOx per telecommuted day

Based on travel log of 535 workers
in five US cities

[114] Decrease of between 13 and 40
petajoules/year for each
telecommuted day per week

Japan-wide transportation energy
savings using national statistics

[117] Increase of 61 (2001 dataset) to 72 (2009
dataset) extra VKT for telecommuters

42,000 and 63,000 day-long travel
diaries from National Household
Travel Survey in 2001 and 2009
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trips but not distance driven. The paper is thorough and controls
for demographics (where were shown to profoundly affect results).
However, it is likely subject to the same potential errors associated
with coarseness, definitions, and self-reporting. This NTS wording
for the telework question is: ‘‘How often, if at all, do you. . .work
from home instead of going to your (usual) place of work?” Like
Zhu and Mason [117], the difference in travel patterns were found
to be both statistically different and significantly larger –93 VKT/
week for single-worker households and 16 VKT/week for double-
worker households– between teleworkers and non-teleworkers.
However, the paper’s predecessor[14] noted the anomaly that very
frequent teleworkers do not drive further than the non-teleworker
counterparts – and in fact the use active modes (e.g., cycling) more
often.

Similarly, Elldér [22] analyzed the Swedish National Travel Sur-
vey. The survey is based on a single day of travel diaries, which has
the limitations. However, it separates the participants into regular
teleworkers and non-teleworkers, as well as whether the survey
day was a teleworking day for the former group. On average the
teleworkers who commuted on the survey travel about 20% farther
than those working from home. However, regardless, teleworkers
travelled about 33% further than their non-teleworker counter-
parts. The data indicate that teleworkers are: more likely to have
access to a car, much more educated, more likely to have knowl-
edge based jobs, more likely to have children, and older – all of
which may lead to farther travel distances. The study controlled
for these variables.

2.1.2. Rebound effects
Despite the 26 of the 30 reviewed papers indicate reduced tra-

vel from teleworking, numerous rebound effects with varying
degrees of impact have been established (many of which are
implicitly incorporated into the results of Table 4). The most opti-
mistic studies acknowledge but do not consider these rebound
effects [114,70,103,26]; whereas four studies concluded that the
rebound effects overtake the primary benefits (as noted above).
This section reviews the literature according to short-term and
long-term rebound effects of telework. Short-term effects are those
which are generally made by decision making on a daily or weekly
basis, whereas long-term effects involve major purchasing deci-
sions (i.e., homes and vehicles) and the corresponding societal
effects.

2.1.2.1. Short-term effects. A predominant rebound effect cited by
much of the literature is the increase frequency and/or distance
of non-work trips [117,55]. It seems that many commuters incor-
porate errands into their commute, thus achieving some efficien-
cies. Hopkinson and James [46] found about 20% of
telecommuting survey respondents did shopping errands that
would have otherwise been part of commuting; and about 10% said
transporting children. They found non-work trips increased by the
equivalent of about 25% of the distance saved from teleworking.
Kim, Choo et al. [55] reported that non-commuting trips can add
slightly more VKT than a one-way trip to work. However, several
older studies [88,61,77]refuted this rebound effect.

Because teleworkers can generally avoid rush hour, they may be
inclined to drive farther – in part because driving can be enjoyable
[76]. Teleworking results in more travel during off-peak hours [3].
de Abreu e Silva and Melo [14,15] concluded that teleworkers may
take more non-work trips and that teleworkers’ tendency to live
further from amenities means that those trips are more likely to
be taken by personal car, rather than more sustainable means.
Balepur, Varma et al. [8] reported that teleworkers tend to drive
alone rather than take transit on non-telecommuting days. Finally,
the time saved from lack of commuting may also spur more non-
work travel [117].
Furthermore, teleworking behavior may have a major impact on
family members and their own travel behavior due to division of
non-work tasks and availability of vehicles on telecommuting days
[55,14]. On the one hand, multi-person households can optimize
trip planning to minimize travel time and distance [14]; on the
other hand, telecommuting makes vehicles more available to other
household members to use [46]. Nilles [88] confirmed this finding,
though noted that the trips by family members are still shorter
than most commutes and a fifth of study participants reported a
decrease in non-commuting car use.

2.1.2.2. Long-term effects. The major long-term transportation
impacts include purchasing of more and/or larger household vehi-
cles, moving further from the office and possibly other amenities,
and reducing traffic such that others are more inclined to drive
[57]. Regardless of these effects, a reduction in commuting costs
(e.g., multiple household cars) frees up funds for other potentially
energy-intensive purchases (e.g., larger house, international vaca-
tions) [65].

Frequent teleworkers may opt to live further from their office
because the cost (time and energy) to travel to work is not as high
if they do not make five roundtrip journeys per week. With flexibil-
ity afforded by telecommuting, the benefit to live close to work is
reduced; employers and employees alike may opt to locate where
land is less expensive [76]. On average, teleworkers tend to live
further from centers of employment [78,84]. While this is a com-
mon research finding across the literature, results from Kim [54]
indicate that telecommuters live 7 km closer (40% less distance)
to their workplaces - possibly due to the study group being low
income and more likely to live near their workplaces. Car owner-
ship is positively correlated to commuting distance; thus, if tele-
workers tend to live further, they may also be more likely to own
one or more cars and drive for trips. Though little research was
found on the topic [47], one may expect that teleworkers also
opt for larger vehicles for the same reasons as above.

There is ongoing debate about which comes first: teleworker or
moving further from workplaces. It is generally understood that
both occur [93,84]. The question becomes: which causal direction
is predominant? Ory and Mokhtarian [93] found that people who
move after having telecommuted move closer to work on average,
whereas those who move then begin telecommuting move much
farther –an average of 30 km—fromwork. This finding may suggest
inexperienced telecommuters may have the illusion that they will
not have to commute often, whereas experienced telecommuters
know better. Beyond the individual, teleworking may have some
impact on sprawl, which may in turn affect transportation dis-
tances, modes, and congestion for the teleworker and commuters
alike [116,65].

2.1.3. Research methods and limitations
As for the other domains in this paper, the research methods

used for studying transportation include surveys, diaries, mod-
elling, and analysis of existing regional statistics. Some studies
(e.g., [88,59]) combined methods (e.g., survey combined with some
simple assumptions about fuel efficiency).

Sample sizes for surveys and other participant-based studies
ranged from six [5]to tens of thousands [117,30], with a general
negative relationship between sample size and depth. Meanwhile
modeling ranged from bottom-up Monte Carlo analyses for indi-
vidual workers or households to city wide. Others, modeled house-
holds but then scaled results to estimate national impacts of
teleworking, thus potentially missing interactions between house-
holds (e.g., impact on traffic and traffic’s impact on commuter deci-
sion making) [70,49].

None of the reviewed studies directly measured individuals’
travel behavior more directly than relying on self-reporting and



Table 5
Typical office configurations and impact on office energy.

Worst Moderate Best

Open plan office with
scheduled
occupancy-
independent,
scheduled heating,
cooling, ventilation
and lighting;
printers, computers,
and other plug loads
remain powered on
most of the time,
regardless of
occupancy.

Open-plan office or
private office with
assigned seating and
high-resolution
occupancy sensing and
small control zones

Open-plan offices with
hoteling and near-full
capacity every day;
lighting, HVAC, and
office equipment are
controlled at a high
spatial and temporal
resolution based on
occupancy
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thus may include errors and bias [7]. For example, the participants
may positively report on telework because they want to ensure
such programs are maintained; others fear legal restrictions [39].
Mokhtarian and Varma [82] observed that teleworking program
studies may involve dropouts who benefit least from teleworking
because they live close to work, thus biasing the sample.

A notable limitation of many of the survey studies is the accu-
rate characterization of real fuel consumption. Studies typically
assume national fleet fuel consumption averages [88,7,117], which
may neglect the fact that teleworkers avoid traffic and can drive
faster and that teleworkers may own larger vehicles. Carpooling
(e.g., with colleagues or family members) is also generally not well
characterized [70].

A recurring discussion in the literature is the importance of def-
initions of teleworking terms and the way study participants
understand them [99,81]. Pratt [98] recommended that instead
of asking questions like ‘‘How many days a week do you telecom-
mute?”, more precise phrasing is ‘‘How many days last week did
you work at home instead of going to your usual work location?”.
As mentioned above, the issue of definitions may be a major limi-
tation for the census-based studies. National and municipal travel
surveys may be subject to this limitation, as noted above. More-
over, it may be difficult to control for other variables. For example,
teleworkers are more likely to be knowledge workers, which
means they are, on average, wealthier and more likely to own vehi-
cles [22].

The profound long-term impacts of teleworking (e.g., choice of
vehicle and home) demonstrates the critical importance of captur-
ing more than a snapshot of workers’ behavior [39]. Ory [93]
argues that even several years is insufficient to properly capture
home-buying decisions and the causal effects. However, Rhee
[101] observed that empirical studies are particularly challenging
for studying the evolution of land use and city size. This is an argu-
ment for using modelling studies for such explorations (e.g., [3,65].
With the exception of Giovanis [30], the regional and national
travel surveys were not longitudinal (i.e., tracking the same partic-
ipants between years). On spatial scale, the results of the review
above indicate that future studies should include entire house-
holds, due to the complexities of household-level decision-
making [22,14].

2.2. Offices

Offices in the current context refers to centralized workplaces
managed by the employer. After transportation, the second-most
touted means for energy and cost savings in the teleworking liter-
ature is reduced office area and associated energy use reductions.
Table 5 provides a range of possible scenarios regarding the envi-
ronmental impact of central offices.

2.2.1. Potential
In principle, office space could be reduced to exactly provide a

workspace for each present employee (i.e., those who are not
working remotely) on a given day. Thus, theoretically, the potential
reduction in office space is equal to the mean fraction of time when
workers telework. In the most extreme cases, entire office build-
ings could be vacated by employers that opt for 100% teleworking
– thus delaying the need for new construction or allowing build-
ings to be decommissioned. However, recent papers indicate that
typical teleworkers only work remotely at most 20 to 60% of week-
days [25,111,115]. Nilles [88] projected that companies with tele-
work programs would eventually be able to reduce office space by
30%.

Unless a teleworker works permanently remotely, to achieve
significant space savings, a shared workspace (e.g., hoteling)
approach must be applied whereby employees are not assigned
to specific and permanent workstations [75,24,53]. Flexible work-
spaces and transitioning from private cellular offices to open-place
spaces can not only increase occupant density, but also yield the
necessary flexibility to exploit teleworking [28]. However,
hoteling/hot-desking is needed to create flexibility whereby an
occupant does not have a dedicated workspace [24,53]. While
employers may aim to have sufficient workspace capacity for peak
occupancy, a more deliberate scheduling scheme is used, space uti-
lization efficiency could be much higher [74]– and approach the
theoretical upper limit.

As noted by several other researchers [70,102,85], the real
impact on office energy use is highly dependent on the details of
implementing teleworking and office space management. If a space
is not occupied to capacity (e.g., because of long lease periods and
expansion/contraction in workforce), technologies still exist to
minimize energy use in vacant spaces. These include occupancy-
based lighting control, demand-controlled ventilation, and
occupancy-based heating and cooling [91]. Radiant heating and
cooling have the potential to increase the resolution of delivering
comfort because they only serve occupants near them, whereas
air-based systems usually promote mixing of air throughout large
spaces. So-called smart plugs and occupant feedback can be used
to reduce plug loads when equipment is not in use [66,10]. More-
over, use of the same laptop in the office and at home means that
teleworking necessarily reduces plug loads in the office. And virtu-
alizing computers (i.e. removing the major power-consuming
equipment from occupied spaces) can reduce cooling loads [27].
2.2.2. Rebound effects
Despite the theoretical potential to reduce energy use in offices,

if a conventional office environment implements teleworking and
employees have dedicated workspaces (i.e. not hoteling), the
energy savings may be marginal [79,114]– particularly if few
employees telework [85]. Williams [114] suggested teleworking
‘‘once or twice per week may not lead to any change in energy
use at all” because it is perceived as not worthwhile to implement
workspace sharing for occasionally vacant spaces. It should be
noted that workstations only comprise of a small fraction of office
building space [114,60]; thus, the potential total office building
space savings from teleworking would be less than the fraction
of absent employees. Moreover, buildings have base (unoccupied)
energy loads that can be half or more of the fully-occupied load
[56].

Typically, buildings are not designed to efficiency adapt to vari-
able occupancy – in part due to lack of incentive and building codes
[91]. For instance, overhead lighting in open-plan offices repre-
sents the majority of the lighting energy end use and would not
be affected by the presence of a single occupant [33]. Similarly,
office buildings have relatively coarsely controlled HVAC and light-
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ing systems (e.g., at the floor, wing, or quadrant level), meaning
that the building systems must provide comfortable temperatures
and ventilation regardless of whether an individual occupant is
present – and in anticipation of occupancy [33].

Office equipment often has some standby power and moreover
and much of it is left on – intentionally or unintentionally – during
absences. Gunay, O’Brien et al. [34] reported that 40 to 50% of sur-
veyed people leave their computers on for the purpose of remote
desktop use or updating cloud servers while they are absent. This
greatly contrasts older assumptions in the telework literature
about how teleworkers would not simultaneously have computers
on at work and home [88]. In a study of 10 private offices, O’Brien,
Gaetani et al. [90] reported that 75% of plug load energy use
occurred during unoccupied periods. Gunay, O’Brien et al. [34]
showed that occupants are more likely to turn off equipment for
multi-day absences, but the situation is far from optimal.
Table 6
Typical home office configurations and impact on household energy.

Worst Moderate Best

Teleworker purchases
larger house to
accommodate home
office, house has central
HVAC system without
zoning, and office has
energy-intensive office
equipment

Teleworker has home
office, but can control
lighting and HVAC
separately for that room
and has efficient office
equipment and lighting

House has zoned HVAC
system and multiple
teleworkers who
efficiently use existing
space for work (e.g.,
kitchen table); office
equipment and
lighting are energy-
efficient
2.2.3. Research methods and limitations
The majority of research on the potential impact of office energy

use in offices from teleworking has been achieved using modelling
and simulation, thus facing uncertainty of building operations,
occupant behavior, and occupancy patterns. In the reviewed liter-
ature, the assumptions made in the simulation studies are quite
simplistic relative to more recent measurement-based studies. To
mitigate uncertainty, many studies presented results as possible
scenarios whose accuracy depend on the exact implementation
of telework.

For estimating the impact on office floorspace from telework-
ing, in lieu of detailed data, a number of studies opted to consider
several possible scenarios, such as no impact and perfect space uti-
lization [114,103]. Matthews and Williams [70] relied on a single-
company study that found that four-day-per-week teleworker
reduced office space by 25% (much less than the theoretical poten-
tial of 80%). They similarly assumed energy use to be reduced by
the same amount. Kitou and Horvath [59] considered scenarios
of no telework, and one, three, and five days-per-week telework;
they assumed two employees share single offices in the last two
cases, effectively reducing office space for such frequent telework-
ers in half.

On HVAC energy, researchers have typically made simple
assumptions about how the reduction of internal gains from light-
ing, equipment, and occupants themselves, affects heating and
cooling energy (e.g., [103]). However, such simplified approaches
tend not to be climate-dependent (considering internal gains
may be useful or adverse depending on whether heating or cooling
is needed). Röder and Nagel [102] relied on empirical data from
one building to estimate the relationship between occupancy and
office building energy use. Nakanishi [85] took the approach of
dividing HVAC and office equipment into two categories: those
which are elastic to occupancy (desk lamp and personal comput-
ers) and those which are inelastic (and area lighting). However,
he assumed very specific equipment and used rated power. More-
over, he did not consider climate impacts of air-conditioning and
lighting use. Kitou and Horvath [59] assumed lighting and HVAC
savings were only possible if teleworking reduced office space
and that the lighting and HVAC energy were approximately pro-
portional to number of workspaces (occupied or not). Kitou and
Horvath [59] assumed office equipment was approximately
proportional to number of days per week teleworked, but that
five-day-per-week teleworkers do not have office equipment that
consumes energy.

In general, the previous methods to quantify office energy
impacts of teleworking are simplistic, often optimistic, and lack
the rigor necessary to quantify impacts of real HVAC and lighting
systems and office equipment use.
2.3. Homes

The energy impact of teleworking on home offices has been rec-
ognized by some researchers (e.g. [49,85]as a downside of tele-
working and is the second-most studied domain, as per Table 2.
Table 6 provides a range of possible scenarios regarding the envi-
ronmental impact of homes.

2.3.1. Potential
In general, telecommuting has at best a null effect on household

energy, with office equipment energy merely being transferred
from the office to home. Thus, there is no direct potential to save
energy at home via teleworking. The possible exception is that
teleworkers may be incentivized to save energy because they pay
for it at home, but not in the central office. Teleworkers may also
have more flexible hours, thus allowing them to avoid peak elec-
tricity pricing (for regions with time-of-use pricing) and therefore
possibly GHG emission-intensive electricity.

2.3.2. Rebound effects
As for transportation, the rebound effects are separated

between short-term/day-to-day impacts, vs. longer-term and
large-scale (months and beyond).

2.3.2.1. Short-term effects. Short-term impacts of teleworking on
home energy use primarily include usage behavior of office equip-
ment (computers, printers, etc.), lighting, and HVAC. Energy-
consuming devices are highly dependent on both the nature of
the systems and on behavior. Moreover, teleworkers may engage
in other adaptive behaviors (e.g., open windows and blinds) that
affect household energy use [104]. Regardless, their presence and
all electrical equipment affect HVAC energy use affect internal heat
gains, which in turn, affects HVAC energy.

Nakanishi [85] tabulated the assumptions or measurements of
nine studies spanning from 1976 to 2014 and reported that daily
net increase in total home energy from teleworking and found they
ranged by a factor of 205, from 0.1 kWh to 20.5 kWh/day. Typical
estimates for the daily energy consumption of home office equip-
ment, using bottom-up approaches, are 0.4 to 1.6 kWh
[57,103,85]. In general, the office equipment assumptions tend to
be quite outdated, given that most research is over 10 years old
and there have been significant advances since (e.g., laptop com-
puters are much more common than desktops and there is a trend
towards paperlessness).

Lighting energy in home offices is unlikely to be significant and
it has predominantly been estimated using simple bottom-up
methods [57,70,103,85]. The range of lighting power –60 to 200
Watts– generally appears to be based on older technology (e.g.,
incandescent bulbs) and thus overestimated. It is unclear from
the literature whether occupants keep non-workspace lights on
more because of being at home on teleworked days. Since work-
days coincide with daylit hours, daylight is expected to reduce
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lighting electricity use, though residential building daylight
research is not mature [18].

The energy increase from HVAC was considered by several
papers, though similarly coarsely to other aspects. The impact on
GHG emissions greatly depends on HVAC technology and energy
source(s). In a comparative study on teleworking between Japan
and the USA, Matthews and Williams [70] observed that HVAC
configurations are significantly different between the countries.
In North American homes, HVAC tends to be centralized with little
ability to adjust temperature in individual rooms. Thus, a tele-
worker needing only small portion of the home to be comfortable,
may inevitably condition the whole house at comfortable (and
energy-intensive) conditions. However, presence of multiple tele-
workers or family members in one home somewhat reduces this
energy wastage [58]. Nakanishi [85] found that only one-third of
teleworkers are alone at home when they work, thus offsetting
potential wastefulness of HVAC.

In contrast, in Asia and Europe, room-by-room HVAC controls
are more common. Thus, teleworking in North American is pre-
dicted to increase home energy use more than elsewhere [70]. Esti-
mated energy for HVAC ranges greatly in the literature due in part
to the wide variety of methodologies. Room-level systems have
been estimated to use 300 to 600 W [70,85], while central HVAC
systems are typically expressed as the relative increase over a
non-telecommuting household. Such reported values vary greatly:
a total increase of 5 to 15% for teleworkers [70], an 8.2 and 9.5%
increase in heating and cooling energy on teleworked days (versus
non-teleworked days), and 10% increase in total HVAC energy per
teleworking day per week [57].

Roth, Rhodes et al. [103] and Matthews and Williams [70] used
the elegant approach of reversing the energy-saving potential of
programmable thermostats: 5 to 15%. The value of programmable
thermostats has since been debunked because of occupants’ ten-
dency to not program them optimally – or at all [71]. That is, there
may be little HVAC energy savings achieved if an occupant does
not work from home if the household uses a constant setpoint.
On the contrary, smart thermostats with occupancy-based control
may be reversing that notion [48].

Nilles [88] observed that occupants in homes can tolerate wider
ranges of temperatures at home than in the office, thus potentially
reducing overall HVAC energy use (considering both homes and
offices). This finding has been since confirmed in the thermal com-
fort literature (e.g., [50]).

Anecdotal evidence [49] suggests and some authors [57]assume
home workers also use kitchen appliances (e.g., coffeemakers) and
lighting in other rooms when they are working from home. It is
unclear whether these activities would otherwise happen outside
of working hours or at the workplace (eat least in the case of heat-
ing lunch, making coffee, etc.). Hopkinson and James [46] reported
that most surveyed teleworkers reported that teleworking leaves
more time for domestic tasks (e.g., cooking, laundry), though again
it is not clear whether these tasks would still occur. Assuming they
do, one implication on energy is that shifting high-energy activities
to daytime may be adverse for electricity costs and associated
emissions. On a lighter note, teleworking could reduce laundry
loads due to the reduced constraints of work clothes for telework-
ers not visibly interacting with others during the day [97].

2.3.2.2. Long-term effects. Long-term effects are focused on change
of home location, size of home and home office, and other major
purchasing decisions [88,83,84]. In the most extreme case, a tele-
worker may opt for a second apartment close to the workplace
(and ultimately maintain two homes) [40].

The long-term decision to purchase a larger home because of
teleworking is particularly impactful for homes that have centrally
controlled HVAC systems. In general, a larger home will be an
energy liability for all hours – not just those during teleworking.
Nilles [88] found that surveyed telecommuters 6.5 m2 (or 4% more
than the non-telecommuters) is used exclusively and 12.5 m2 gen-
erally for home offices. Kitou and Horvath [57] reported that 45% of
teleworkers have a dedicated office, whereas the remainder use
shared space within their home.

While teleworking and larger homes are associated with each
other [52,84], we are primarily concerned with the causal relation-
ship that teleworking led to a larger home. Most reviewed studies
capture a point in time and cannot easily distinguish between
these two possibilities: 1) an individual with a large suburban
home is more likely to telework due to their distance from their
central office and the associated cost of commuting daily or, 2)
an individual justified buying a large suburban home because they
have the ability to telework and the need for greater space (e.g., a
home office). Moos and Skaburskis [84] suggest both are partially
true on the basis of a small survey in Moos, Andrey et al. [83].

2.3.3. Research methods and limitations
Home energy use has been estimated using both bottom-up

(accounting for each appliance and end use) and top-down
approaches (e.g., statistical methods based on monthly electricity
bills). The lower estimates mostly use bottom-up methods and
only consider equipment that was immediately necessary for tele-
working (e.g., computer) and lighting in the immediate vicinity of
the workspace. Typically, simple assumptions are made about each
piece of equipment and hours of use based on statistics or other
studies. Such bottom-up approached are likely to miss phantom
loads resulting from the equipment used for teleworking because
they tend to focus on the duration that the equipment is in active
use.

Mokhtarian, Handy et al. [79] used a survey to collect informa-
tion about hours of use of equipment, which was then converted to
energy using typical power ratings. Only Shimoda, Yamaguchi et al.
[106] used simulation combined with the Japanese national time
use survey to quantify the impact of home energy from telework-
ing, though the exact occupant behavior models are not clear.
Atkyns, Blazek et al. [7] noted challenges in asking survey partici-
pants to make ‘‘physical/spatial” estimates (e.g., home office size).

Nilles [88] compared self-reported monthly energy bills
between telecommuting and non-telecommuting households.
The result was not statistically significant and did not account
for other factors, such as home size. No papers were found that
used detailed power metering to measure energy use.

As reviewed above, methods to estimate the impact on home
HVAC energy have been similarly simple and have generally
neglected the role of behavior and climate. No papers were found
on the impact of teleworking on thermostat setpoints, though this
is expected to be a rich data source due to emerging data [48].

2.4. Information and communication technology

Among the four domains studied in this paper, the environmen-
tal impacts of ICT are the least tangible to end users and relatively
void from the telework literature. However, as the enabler of tele-
working, it should be considered.

While the Internet was first envisioned as a means for video-
conferencing and other forms of communication to support tele-
working [87], it now also plays a critical role in file transfer,
sharing, and backup, and collaborative work (e.g., via cloud com-
puting) [67]. Overall, Internet communication and devices are esti-
mated to consume 10% of global electricity – and this proportion is
estimated to double by 2030 [4]. However, apportioning this to
teleworking is non-trivial task because there are numerous uses
for the Internet that are not related to work. In the current paper,
ICT is limited to the equipment and processes that occur between
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office equipment (e.g., servers, data centers, hubs, switches, etc.),
as office equipment (e.g., laptops, printers) is placed within the
office and household categories above. A range of possible ICT
use scenarios are laid out in Table 7.

2.4.1. Potential
Teleworking, at best, has a neutral effect on ICT-related energy

use and GHG emissions because direct technology-less communi-
cation (e.g., face-to-face in conventional offices) that occurs in tra-
ditional office environments has zero direct environmental impact.

2.4.2. Rebound effects
While numerous life-cycle analysis studies have quantified the

environmental impact of ICT, the majority were focused on e-
materialization (e.g. video streaming in place of DVDs) and e-
commerce; whereas few have focused on telework [96]. Borggren,
Moberg et al. [9] estimated the electricity use for data transmission
in the context of teleconferencing as an alternative to long-
distance travel to meetings and conferences. Similarly, Ong, Moors
et al. [92] performed such a comparative study and found telecon-
ferencing is associated with an order of magnitude less energy con-
sumption and GHG emissions than in-person conferences. While
showing a clear benefit of teleconferencing, these studies use a
baseline that includes international flights, which greatly skews
the results compared to routine telework.

Several studies have attempted to quantify the environmental
impacts of Internet use, independent of the application. Coroama
and Hilty [12] reported that the literature since 2000 yielded data
transmission energy intensity with a range that spans four orders
of magnitude – from 0.0064 to 136 kWh/GB. The age of studies is
quite relevant, as energy per unit of data transmitted has approx-
imately halved every two years since 2000 (though concurrent to
growth of data transmitted) [6].

2.4.3. Research methods and limitations
As noted above, few papers have quantitatively evaluated the

impact of ICT from teleworking. There has been significant work
on the environmental impact of Internet traffic such that rigorous
estimates of the impacts of data transmission have been made
[12,6]. Coroama and Hilty [12] noted that aside from improve-
ments with time, the biggest discrepancy of estimates is inclusion
of end devices (e.g., computers). In this paper, such devices were
put in the building categories (households and offices). Another
challenge is that the kWh/GB rates are not constant, but rather a
function of time of day/week and data transfer rate [38,6]. Regard-
less, the top-down kWh/GB figure is likely most suitable for
answering the research question at-hand because it would be
near-impossible to accurately obtain data on the network devices
involved in teleworking and for each end use (which typically
range in number from 12 to 24 [6]. Coroama, Hilty et al. [13] illus-
trated the immense challenge in calculating the energy used for a
single path for a teleconference from Switzerland to Japan.

However, the main gap lies in quantifying the amount of data
transmitted from teleworking. This is a nontrivial exercise; Inter-
Table 7
Typical ICT use patterns for teleworking.

Worst Moderate Best

Teleworker extensively
uses data-intensive
videoconferencing,
filesharing, and other
data-heavy services

Teleworker uses a
moderate level of data-
intensive communication
services and many of
those would have been
used regardless of
teleworking

Teleworker does
not change Internet
use when
teleworking
net use at homes is likely to be a combination of personal and
work-related (the same is likely true for offices). Time of day can-
not necessarily used to distinguish personal from work-related
Internet use – particularly as the line between teleworking and
after-hours work blurs [21]. Since, home network equipment uses
a similar level of power regardless of data traffic [38], the net effect
of teleworking on such equipment may be minor. Moreover, many
of the work-related Internet uses (e.g., videoconferencing, cloud
storage) are likely to occur in traditional offices, regardless of tele-
working. Borggen [9] assumed a certain number of hours of video-
conferencing and a certain technology configuration. However,
such bottom-up approaches are prone to errors due to lack of avail-
able data.
3. The verdict

Half of the papers reviewed in Table 4 studied the energy or
emissions impact of teleworking considered multiple domains
among transportation, office buildings, homes, and ICT. This sec-
tion briefly summarizes their verdict on whether teleworking ulti-
mately saves energy and/or reduces GHG emissions.

The results are summarized in Fig. 3, which is a further reduc-
tion from the above subset for those which used consistent units
across domains. The authors caution against direct absolute com-
parisons between studies, as the assumptions and contexts vary
greatly. Moreover, many of the papers examined multiple scenar-
ios, whereas we attempted to select those which were most similar
(i.e., approximately 20% of the population teleworks every day or
the population teleworks 20% of weekdays, though these are not
equivalent [65].

There appears to be a trend over time, whereby the studies’ net
energy use prediction seems to increase. This may be a result of the
increasing study scope and/or emerging knowledge about rebound
effects. In their recent review, Hook, Sovacool et al. [45] discovered
a related relationship: methodologies that they deemed to be poor
tend more frequently predict a reduction of energy vs. those that
they considered good or average.

Two studies focused on or reported air pollutants, as summa-
rized in Table 8. Both results are for one day per week. Both studies
indicate net negative (i.e. beneficial) impacts of teleworking.

While the literature that quantifies the energy/GHG emission
impact of telework for multiple domains remains relatively sparse,
the majority indicates that telework is beneficial (i.e., negative net
energy/emissions).

4. Research needs and methods

The results of this review indicate major limitations of the
research methods – particularly for the buildings for which the
assumptions are very simplistic. Moreover, ICT is virtually void
from the telework research. While it is expected to be the least sig-
nificant of the domains, it may be growing as data intensity of
work increases.

As evidenced by the review studies, some outstanding ques-
tions include:

� Do teleworkers move further or do people who live far away
telecommute more? And assuming there is some combination
of factors, how do they compare in prominence?

� How does teleworking affect long-term decision-making, such
as vehicle and home purchases?

� To what extend to errands and trips of family members affect
overall travel mode, distance, and timing?

� Do teleworkers use a different mode of transportation than non-
teleworkers?



Fig. 3. Estimated impact of one-day-per-week teleworking vs. no teleworking on annual energy, where positive net energy indicates that teleworking uses more energy than
non-teleworking.

Table 8
Estimated impact of one-day-per-week teleworking vs. no teleworking on annual CO2 emissions (kg).

Study Transportation Office Home Net

Kitou and Horvath [57] �400 �10 150 �260
Larson and Zhao y[65] �890 – 810 �80
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� What is the role of electric and/or self-driving vehicles and how
will they affect telework patterns, environmental impacts of
transportation, and urban form?

� How much energy is saved in office buildings because of absent
occupants – particularly when building managers do not
actively account for telework in operations and space planning?

� To what extend to telecommuters use more energy at home?
What underlying behaviors affect it and by how much?

� What is the magnitude of ICT-related energy use and associated
GHG emissions?

The above review also indicates the importance of carefully
considering spatial and temporal scope. Recurring recommenda-
tions from authors that have performed previous studies include
the importance of considering long-term (e.g. on the order of dec-
Table 9
Strengths and weaknesses of research methods for teleworking.

Surveys/interviews/diaries Modelling/simulation

Strengths � Can be used to measure
attitudes, behaviors, and
beliefs

� Can be used to understand
causal directionality and
rationales

� Can be used to understand
household relationships

� Possible to explore many scenar
multi-scale - temporal and spa
with fast results

� Low-cost and no participant re
ment challenges

Weaknesses � Subject to self-reporting
error and bias

� Focused on the individual
teleworker

� May be difficult to study
longitudinal effects.

� Difficult to capture complex dec
making processes

� Limited to the quality and accur
the underlying models

� May lack credibility because o
above
ades) impacts to properly account for long-term decision making
of teleworkers and their employers. On a similar note, it is impor-
tant to study telework’s impact on both teleworking and non-
teleworking days [39], because of the spill-over between day types
(e.g., weekly errands are trip-chained on commuting days). More-
over, numerous studies above have emphasized the importance of
adequate spatial scale. Some studies –particularly those using
urban models or city-scale data—have suggested that metropolitan
areas are the appropriate spatial boundary [39]. Another recurring
recommendation is that entire households be studied rather than
individuals, because of the complex energy-related behaviors
caused by teleworkers, such as availability of vehicles and task-
sharing.

Table 9 summarizes some of the strengths and weaknesses of
common research methods in the context of teleworking research.
Secondary data analysis Field study

ios at
tial –

cruit-

� Large sample
� Low/no-cost to researcher

� Detailed and direct measurements

ision-

acy of

f the

� Limited study scope (i.e.,
researcher does not design
research)

� Definition of telework may
be problematic/vague

� May be subject to self-
reporting error and bias
(as for surveys)

� Potentially costly and labor-inten-
sive for participant recruitment
and equipment.



Fig. 4. Recommend research methods organized by study spatial and temporal
scale.
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While the first three methods listed are common [45], field studies
are less so. By field study, we mean in-situ studies where research-
ers are in the field and taking assorted spot or long-term measure-
ments (e.g., energy use, temperature, etc.). Field studies are
commonplace in the buildings field (i.e., as post-occupancy evalu-
ations) [68], but the technique does not appear to have entered the
telework literature. Mixed methods research –despite its relative
absence in the telework literature— also holds significant promise
to take advantage of each method’s strengths. Fig. 4 proposed the
most suitable research methods as a function of spatial and tempo-
ral scope.

We note that there now exists a major opportunity to use exist-
ing and emerging data beyond traditional census-like surveys to
study telework. For example, Google can provide location and trip
data, smart meters can provide high resolution electricity and
water data for homes and offices, and ecobee provides
thermostat-related behavior and performance. These data sources
have been used in research [48,37], but not in the context of
telework.

Another opportunity for telework research is to exploit the
emerging urban energy simulation tools, which could capture at
least the building and transportation domains in a single model
[1]. However, a challenge is to ensure that models properly reflect
the impact of individuals’ presence or absence at home or in the
central office; occupancy is normally represented by a simple
schedule rather than as agents [63].
5. Conclusion

This paper sought to critically assess the existing quantitative
literature that attempts to answer the question: does teleworking
save energy and reduce GHG emissions? By examining four
domains – transportation, office buildings, homes, and ICT—the
paper systematically reviewed the literature regarding the
reported potential, rebound effects, and research methods for each
domain.

Despite the age of the topic, the literature is relatively thin and
sparse. It is widely acknowledged that re-bound effects are plenti-
ful, and the problem is complex. While the majority of studies indi-
cate energy and/or GHG emission reductions from teleworking,
this finding is not universal – nor is the estimated magnitude of
savings. Moreover, there appears to be a loose trend whereby
newer studies and those with more domains considered tend to
indicate a lower benefit to teleworking.
The literature shows that study spatial and temporal scope are
critical and can profoundly affect results. Short-term studies over-
look the long-term home/vehicle purchasing decisions and the
evolution of urban form. A wide variety of methods including
one or more of surveys/interviews/diaries, modelling and simula-
tion, and secondary data analysis have been used. Mixed methods
approaches, which build upon all their strengths, are promising for
future research. A major gap in the literature is the use of emerging
data sources (e.g., smart meters, building automation systems,
smart thermostats, smart phone location, etc.).

Regardless of the inconsistency in research methods, quality,
and results, more studies are needed considering evolving tech-
nologies and economies, expected geographical and climatic differ-
ences, and to build more evidence towards answering the title
question. The answers have many stakeholders including public
policymakers and employers and employees seeking to reduce
their environmental footprint. Given telework’s shift of burden
and environmental impacts from the employer to employee, some
interesting questions arise about environmental accounting. For
example, should government or companies incentivize telework?
Perhaps companies should be entitled to take credit for telework
in corporate social responsibility reporting.

Particularly considering the recent COVID-19 pandemic, but
also with the shift towards a knowledge-based economy in the
realm of climate change, teleworking is expected to become more
important and prominent than ever. More long-term and compre-
hensive studies are needed for various contexts (countries, cli-
mates, cultures, industries) to yield better evidence to answer
the title question. There are important policy and technology
implications for these findings. Understandably, due to the age of
the literature, discussion of electric and self-driving vehicles is vir-
tually absent, despite the major ramifications for transportation
and urban form. Meanwhile, it is important that building codes
and technologies evolve such that buildings better adapt to varying
levels of occupancy and use.
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