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Abstract: This study compares the energy burden of New York City office buildings versus personal
residences before and during the stay-at-home period of the COVID-19 pandemic. The scope is com-
prised of employees that, prior to the stay-at-home order, underwent a daily commute to and from
a representative midtown Manhattan office building. Energy consumed by these employees with
respect to the office building they work in, their transportation there, and their personal residence
was determined using publicly available data. Energy usage and cost per person per day were com-
pared in both remote and in-person work settings. The results of this study demonstrated that re-
mote working conditions consume 39.7% less energy and required less personal expense compared
to in-person working conditions. Additionally, the results found that a building occupancy of 65%
is where the energy burden shifts from residential to commercial sectors. This study can be a starting
point of discussion for businesses regarding staffing of commercial buildings and energy efficiency.
Future work on this topic would benefit from having a more robust data set compared to the pub-
licly available data used in this study.
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1. Introduction

NYC has the largest concentration of office buildings in a downtown area nationally,
and consequently the most total office space [1]. While 4.2 million NYC residents are em-
ployed in NYC, the city receives an influx of an additional 500,000 commuters using var-
ious transportation modes to get to and from work [2]. Of all the NYC boroughs, Manhat-
tan employs the most workers at 2.6 million people, of which 899,000 reside in Manhattan
itself [3]. A study of the residence location trends for Manhattan over the years of 2002-
2009 found that 1 in 8 Manhattan workers commutes more than 90 min [3]. A typical
workday includes commuting by car, subway/path, commuter rail, bus, or other trans-
portation methods (i.e., walking, biking, etc.), with the frequency of mode varying by lo-
cation.

Office space makes up 27% of commercial buildings” square footage, and midtown
Manhattan is the largest Central Business District in the world, which makes it an ideal
candidate for the study of energy burden [4,5].

Energy consumption and efficiency of commercial buildings is well documented and
an important point of discussion as society aims to be more energy efficient. There are
many sources that evaluate energy consumption and efficiency. For example, close to 40%
of commercial buildings in the United States (U.S.) are benchmarked on the Energy Star
Portfolio Manager platform [6], which allows for a building’s energy performance to be
evaluated and examined for inefficiencies. Additionally, Commercial Building Energy
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Consumption Surveys (CBECS) and self-reported data sets, compiled through energy dis-
closure programs in NYC, provide another source of building data.

The COVID-19 pandemic has had a significant impact on the way commercial build-
ings operate. Businesses and office buildings have had to make numerous adjustments to
keep workplaces open and running while adhering to state guidelines [7]. For example,
office buildings are required to uphold social distancing by spreading workers out and
marking two-meter distance perimeters around workstations; gatherings and meetings
should be limited and be kept virtual if it is not necessary to be in-person; and all workers
and employees are required to wear masks and face coverings. Before these rules and
precautions were implemented, commercial buildings did not allow employees to come
into work. At the beginning of March 2020, there were 1.4 million office employees work-
ing in Manhattan. That number quickly declined to 41,000 workers in May 2020 during
the stay-at-home period because offices only allowed essential workers to continue in-
person work to slow the spread of the virus [8]. The quick transition between in-person
and remote working is expected to demonstrate a significant shift in energy consumption.

The relative occupancy of commercial offices compared to residential properties is
important because both exhibit different energy consumption profiles. Under normal cir-
cumstances, employees occupy the office building during working hours, while under
stay-at-home orders, employees increase their individual residence’s energy consump-
tion. Large commercial buildings are responsible for 40% of the U.S.’s greenhouse gas
emissions, and a significant energy consumer of office buildings is PPLs [9,10]. On the
other hand, the primary energy consumer of residential buildings under normal circum-
stances is HVAC systems [11], and working remotely shifts the PPL burden from the office
building to the employee. Furthermore, employees” working remotely negates the need
for transportation to and from the workplace. Thus, the workspace energy profile
changes.

It is imperative to understand the effects of energy consumption because of its envi-
ronmental, economic, and efficiency consequences. The National Bureau of Economic Re-
search reports that 35.2% of workers who were commuting to their office Pre-COVID-19
worked remotely in May 2020 [12]. Outside of essential workers, remote jobs may prove
to be more favorable in certain cases, thus demonstrating the value of a study such as this
one.

This study analyzes the energy consumption of employees in a representative Mid-
town Manhattan office building as employees shift from working in the office building to
their residences because of the COVID-19 stay-at-home order in NYC. The hypothesis for
this study is that the energy consumption in commercial buildings will decrease during
the stay-at-home period, while residential energy consumption will increase. Addition-
ally, the economic impact due to increased residential energy demand on these remote
employees was examined. The final aim was to determine the significance of the occu-
pancy and operation of offices with respect to energy usage.

2. Materials and Methods
2.1. Terminology

“Pre-COVID-19” refers to the period before the pandemic spread of the illness caused
by the novel coronavirus (i.e., SARS-CoV-2) resulting in the stay-at-home orders or lock-
down period in NYC in March 2020. “Post-COVID-19” refers to the period during which
stay-at-home orders were in effect in NYC. More specifically, when the paper refers to
“Post-COVID-19”, it is referring to the period of time employees were working from
home. “Remote” working refers to the scenario of employees working from their house-
holds and not traveling into the office building. “In-person” working refers to the scenario
of an employee traveling from their personal residence to the office building, working
there for their work hours, and then traveling back to their personal residences in the
evening. “In-Commuters” refers to the employees who do not reside in the five boroughs
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of NYC and live in Long Island, Inner New Jersey, Outer New Jersey, Mid-Hudson Valley,
Lower Hudson Valley, or Southwest Connecticut areas (See Figures 1 and 2).

With respect to abbreviations, “EUI” represents Energy Use Intensity, which is a
measurement of a building’s energy consumption as a function of size [13]. Typically, low
values of EUI represent good energy performance. The term “PPLs” refers to Plug and
Process Loads, which are energy loads that are not related to general lighting, heating,
ventilation, cooling, and water heating, and that typically do not provide comfort to the
participants [14]. Finally, the term “HVAC” stands for Heating, Ventilation, and Air Con-
ditioning, and it represents the energy required for indoor comfort with respect to heating
and cooling [15].

2.2. Data Sources

The primary data sources were the U.S. EIA (U.S. Energy Information Administra-
tion), NYC Open Data, and the U.S. Census Bureau [16-18]. All sources that were used for
data collection were free to use and publicly available.

2.3. Study Scope

The representative office building was modeled by averaging the parameters of office
buildings in Midtown Manhattan, as described in the Methodology section. The counties
considered to be residences for the employees commuting to this representative building
included Bronx, Kings, New York, Richmond, Queens, Suffolk, Nassau, Bergen, Essex,
Hudson, Middlesex, Morris, Passaic, Somerset, Union, Hunterdon, Mercer, Monmouth,
Ocean, Sussex, Warren, Fairfield, Litchfield, New Haven, Putnam, Rockland, Westchester,
Dutchess, Orange, Sullivan, and Ulster. The commuting methods considered for the em-
ployees were as follows: Car, Subway/Path, Commuter Rail, Bus, walking, and biking.

Figure 1. Map of counties included in the defined In-Commuting Region [19].

BROOKLYN-
BOROUGH

STATEN ISLAND
BOROUGH

Figure 2. Map of the boroughs of New York City [19].
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Residential buildings were characterized from 2019 U.S. Census data for each bor-
ough and divided into single family houses and apartments [20]. Households defined as
attached single units, detached single units, and double units were considered single fam-
ily homes. Apartment buildings were residences with 5 or more units. The average floor
area of apartments was taken by selecting “tenants” for the dwelling type. Similarly, the
floor area of single-family homes were entries with values filtered as “single family” as
the dwelling type.

2.4. Methodology

During the study, there was minimal readily available data for energy consumption
Post-COVID-19. Therefore, only energy data from April and May 2020 was used to de-
termine the change in energy usage in both the commercial and residential sectors.

In determining the energy usage for the commercial side of the study, a representa-
tive commercial Midtown Manhattan office building was modeled using data from 2018
as well as 2014/2015 data for energy breakdowns. The mean number of floors, floor area,
and site EUI of an array of buildings within the Midtown area were calculated to create
a model office building to study. To determine if the data from 2018 could be used in
conjunction with data from 2014/2015, student t-tests were performed (p = 0.05), which
indicated no significant difference between the two data sets (data not shown). Only
buildings that met the requirements listed below were considered applicable for deter-
mining the parameters for the office building in this study (1 = 169).

1. Midtown Manhattan zip code [21].
2. Primary building function as office building.
3. Only one building per entered record.
4. Had usable and complete energy data.
Table 1 indicates the metrics of the representative office building where commuters
will be traveling to and serves as the basis for this study.

Table 1. Representative Building Metrics.

Metric [18] Value
Floor Area (m?) [22] 27,875

Number of Floors (Floors) 22

Occupancy (%) 93

Number of employees at above occupancy (Peo-
1927
ple)

Site Energy Usage Index (GJ) 28,359

A typical midtown Manhattan office building has people traveling to the building
through multiple modes of transport and from several regions surrounding and including
the midtown area. Commercial buildings used for office space are classified as Business
Groups by NYC regulators, and therefore, the number of workers occupying the work-
space is assumed to be regulated and constant [23]. The areas listed below were chosen
for determining residential and transportation energy usage and cost.

1. Manhattan

2. Non-Manhattan New York City boroughs (Bronx, Brooklyn, Staten Island, and
Queens)

3. In-commuters

Energy usage data and cost data were used to determine average residential and
transportation energy consumption and cost from the three regions above. The residential
averages considered different living styles (such as apartments and stand-alone houses)
as well as the different energy costs for each region. For transportation, commuter fre-
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quencies were used to determine the mode of transport to the average midtown Manhat-
tan office building, and Google maps was used to determine the most likely route for each
mode and location as well as tolls and fares that an employee would pay while traveling
to the office building [24]. Data from these regions were converged using a weighted sum
based on the frequency of each region’s commute to create the representative in-com-
muter’s residence.

The breakdown of residential location for In-commuters is shown in Table 2. The
region with the highest numbers of In-commuters is Inner NJ, which comprises 46% of all
In-commuters; the region with the lowest number is Mid-Hudson Valley, which only com-
prises 3% of all In-commuters. This accounts for the average distance from the region to
the representative office building and the approximate energy usage per km for the re-
gion. Using the relative frequencies of each location, a weighted average for a daily com-
mute was determined and used to represent the population of In-commuters. The same
method was used to calculate energy consumption of the daily commute of Manhattan
and Non-Manhattan NYC commuters.

Table 2. Transportation Breakdown.

. . Total
Approximate Approximate En- Relative Relative
. ergy Energy
. Frequency Distance from . : Energy
Region Area o . Consumption of Consumption of .
(%) [2] Midtown . Consumption of
ot g Daily Commute Commute
Building (km) (GJ/Passenger) * (GJ/Day) Commute
8 Y (GJ/Day)
Outer New Jersey 5.72 90.9 0.296 0.0178
Inner New Jersey 46.4 65.5 0.213 0.0982
Long Island 21.2 130 0.425 0.0892
In- -
n-  LowerHudsonVal-— ;g 51.5 0.168 0.0302 0.259
Commuters ley
Mid-Hudson Valley  3.31 99.6 0.325 0.00974
Southwest Connect- 5 ) 85.8 0.279 0.0140
icut
Non- Bronx 18.5 17.9 0.0519 0.00959
Manhattan Brooklyn 40.5 40.2 0.117 0.0473
New York Staten Island 6.00 441 0.128 0.00813 0.08434
it
City Queens 35.0 19.2 0.0556 0.0193
Boroughs
Manhattan Manhattan 100.0 4.35 0.0126 0.0126 0.0126

* Accounts for trip to and from representative office building.

The approximate energy usage per km was calculated for In-commuter regions in
Table 3. The Transportation Energy Data Book was used to identify the relative usage of
transportation modes: car, subway/path, commuter rail, bus, and other non-energy con-
suming transportation methods [25]. These percentages were used in conjunction with the
energy consumption of each mode per km to calculate a weighted average that represents
the cost of an In-commuter’s passenger km. The same method was used to calculate the
average passenger km energy expenditure for Manhattan and Non-Manhattan NYC com-
muters.
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Table 3. Mode of Transport and Energy Consumption.

Energy Consump-

F f
requency o tion of Transpor-

Transportation

Region Mode of Transport Mode for In-Com- ( (t;a]t/ll;); i\;[rcl)d:r
muters (%) [25] 8
km)
Car 68.0 0.00193 [25]
I Subway/Path 14.0 0.00153 [26]
1 Commuter Rail 6.00 0.00111 [27]
Commuters
Bus 8.00 0.000467 [28]
Other (Walking, biking etc.) 4.00 0.00
Car 24.0 0.00193
, Subway/Path 47.00 0.00153
New York City Commuter Rail <1.00 0.00111
Boroughs
Bus 10.00 0.00269
Other (Walking, biking etc.) 19.00 0.00

Residential data to determine energy consumption of households within NYC was
taken from publicly available data [29,30]. Entries were filtered to include only those with
reported values for the approximate floor area of each household. Therefore, the average
floor area for a household in each borough was limited by the number of entries that had
reported values. The average floor area was determined separately between single family
homes and apartments. A weighted average was taken of both dwelling types per bor-
ough to determine an average household floor area value for each NYC borough. In ad-
dition to the energy consumed by households, commercial buildings, and transportation,
the change in cost of each category was observed between a remote working scenario and
a regular commuting-to-work scenario.

2.5. Energy Usage Breakdown

Table 4 indicates the energy sources and the corresponding usage for the representa-
tive office building both Pre and Post COVID-19. Pre-COVID-19, the energy consumption
breakdown demonstrated the following statistics: electricity at 60%, natural gas at 30%,
and other energy sources (solar, wind, geothermal, hydroelectric, etc.) at 10% [11]. Even
though the energy consumption ratio increased for electricity and natural gas, the total
amount of energy for each of these categories decreased as employees moved to their res-
idences for work.

Table 4. Commercial Energy Type Breakdown for Site EUL

Type of Energy Consumption (G])
E}rllle):rgy Pre-COVIgg-w PI:)st-COVID-19 Percent Change (%)
Electricity 17,015 15,257 -10.3
Natural Gas 8508 7571 -11
Other 2836 2533 -10.7
Total 28,359 25,362 -

The percent change in commercial energy consumption for the electricity and natural
gas categories was calculated by comparing the energy usage in the months of April and
May over the years 2015 to 2019. The percent change in electricity usage was calculated
by averaging the retail sales of electricity (units of million kWh) in the months of April
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and May from 2015 to 2019 [31]; this is the Pre-COVID-19 value of the retail sales of elec-
tricity. The mean of the retail sales of electricity for April and May in 2020 was calculated;
this is the Post-COVID-19 value of the retail sales of electricity.

The percent change in natural gas consumption was calculated by averaging the nat-
ural gas deliveries (units of million cubic feet) to commercial buildings for April and May
from 2015 to 2019 (Pre-COVID-19 value), averaging the natural gas deliveries to commer-
cial buildings for April and May in 2020 (Post-COVID-19 value) [32]. Because other energy
sources include a variety of methods of energy production, it is difficult to determine the
percent change because specific data could not be found at the time of the study. Instead,
the percent change for the “other” energy was determined by averaging the percent
change in electricity and natural gas.

Table 5 demonstrates the energy-type breakdown for residences Pre-COVID-19
(2015-2019) and Post-COVID-19 (April and May 2020) [31,32]. Table 5 indicates an in-
crease in energy consumption for electricity, natural gas, and other energy sources from
Pre-COVID-19 to Post-COVID-19 for Manhattan, Non-Manhattan NYC Boroughs, and In-
Commuters. As people started to work remotely, there was an increase in energy con-
sumption in residences and a decrease in commercial building energy consumption.

In NY, NJ and CT, the increase in electricity consumption for each household is be-
low 10%. With respect to natural gas, NY showed an increase of 13.34%, NJ showed an
increase of 29.99%, and CT showed an increase of 14.59%.

Table 5. Residential Building Energy Consumption Breakdown.

Pre-COVID-19 Residential Energy Consumption Breakdown

Natural Gas Electricity (GJ/Person- Other Total (GJ/Per-
Area (G]J/Person-
Day) (GJ/Person-Day) son-Day)
Day)

Manhattan 0.0577 0.0204 0.0208 0.0989

NYC Non-Manhattan Boroughs 0.0400 0.0141 0.0145 0.0686
Long Island (NY) 0.0139 0.00494 0.00502 0.0239
Inner New Jersey 0.0620 0.0243 0.0102 0.0965
Outer New Jersey 0.00597 0.00233 0.000980 0.00928
Southwest Connecticut 0.00130 0.00106 0.00173 0.00408
Lower Hudson Valley (NY) 0.0147 0.00518 0.00528 0.0251
Mid-Hudson Valley (NY) 0.00216 0.000766 0.000780 0.00371

In-Commuters 0.100 0.0386 0.0239 0.163

Post-COVID-19 Energy Consumption Breakdown

Natural Gas

Area (GJ/Person- Electricity (GJ/Person- Other Total (G]J/Per-
Day) (GJ/Person-Day) son-Day)
Day)

Manbhattan 0.0655 0.0212 0.0226 0.109

NYC Non-Manhattan Boroughs 0.0453 0.0147 0.0156 0.0755
Long Island (NY) 0.0158 0.00511 0.00544 0.0264

Inner New Jersey 0.0806 0.0255 0.0121 0.118
Outer New Jersey 0.00775 0.00246 0.00117 0.0114
Southwest Connecticut 0.00148 0.00111 0.00190 0.00448
Lower Hudson Valley (NY) 0.0166 0.00536 0.00572 0.0276
Mid-Hudson Valley (NY) 0.00245 0.000792 0.000845 0.00409

In-Commuters

0.124 0.0403 0.0272 0.192
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3. Results

The energy consumption of the representative office building and residences during
a single day was compared for the Pre-COVID-19 versus the Post-COVID-19 conditions
for the 1927 workers in Figure 3.

I Commercial Energy Consumption
m| &an‘s;p:rtrlalion Energy Consumption -
Manhattan

[} Transportation Energy Consumption -
Non-Manhattan NYC Boroughs

Transportation Energy Consumption -
In-Commuters

Resid 1 Energy Ci
a \Ianhalun
o 1 Energy C -
Non-Manhattan NYC Boroughs
ial Energy Ce ption - In-

.- . N
Pre-Covnd 19 Post-Covid-19
Mode of Work

Figure 3. Commercial, Transportation, and Residential Energy Consumption Pre- and Post-COVID-19.

Pre-COVID-19, 1,927 employees commuted into the representative Midtown Man-
hattan office building from Manhattan, Non-Manhattan NYC boroughs, and In-commut-
ing regions. When commuting to the building, the energy required for travel to and from
all regions consumes 210 GJ/Day. In-commuters are the largest contributors to this value
at 130 GJ/Day, followed by Non-Manhattan Borough Commuters at 73 GJ/Day, and lastly,
Manhattan residents expended 7 GJ/Day. Despite In-commuters constituting the smallest
demographic (26%), they contribute the greatest transportation energy consumption be-
cause of the relative distance from the representative building. The Pre-COVID-19 case
modeled all employees working in the representative building, whilst the Post-COVID-19
case modeled the transportation energy to equal zero because the employees were no
longer commuting into the office building.

Figure 3 shows that the Site EUI of the commercial building decreased from 78
GJ/Day Pre-COVID-19 to 69 GJ/Day Post-COVID-19 (6.86% decrease). Because of the shift
in workplace, residential buildings acquired the energy burden and observed an increase
in energy consumption from 196 GJ/Day to 223 GJ/Day Post-COVID-19 (13.8% increase).
The residential energy consumption was calculated using a weighted sum of the workers’
respective home regions. The combined office, residential, and transportation total Pre-
COVID-19 was 484 GJ/Day compared to the Post-COVID-19 total of 292 GJ/Day (39.7%
decrease).

Because of the significant energy consumption due to transportation, we next aimed
to compare the increased cost of energy an employee would bear from working remotely
at home to the cost they would have to pay for transportation to travel to their office build-
ing. Figure 4 shows these two factors for the population in this study.



Sustainability 2021, 13, 11586

9 of 15

30

25

20

15

10

Cost/Saving (USD/Person-Day)

Increase in Household Energy Costs -
Manhattan

Increase in Household Energy Costs -
Non-Manhattan NYC Boroughs

Increase in Household Energy Costs - In-
Commuters

Transportation Energy Cost Savings
- Manhattan

Transportation Energy Cost Savings -
Non-Manhattan NYC Boroughs

Transportation Energy Cost Savings -
In-Commuters

Increase in Household Energy Costs

Increase in Household Energy Costs Transportation Energy Cost Savings

Area of Cost/Saving

Figure 4. A comparison of the difference in employee transportation cost savings vs. the increased cost of increased house-

hold energy consumption.

The cost of transportation was considered through an employee’s point of view be-
cause they are the ones that directly pay fares for public transportation, or tolls (prices
accurate as of December 2020) and gas if commuting with a personal vehicle. Gas prices
were averaged by state over a three-year period (2018-2020) and proved not to make a
significant difference among non-NY commuters under the assumption that the average
vehicle in the U.S. has a gas mileage of 24.9 miles per gallon [33-35]. Pre-COVID-19, Man-
hattan residents traveling to a Midtown building for work would have an average cost of
3.20 USD/Person-Day. Non-Manhattan NYC commuters would have an average cost of
8.73 USD/Person-Day, while In-commuters would pay 17.40 USD/Person-Day to travel to
the representative building. Post-COVID-19, the cost of transportation was assumed to be
0 USD/Person-Day because commuters are not paying for fares, tolls, or fuel to travel to
work. Personal trips for nonwork commutes were not considered when determining Post-
COVID-19 transportation costs to the employee. The household energy cost for employees
increased due to the increase in energy consumption (as presented in Figure 3). An aver-
age cost for natural gas and electricity for NY, NJ, and CT were determined over the pe-
riod of 2015-June 2020 (the time at which this study was being conducted). An average of
the natural gas and electricity cost for each state was calculated to be used in determining
the cost of the “other” energy sources portion of energy consumption. These averages
were applied to each county to determine the increase in cost from the increase in energy
consumption. Figure 4 shows that transportation savings are far greater compared to in-
creased household energy consumption costs.

Social distancing requirements enforced as the pandemic progressed would inher-
ently result in a lower occupancy inside of an office building. Thus, we aimed to examine
the effect of building occupancy on the energy burdens between employees and the office
building. Figure 5 shows energy consumption by the employees and the office building
as a function of occupancy.
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Figure 5. A representation of the effects of office building occupancy in who shares the energy consumption burden.

The energy consumption of the representative office building at 100% occupancy is
taken as the site EUI calculated using the 2018 NYC Open Data (i.e., Pre-COVID-19 con-
ditions) [18]. Energy consumption due to transportation is categorized with the energy
consumption of the representative commercial office building because this consumption
only occurs when the employees are traveling into the office. The residential energy con-
sumption used the frequencies for each area presented in the tables above to determine
which workers were operating on Pre-COVID-19 vs. Post-COVID-19 energy consumption
levels. The occupancy of residences worked inversely to the occupancy of the office build-
ing; i.e., at an office occupancy of 100%, residential occupancy is at 0%.

Figure 5 shows that at an office occupancy of approximately 65%, the energy burden
shifts to the office building from residential buildings. At that occupancy, the energy con-
sumption of the summation of commercial and transport energy consumption becomes
greater than that of residential energy consumption.

4. Discussion

Total energy consumption associated with commuting and working in the repre-
sentative NYC office building versus staying at home in an employee’s residence was
compared to determine which conditions (Pre-COVID-19 or Post-COVID-19) are more en-
ergetically favorable. The results show that 39.7% less energy is consumed when all em-
ployees in our model are working remotely. Additionally, the analysis unveiled the large
energy burden of daily transportation to the workplace.

There have been similar studies presented in recent months that have examined the
effects of the pandemic on energy consumption. Karti and Adubyan compare the reduc-
tion of electricity demand in several cities in the U.S., New York City being one of them
[36]. The authors report a 17% reduction in electricity usage in New York City when com-
paring both pre- and post-COVID-demands. Other examples include a study by Mehlig
et.al., which reports a 15.6% reduction of electricity in the UK [37], and one by Xu et.al,,
which reports a reduction of approximately 6.5% in the city of Tokyo, Japan, and approx-
imately 8% in Kansai [38]. The discrepancy from our findings may stem from the scope of
our models (i.e., geographical area, population used, and timeframe examined), as well as
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how the transportation component was not separated into petroleum-based and electric-
ity-based modes. Another study examining a smaller-scale system was performed by
Chihib et.al and examined the change in energy consumption amongst the buildings at
the University of Almeria [39]. The university was able to reduce electricity consumption
as a whole after the campus was closed, but the authors of that study identify areas with
minimal reduction (i.e., areas required for research) and areas with a large reduction (i.e.,
buildings typically populated such as the library). Taken together, the present study
shares the conclusion of an energy reduction Post-COVID-19.

There has also been recent work examining the costs associated with the shift of en-
ergy use from commercial to residential buildings. Kawka and Cetin examined a data set
from 225 housing units primarily located in the state of Texas, where energy use data was
directly captured using a home energy monitoring system [40]. Their analysis revealed
that the largest percent increase in non-HVAC loads were apparent between the hours of
10am and 4pm, reflecting the increased demand due to workers staying in their personal
residence. Furthermore, the group also discovered that households earning 50,000 USD
or less and those earning 150,000 to 299,999 USD exhibited the largest energy demands
(66.9% and 50.5% increase respectively). Another study by Abdeen and colleagues report
a9.71% increase in residential utility bills for a set of 498 homes in the province of Ontario,
Canada [41]. Energy data was also directly measured in these homes. Although our work
also revealed an increase in personal expense because of the new energy demand in resi-
dences, it is difficult to compare data because of different energy costs between regions,
as well as a different methodology of acquiring the data (direct measurement versus pub-
licly available data).

Our work also had the aim of comparing the increased economic burden due to
higher utility bills with the savings workers would gain because travel to the midtown
building would no longer be necessary as a result of the stay-at-home orders. Although
several recent studies examined the effect of the pandemic on urban commutes, most have
focused on the macroscopic level rather than single-users [42,43]. However, one study re-
ports an increase in fares after lockdown due to poor transportation infrastructure, thus
increasing the cost of living for those relying on these methods [44]. From our perspective,
if transportation (e.g., automobile, buses, trains and ferries) were to be taken out of con-
sideration for energy consumption, our results show that significant energy savings may
be gained. Therefore, it would be energetically favorable if all employees are within walk-
ing or biking distance of the building. Proposals of having integrated neighborhoods have
been suggested in the past [45,46]. While holding the entire employee population proxi-
mal to the office could be impractical realistically, it may be beneficial for employers to
offer remote or in-person flexibility based on their geographic proximity where possible.

Our final aim was to examine the appropriate occupancy level of a commercial office
building where both workers and employers share the energy burden. The results pre-
sented in Figure 5 demonstrate that there is a point where the energy burden shifts from
one group to the other. The value that we report of 64.9% has implications not only with
respect to energy, but with social distancing and work-life balance issues as well. To ad-
dress the former, a partially occupied building would encourage workers to space farther
apart, thus lowering the probability of disease spread from direct contact and decreased
HVAC/filtration load. To address the latter, a scenario where a subset of employees re-
ports to the office whilst another works from home may be employed. Offices may poten-
tially implement rotational schedules where these groups would switch to preserve the
in-person occupancy level and yet offer the opportunity for some employees to work from
home during a prescribed period of time. Despite this suggestion, urban sustainability
must be viewed not only from an energy savings perspective, but also from an economic
and social viewpoint as well [47]. Though our work focuses primarily on energy, other
recent work describes the intermingling of these sustainability goals [48-50].

While not all jobs can be performed remotely, offices where some or most work can
be done remotely could introduce a hybrid model of in-person and remote working
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modes to decrease the office and transportation energy consumption. Additionally, em-
ployees would save time that would be spent sitting in traffic, money spent on fares or
tolls, and carbon emissions from both personal vehicles and public transport. The cost for
an employee commuting to and from the office building coupled with the ability for sev-
eral companies and sectors to work remotely poses the question: Would it be more bene-
ficial for companies to move from leasing large office spaces to renting on a need basis
through fully serviced rental offices? This would allow employees to save on daily trans-
portation costs by only traveling into an office when necessary while the business is able
to save on the cost of leasing from a large office building. This is an option that should be
seriously considered with the capabilities of high-speed internet and improvements in
remote working options. Furthermore, having companies running using a hybrid system
would reduce traffic, relieve some pressure on the public transport system and reduce
energy consumption through transportation. Future studies can be conducted into the
feasibility of such a work environment and to determine if such a model is possible for
businesses with thousands of employees.

If society is more efficient by working at home rather than in the office, this would
help in advancing the way commercial offices operate. This research is beneficial for busi-
nesses and employees because it demonstrates the possibility of identifying working con-
ditions to decrease the energy demand and costs associated with running a business, as
well as reducing the amount of energy and personal expense due to transportation for
employees.

5. Conclusions

The COVID-19 pandemic has impacted many communities worldwide, affecting in-
dividuals, families, communities, corporations, and governments. This study has at-
tempted to gain some valuable information from this situation. Given the scale of NYC,
this study can be valuable to businesses in other large cities that have a broad commuter
population and individuals navigating a changing work environment.

The main takeaways from this study include (1) the monumental impact a workplace
commute has on both energy consumption and employee expense and (2) the building
occupancy level of where energy burden shifts between the residential and commercial.
This study proposes that a shift to remote working conditions or hybrid operations could
be beneficial to businesses and employees alike.

The goal of this study is to encourage businesses, individuals, and policy makers to
consider energy consumption and efficiency when determining the best ways for busi-
nesses and employees to operate on a day-to-day basis. Additionally, it is the hope of the
authors that this study inspires further and more detailed research into office building
energy consumption and how to best operate to ensure low costs, high energy efficiency,
and most importantly how that can improve quality of life for all involved.
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