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Exceptional pandemic lockdown measures enabled singular experiments such as analysing the energy
consumption of vacant buildings. This paper assesses the impact of the COVID-19 lockdown on the
energy use of academic buildings. For this purpose, weather-adjusted energy use was compared before
and during the lockdown, including different levels of lockdown restrictions. Results obtained for the
83 academic buildings of Universitat Politècnica de Catalunya - Barcelona Tech (UPC) reveal that the
avoided energy consumption amounted to over 4.3 GWh during the post-pandemic year. However, the
results indicate that academic buildings were still using approximately 46.9% of their typical energy con-
sumption during strict lockdown. This revelation emphasizes the high environmental burden of build-
ings, regardless of whether they are occupied.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In March 2020, the World Health Organization declared COVID-
19 to be a global pandemic [22]. Urgent measures were adopted to
contain the spread of the SARS-CoV-2 virus, including stay at home
orders, mandatory quarantines and restricted movements, among
others. One year after the COVID-19 outbreak, restrictions still con-
tinue and might be prolonged with different intensities, depending
on national or localised outbreaks.

Along with the staggering loss of life, the pandemic has
undoubtedly disrupted lives, businesses and economies [34]. The
pandemic is also having an unprecedented impact on education
worldwide. Over 190 countries have implemented closures of edu-
cational institutions, affecting over 94% of the world’s student pop-
ulation [35].

Although the impacts of COVID-19 on health systems and
national economies have been covered extensively in the media,
the implications of the disease for energy and climate policy are
more prosaic [34]. Even in the research field, the impact of
COVID-19 on energy consumption has not been extensively stud-
ied until now although Zhang et al. [40] recently highlighted it as
one of the top research hotspots. In addition, most of the existing
research has focused on evaluating the impact of the coronavirus
lockdown on aggregated energy demand and consumption at
country, regional or local level. As way of example, Abu-Rayash
and Dincer [2] investigated the effects of the global pandemic on
the energy sector dynamics for the province of Ontario (Canada).
Norouzi et al. [26] analysed the impacts of the COVID-19 outbreak
on the electricity and petroleum demand in China. Abulibdeh [3]
assessed the impact of the pandemic on electricity consumption
patterns in the State of Qatar. Santiago et al. [30] analysed the
Spanish electricity demand and load patterns in during pandemic
times. Other researchers such as Jiang et al. [21], Krarti and Aldub-
yan [24] and Smith et al. [32] conducted more global studies, tak-
ing into account various states. Zhang et al. [39] investigated the
impact of lockdown measures due to COVID-19 pandemic on
energy demand of a building mix including residential buildings,
offices, schools and retail shops in a district in Sweden by simulat-
ing the energy performance. Bielecki et al. [5] analysed changes
concerning residential electricity consumption comparing data
from energy meters from almost 7000 flats in Warsaw’s housing
estates during the lockdown in 2020 to the pre-pandemic period.
Garcia et al. [15] used smart meter data to analyse the consump-
tion behaviour of residential users in a Spanish location during
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Fig. 1. Methodology.
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the COVID-19 pandemic. Zhang et al. [41] analysed the energy
consumption of different building typologies, including hotels,
transportation, tourism culture, and public utilities in commercial
tourism cities.

Only a few studies have targeted individual buildings. Residen-
tial buildings were recently addressed by Abdeen et al. [1], who
analysed 500 homes in Ottawa (Canada), de Frutos et al. [10],
who studied 12 dwellings located in Madrid during Spain’s state
of emergency, Kawka and Cetin [23], who measured the shifts in
electricity use in 225 housing units located primarily in Austin
(the United States) over the years 2018–2020 at a disaggregated
level, and Rouleau and Gosselin [28], who assessed the impact of
the COVID-19 lockdown measures on the energy consumption in
40-dweling social housing in Quebec city (Canada). Finally, Cvetko-
vić et al. [9] simulated four scenarios to assess the impact of peo-
ple’s behaviour on the energy and water consumption in a
household located in Kragujevac (Central Serbia) in circumstances
similar to the COVID-19 pandemic. Tertiary-sector buildings have
been studied by a small number of researchers. Ding et al. [11]
analysed educational buildings (primary and secondary schools)
and residential buildings with electric heating in Norway to iden-
tify potential deviations in electricity use patterns. Geraldi et al.
[16] assessed how the COVID-19 lockdownmeasures affected elec-
tric energy use of municipal buildings (health centres, administra-
tive buildings, elementary schools and nursery schools) in
Florianópolis (Brazil). Kang et al. [18] conducted a study in South
Korea analysing changes in building energy consumption during
the COVID-19 lockdown according to the building use type. Lastly,
Samuels et al. [29] evaluated the energy demand of five public
schools in South Africa along with occupancy variations due to
the COVID-19-imposed lockdowns. Other authors such as Cortiços
et al. [8] and Faulkner et al. [14] simulated energy consumption,
CO2 emissions and operational costs of office buildings in post
COVID-19 scenarios.

Following the coronavirus outbreak, universities closed their
doors and immediately transitioned to distance learning. Aca-
demics quickly adopted digital tools for lectures, conferences and
meetings during the lockdown. Many universities held lectures
online during the last part of 2019–2020 and the entire 2020–
2021 academic year. In other cases, a hybrid model has been
adopted, combining mainly theoretical online lessons with in-
person lab sessions. In addition, universities around the world
are still uncertain about when measures such as physical distanc-
ing might end completely.

Theoretically, the energy consumption of academic buildings
should drop when they are empty. However, minimum operating
levels are required to ensure that core activities can be performed
remotely (i.e. servers and data centres ensuring access to email,
databases or software tools). In addition, essential building services
must remain on, such as emergency lights and elevators. Some-
times, shutting down HVAC systems can compromise indoor con-
ditions or cause technical problems that would complicate fast
building reopening. Plug loads such as computers, monitors, print-
ers or audio–video equipment might not have been disconnected
when the building was closed and could therefore have been con-
suming energy throughout the period. Although the individual
energy consumption of miscellaneous loads is relatively small,
they can end up using a significant portion of buildings’ energy
because of a large, steadily increasing number of devices, their
wide distribution around buildings and their invisibility.

The COVID-19 crisis provided a unique opportunity to measure
on-site the energy consumption of vacant buildings and to devise
energy saving options. This is even more relevant as people are
expected to study and work from home more often in the future.
To the authors’ knowledge, only two studies have focused on the
impact of the COVID-19 pandemic on energy consumption of uni-
2

versity buildings. Chihib et al. [7] assessed the impact of closing
thirty-three buildings across the University of Almeria (Spain) on
the energy use of its different facilities. Gui et al. [17] studied the
energy use changes of one hundred and twenty-two university
buildings of the Griffith University (Australia), and identified corre-
sponding facilities management strategies for future e-learning
modality. Unfortunately, these studies did not take into account
the influence of the climate variations when reporting changes in
energy consumption.

The main objective of this paper was to analyse the impact of
the COVID-19 lockdown on the energy consumption of university
buildings taking into account climate adjustments to baseline per-
iod conditions. The methodology was applied to 83 academic
buildings of Universitat Politècnica de Catalunya - Barcelona Tech
(Spain).

Following this introduction, Section 2 describes the methodol-
ogy, Section 3 presents the case study and Section 4 presents and
discusses the results obtained for the case study. Finally, conclu-
sions are detailed in Section 5.
2. Methodology

The methodology used to estimate the impact of the coron-
avirus lockdown on the energy consumption of university build-
ings consists of three steps, as shown in Fig. 1:

� First, spatial and temporary study boundaries are defined by
selecting buildings to be analysed and establishing study peri-
ods and their estimated occupancy.

� Second, data acquisition process is described. This step encom-
pass data collection process and subsequent data filtering pro-
cess as raw data usually requires correction and cannot be
used directly.

� Third, the impact of the COVID-19 lockdown on the energy con-
sumption is evaluated by determining the avoided energy con-
sumption during the post-COVID period compared to the
analogous period before the pandemic (covering a full year),
considering routine adjustments such as climate conditions
and building activity levels. Afterwards, the impact on the over-
all energy consumption through energy performance indicators
is explored and the economic impact of the avoided energy con-
sumption is evaluated.
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2.1. Definition of spatial and temporal study boundaries

This step involves determining which buildings are going to be
analysed. To make an adequate comparison, the selected buildings
must be characterised in terms of year of construction, floor area
and type of building depending on use. Most academic buildings
are intended for more than one use (i.e. teaching rooms, research
laboratories, libraries, sports centres, academic and administrative
offices, etc.). When the energy consumed by buildings is not sub-
metered for individual functional areas, the main use of a building
determines the type of building. In this study, the main use of a
building is defined as that for which over 50% of its built area is
destined. In the event that the area devoted to different uses in a
building is similar, without exceeding 50%, the building is classified
as mixed use. For each type of building, the operating period and
the occupancy levels are identified.

Restrictions and their temporally evolution depend on the deci-
sions made by state and local governments. Study periods must be
defined according to the restriction levels or the building activity
levels, which is the same thing.

For the sake of comparison, reference consumptions are identi-
fied by comparing corresponding periods over past years, consider-
ing that the number of working days and weekends must be kept
within the period. Ideally, the control period should cover at least
one year. Other control periods can be used (i.e. the average of the
two years immediately preceding the lockdown) but the results
might be similar to those obtained from a one-year control period
[28].
Fig. 2. Estimation of avoided energy consumption due to COVID-19. Source:
adapted from the Efficiency Valuation Organization (2016).
2.2. Data acquisition

This step entails the creation of a dataset of the buildings that
are analysed, including information about the buildings’ main
characteristics (construction year, floor area and main building
use) and energy-related data. COVID-19 impacts on energy use
must be differentiated from those due to other factors that might
affect the energy performance of the building in the study period.
Along the lines of the International Performance Measurement and
Verification Protocol [12], a building’s energy performance might
be affected by routine and non-routine events. Routine events
are conditions affecting the energy consumption that vary in a pre-
dictable way (i.e. weather variations, changes in the number of
enrolled students, etc.) whereas non-routine events are character-
istics that are not expected to routinely change (i.e. changes in the
amount of space being heated or cooled, changes in the buildings’
envelope characteristics, changes in the buildings’ equipment,
changes in indoor air conditions, etc.). Therefore, in this step of
the methodology, data related to routine and non-routine adjust-
ments must be collected (i.e. daily outdoor temperature records
and total enrolment).

Energy performance certificates are a valuable source of infor-
mation for buildings’ main characteristics (i.e. construction year,
floor area). Regarding the type of building, the information on
the use of spaces can be acquired from the graphic documentation
of the building. Building typologies might differ significantly in
occupancy patterns, in terms of operating periods (both yearly
and daily) and occupation density.

Preferably, energy-related data should be retrieved from smart
meter data platforms. Alternatively, meter readings or issued bill
readings, which are usually provided by building managers, can
be used. It might be better to exclude buildings with missing or
inaccurate data from the analysis.

Daily outdoor temperature records can be obtained from the
closest meteorological stations. Typically, the number of enrolled
students can be found in university annual reports. However, this
3

analysis can only be performed at school level and each school
may be based in more than one building.

2.3. Evaluation of the impact of the COVID-19 lockdown on energy
consumption

The impact of the COVID-19 lockdown on the buildings’ energy
consumption was evaluated by determining the avoided energy
consumption during the post-COVID period compared to the con-
trol period (Section 2.3.1), by exploring the impact on the overall
energy consumption through energy performance indicators (Sec-
tion 2.3.2), and by estimating the economic impact of the avoided
energy consumption (Section 2.3.3).

2.3.1. Determination of avoided energy consumption
Along the lines of the Efficiency Valuation Organization [12], the

comparison of energy consumption before (pre-COVID periods)
and after (post-COVID periods) the lockdown (Fig. 2) should be
made using the following equation:

Eavoided ¼ Eadjusted baseline � Eactual � NRA ð1Þ
where E avoided represents the avoided energy consumption, E adjusted

baseline is the adjusted baseline energy consumption or the baseline
energy consumption adjusted to routine adjustments, E actual

denotes the actual energy consumption and NRA represents non-
routine adjustments to reporting period conditions.

Therefore, energy impacts due to the COVID-19 outbreak can be
tracked by adapting the Efficiency Valuation Organization [12]
guidelines:

a) Development of a mathematical model correlating actual
energy consumption with appropriate independent variables in
the pre-COVID-19 period. Baseline data should be representative
of at least a year. Within the context of academic buildings, com-
mon independent variables are number of students enrolled and
weather (often simplified to outdoor dry-bulb temperature and
later transformed into heating and/or cooling degree days). Heat-
ing degree days (Eq. (2)) and cooling degree days (Eq. (3)) measure
how cold or warm a specific location has been during a certain
amount of time, respectively.
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HDDheatingbase ¼
XN

1

ðTheatingbase � ToutdoorÞifTheatingbase> Toutdoor ð2Þ

CDDcoolingbase ¼
XN

1

ðToutdoor � TcoolingbaseÞifToutdoor> Tcoolingbase ð3Þ

where Theating base is the outdoor temperature below which the
building needs heating, Tcooling base is the outdoor temperature above
which the building needs cooling, Toutdoor is the outdoor tempera-
ture and N is the number of days of the period to be studied. In
any case, base temperatures (also known as balancing points) need
to be properly defined according to each case.

b) Independent variables are inserted into the baseline mathe-
matical model to obtain the adjusted base energy during the
post-COVID period.

c) Differences between the actual energy consumption (me-
tered data) during the post-COVID period and the adjusted base-
line energy consumption over the applicable time interval are
calculated.

d) The cumulative sum of differences (CUSUM) is calculated and
plotted according to the Efficiency Valuation Organization [13].
Note that the cumulative sum of differences can only be attributed
to the COVID-19 effect if no other significant changes have
occurred during the analysed periods, including the implementa-
tion of energy saving measures.

Data granularity always depends on their availability. If smart
meter data is available for all the energy supplies, daily analysis
is preferred. If available data is on a monthly basis for any reason,
the analysis should be weekly at most, so as not to misunderstand
weekday and weekend energy consumption profiles.

2.3.2. Impact on energy performance indicators
Energy performance indicators are identified by answering two

key performance questions: (i) Did the COVID-19 lockdown have
an impact on the building’s energy consumption overall? and (ii)
If so, what is the impact on the building’s energy consumption
for each period of the COVID-19 lockdown? Selected indicators
are summarised in the following equation:

Iij ¼ Et

NÂ � AFi

ð4Þ

where Ii j is the average daily energy consumption as a function of
the adjustment factors calculated for the j period and Et represents
energy consumption during the entire j period, expressed in kWh.
Average daily energy consumption data, including energy for heat-
ing and cooling, is used. To obtain more accurate results, the aver-
age daily energy consumption for heating (Eh) expressed in kWh,
and the average daily energy consumption for cooling (Ec)
expressed in kWh can be used for the entire period, if possible. N
denotes the number of days of the j period. AFi represents the
adjustments factors that have an impact on the energy consump-
tion of a building or facility. In this case, differences in consumption
observed during the lockdown period might be influenced by rou-
tine adjustment factors such as the outdoor temperature and/or
the building activity levels. To isolate the influence of outdoor tem-
perature, heating degree days (HDD) and cooling degree days (CDD)
are calculated following Eq. (2) and Eq. (3). To isolate the influence
of levels of activity within the buildings, differences in the number
of enrolled students between periods should be checked. Moreover,
it should be noted that if a non-routine event occurs between the
compared periods, the designed indicators should take this into
account (i.e. an increase in a building’s floor area).

To determine the impact of the periods of the COVID-19 lock-
down on energy consumption, each of the identified periods must
be compared with the corresponding control periods in past years.
4

The following equation (Eq. (5)) allows an estimation of the differ-
ence between the energy consumed during an abnormal situation
and normal operating conditions:

VRIi ¼
Iijlockdown � Iijcontrol

Iijcontrol
Â � 100 ð5Þ

where VR is the variation rate of indicator Ii expressed in %, I j lockdown

represents indicator Ii calculated for the j period of the lockdown
and I j control denotes indicator Ii calculated for the j period of the
control period. A negative variation rate indicates that the energy
consumed during the lockdown period was lower than the energy
consumed during the analogous period before the pandemic.

2.3.3. Economic impact of the avoided energy consumption
Avoided energy consumption (Eq. 1) is translated into economic

impact according to energy source prices. The overall economic
impact provided by the avoided energy consumption is estimated
using Equation (6):

Eit jð Þ ¼ EieðjÞ þ EigðjÞ
� � ð6Þ

where EitðjÞ indicates the total economic impact in period j (in €/pe-
riod), EieðjÞ is the economic impact in period j in electricity (in €/pe-
riod), and EigðjÞ is the economic impact in period j in gas (in €/
period).

3. Case study

This paper uses Universitat Politècnica de Catalunya - Barcelona
Tech buildings as a case study. The sample included 83 buildings
for 18 schools distributed across 9 campuses (Baix Llobregat, Diag-
onal Besòs, Diagonal Nord, Diagonal Sud, Manresa, Nàutica, Sant
Cugat del Vallès, Terrassa and Vilanova i la Geltrú). Buildings are
mostly located in the C2 climate zone, except those on the Campus
de Terrassa that are in the D2 climate zone [33].

3.1. Definition of spatial and temporal study boundaries

According to the criteria established in the methodology (Sec-
tion 2), UPC buildings were first classified according to their main
use as teaching buildings, research buildings, office buildings,
libraries, sports centres and mixed-use buildings. Table 1 summa-
rizes the main characteristics of the sample in terms of number of
buildings, floor area and building age. Daily and yearly operating
periods and occupancy patterns for each building typology are
summarised in Table 2.

Regarding temporal study boundaries, on 13 March 2020 all
face-to-face activities at Spanish universities were suspended.
From that date on, universities went through different levels of
lockdown depending on the pandemic’s evolution (Fig. 3). Table 3
summarizes the selected periods for this case study during the
COVID-19 lockdown year (2020) and the corresponding control
year in 2019.

3.2. Data acquisition

The buildings’ main characteristics, including construction year
and floor area, were compiled from the UPC Planning, Assessment
and Quality Bureau reports [36] and completed with information
provided by the UPC Infrastructure Service. Existing drawings were
used to determine building functions. When needed, on-site
inspections were also conducted.

The number of registered students was collected using schools’
annual reports for 2018/2019, 2019/2020 and 2020/2021 (publicly
available on the schools’ webpages) and UPC statistical and man-
agement data [37].



Table 1
Descriptive statistics for the analysed sample.

Building typology Number of
buildings

Main characteristics Minimum
value

Lower
quartile (25%)

Average (50%) Upper
quartile (25%)

Maximum
value

Standard
deviation

Teaching building 11 Floor area (m2) 863 2,311 3,791 3,936 9,421 2,248
Construction year 1,945 1,990 1,991 1,992 2,005 17

Research building 7 Floor area (m2) 263 458 1,320 3,403 5,391 2,034
Construction year 1,967 1,988 1,996 2,005 2,019 18

Office building 31 Floor area (m2) 2,218 2,848 3,049 5,919 18,565 4,454
Construction year 1,863 1,989 1,994 2,001 2,016 37

Library 6 Floor area (m2) 1,400 1,642 2,141 5,425 6,652 2,469
Construction year 1,908 1,995 1,999 2,005 2,009 38

Sports centre 1 Floor area (m2) 6,612 6,612 6,612 6,612 6,612 –
Construction year 1,998 1,998 1,998 1,998 1,998 –

Mixed-use building 27 Floor area (m2) 561 2,305 4,264 10,429 27,359 7,255
Construction year 1,934 1,964 1,969 1,994 2,016 22

Table 2
Occupancy patterns for the identified building typologies.

Building typology Operating period Occupancy

Daily Yearly

Teaching buildings 8:00–20:00 14/09–31/01 and 10/02–30/06 High
Research buildings 9:00–18:00 01/09–31/07 Low
Office buildings 8:00–18:00 01/10–31/05 Low

8:00–15:00 01/06–30/09 Low
Libraries 8:30–18:00 14/09–30/06 Medium

8:30–14:00 01/07–31/07 and 01/09–13/09 Low
Sports centres 8:00–22:00 01/09–31/07 Low
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Fig. 3. Selected periods and COVID-19 cases confirmed by means of PCR/RAT (7-day aggregation) for epidemiologic monitoring in Catalonia. Source: adapted from Catalan
Government [6].
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Smart meter data were collected through the UPC Sirena plat-
form [38]. The collected dataset included quarterly electricity con-
sumption data for almost all the buildings and almost all the
periods in 2018, 2019 and 2020. To address existing gaps in smart
metering data, estimates were used when no more than 12 consec-
utive quarterly electricity readings were missing. Unfortunately,
end-use electricity sub-metering is not available for UPC buildings.
Although gas consumption is monitored and displayed on the UPC
5

Sirena platform [38], detected errors prevented its use and bills
had to be used instead. Bills were provided by the UPC Infrastruc-
ture Service. In this case, meter readings were available on a
monthly basis and they were proportionally distributed to fit the
identified periods. In some cases, electricity and gas meter readings
include more than one building (often a set of buildings comprising
a school). Therefore, this determined the granularity of the
analysis.



Table 3
Correspondence between lockdown and control periods and estimated occupancy.

Period Lockdown period Control period

Dates Description Estimated
occupancy

Dates

P0 10/02/20–15/03/20 Beginning of the second semester 19/20 with normal operating conditions. 100% 11/02/19–17/03/19
P1 16/03/20–17/05/20 Total lockdown, access to buildings is prohibited. 0% 18/03/19–19/05/19
P2 18/05/20–21/06/20 Lockdown easing, access to buildings is allowed although occupancy is minimised and

teleworking is maintained.
5% 20/05/19–23/06/19

P3 22/06/20–31/07/20 Resumption plan, buildings’ occupation is allowed at 50%. 30% 24/06/19–31/07/19
P4 01/08/20–31/08/20 Summer holidays. 0% 01/08/19–31/08/19
P5 01/09/20–13/09/20 Preparation of the first semester 20/21. 10% 01/09/19–15/09/19
P6 14/09/20–18/10/20 Beginning of the first semester 20/21. Face-to-face classes restricted to first year

students and lab sessions.
33% 16/09/19–20/10/19

P7 19/10/20–22/12/20 Face-to-face classes are suspended, except lab sessions and exams. 5% 21/10/19–20/12/19
P8 23/12/20–06/01/21 Winter holidays. 0% 21/12/19–06/01/20
P9 07/01/21–14/02/21 Exam period (only a few of them are face-to-face) and preparation of the second

semester 20/21.
10% 07/01/20–16/02/20

P10 15/02/21–14/03/21 Beginning of the second semester 20/21. Face-to-face classes restricted to first year
students and lab sessions.

33% 17/02/20–15/03/20
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Average daily outdoor temperatures were taken from the clos-
est meteorological station with open data. By way of example,
average daily temperature records registered at the Barcelona
University station were provided by the Meteorological Service of
Catalonia [31] and used to calculated the degree-days for buildings
located on the Campus Nord and Campus Sud. Meteorological data
for buildings on the Terrassa Campus was retrieved from a weather
station located in the centre of the city [20].
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]

Gas consumption [kWh/week] = 46.70·∑ HDD20 - 29.18
i=1

7

R² = 0.97
4. Results and discussion

The evaluation of the effects of the COVID-19 lockdown mea-
sures on university buildings encompasses the determination of
the avoided energy consumption during the post-COVID period
(Section 4.1), the determination of energy performance indicators
(Section 4.2), and the estimation of the economic impact of the
avoided energy consumption (Section 4.3).

The impact of the COVID-19 lockdown restrictions on UPC
buildings’ energy consumption was evaluated in 50 buildings.
The remaining buildings (Table 4) had to be discarded, as there
were considerable gaps in the electricity readings or the monitor-
ing infrastructure did not cover the analysed periods. For example,
the B0 building (on the Diagonal Nord UPC Campus) was first mon-
itored in 2020. Therefore, there were no available data for 2018
and 2019. In this case study, a weekly approach was chosen since
gas consumption data were only available on a monthly basis.

4.1. Determination of the avoided energy consumption

First, along the lines of what is stated in Section 2.3.1, a baseline
energy consumption model was developed using actual energy
Table 4
Buildings outside of the scope of the analysis.

UPC Campus Number of
buildings [ut.]

Buildings outside of
the scope of the analysis [ut.]

Baix Llobregat 7 4
Diagonal Besòs 3 3
Diagonal Nord 31 5
Diagonal Sud 12 8
Manresa 4 4
Nàutica 3 3
Sant Cugat del Vallès 2 2
Terrassa 15 0
Vilanova i la Geltrú 6 4

6

consumption for the pre-COVID period (from 18/03/2019 to
15/03/2020) for each building. The energy consumption was found
to be clearly influenced by climatic conditions, particularly in win-
ter. Therefore, heating degree days were used as a routine adjust-
ment in the baseline equations. To calculate heating degree days,
the heating base temperature (T heating base) or the outdoor temper-
ature below which the building needs heating, which is the same
thing, was set at 20 �C. Cooling degree days were discarded as an
explanatory variable since few UPC buildings have cooling systems
and in most cases only a few rooms are cooled. In addition, cooling
systems typically only work two months a year (June and July). The
number of students enrolled in the UPC schools was found to be
very similar in the 2018/2019, 2019/2020 and 2020/2021 academic
years (variation rate of 0.9% and 1.0%, respectively). Therefore, the
number of registered students was not considered an adjustment
factor in the assessment of the impact of the pandemic lockdown
restrictions on UPC buildings’ energy consumption.

The baseline energy consumption model was determined by
plotting the energy used for heating (or the best approximation
to it) versus weekly heating degree days (Fig. 4). Regression analy-
sis was used to determine the equation explaining the influence of
heating degree days on the energy consumption. The statistical
validity of the baseline model is determined by the coefficient of
determination (R2), which should be higher than 0.75 [4]. In the
case of gas-heated buildings, only gas consumption figures were
weather-corrected with heating degree days. In this case, electric-
ity consumption was not considered to be weather dependent. In
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Fig. 4. Baseline gas consumption model for the TR11 building (Terrassa Campus).
Source: own elaboration.
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the case of electricity-heated buildings, electricity consumption
figures were weather-corrected with heating degree days,
although this might have led to some inaccuracies because not
all electricity consumption is weather dependent.

In the second step of the methodology, weekly heating degree
days were calculated for the lockdown period (from 16/03/2020
to 14/03/2021) and inserted into the baseline mathematical model
to obtain the adjusted base energy consumption.

Thirdly, differences between the registered energy consumption
(electricity and gas) during the post-COVID period and the
adjusted baseline energy consumption were calculated on a
weekly basis (Fig. 5) and the cumulative sum of differences was
calculated and plotted (Fig. 6) for each building.

Figure 7 provides a general picture of the UPC buildings’
avoided energy consumption after the coronavirus outbreak. To
the authors’ knowledge, no energy efficiency measures were
implemented during the post-COVID period in the UPC buildings
and no other significant factors have changed. Therefore, changes
in the slope of the time series can be attributed to the impact of
the levels of restrictions on the UPC buildings. The shift amounted
to over 4.3 GWh in one year (from 16/03/2020 to 14/03/2021), rep-
resenting a decrease in energy consumption of 19.3%. Similar out-
comes were presented for the Griffith University, where the energy
savings accounted for 16% of the total energy use [17].

As shown in Table 5 and according to the buildings’ typology,
most of the avoided energy consumption took place in mixed-use
buildings (41.19%), followed by office buildings (38.04%). Research
buildings experienced the lowest proportion of avoided energy
(1.51%). These results are along the lines of the results obtained
by Chihib et al. [7] and Gui et al. [17].

Figure 8 shows the percentage of energy actually consumed by
all UPC buildings in relation to what they were expected to con-
sume (or what is the same, in relation to the adjusted baseline
energy consumption) for each of the identified periods after the
COVID-19 outbreak. Initial lockdown periods experienced the lar-
gest decrease in energy consumption. Real energy consumption
in period 1 (P1) accounted for 47% of the expected energy con-
sumption according to the adjusted baseline, this period had the
Fig. 5. Adjusted baseline energy consumption and real energy consumption during t
elaboration.

7

strictest lockdown measures. In period 2 (P2) and period 3 (P3),
with less stringent measures, actual energy consumption
increased, as did the occupancy of buildings, (67% and 75%, respec-
tively). Period 4 (P4) and period 8 (P8) were holidays periods. Dur-
ing these periods there was a slight decrease in expected energy
consumption. In period 5 (P5) and period 6 (P6), real energy con-
sumption increased to 82% and 77% of the adjusted baseline energy
consumption, respectively. In period 7 (P7), although occupancy of
buildings decreased due to new restricting measures, actual energy
consumption increased compared to previous periods. However,
the increase in energy consumption became more evident during
period 9 (P9) and period 10 (P10).

4.2. Impact on energy performance indicators

For a more detailed analysis, energy performance indicators
(Equation (4)) were calculated for the identified lockdown periods
and compared to data from 2019 using the variation rate (Equation
(5)). In this case, the most meaningful energy performance indica-
tors were found to be the average weather-corrected daily energy
consumption (Et/N�HDD), expressed in kWh/�C�day and the average
weather-corrected daily energy consumption per square meter (Et/
N�HDD�S), expressed in kWh/ �C�day�m2.

The results were summarised statistically using IBM SPSS
Statistics package 21 [19]. Fig. 9 shows the time evolution of the
impact of the lockdown on the energy consumption of UPC build-
ings. It can be concluded that differences in the energy consump-
tion were strongly correlated to changes in restriction levels.

During period number 0 (P0 from 10/02/2020 to 15/03/2020),
buildings were operating normally and therefore no significant
changes were detected.

Major differences (53.1%) were observed during the first period
(P1 from 16/03/2020 to 17/05/2020), with the toughest restric-
tions. However, one could expect a bigger energy reduction. In
other words, energy reduction did not to coincide with the build-
ings’ occupancy drop. This lack of correlation between the occu-
pancy rate and energy consumption was also detected by Chihib
et al. [7]. During the days of the strict lockdown, UPC buildings
he post-COVID-19 period for the TR11 building (Terrassa Campus). Source: own
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Table 5
Distribution of the avoided energy consumption by typology.

Floor area (m2) Avoided energy
consumption

[kWh] [%]

Teaching buildings 16,907.36 128,372.57 2.96%
Research buildings 8,014.42 65,814.65 1.51%
Office buildings 128,629.28 1,651,698.46 38.04%
Libraries 17,039.33 465,536.63 10.72%
Sports centres 6,612.27 242,404.44 5.58%
Mixed-use buildings 93,497.99 1,788,365.83 41.19%
Total 270,700.65 4,342,192.58 100%

K. Gaspar, M. Gangolells, M. Casals et al. Energy & Buildings 257 (2022) 111783

8

were completely shut down and the activity in them completely
ceased. Lecturers, researchers and students stayed at home and
attempted to perform their usual routines in their home offices.
Computers, laptops and other office-related appliances were
plugged in at home instead of in lecturers’ offices, labs and class-
rooms. Lighting and space conditioning energy was also shifted
from academic buildings to households. In spite of all the above,
the results demonstrate that empty buildings still consumed a sig-
nificant amount of energy. This might have a range of explanations
including (i) buildings have a low level of centralised controls, (ii)
building systems continue to operate automatically without mod-
ifications, (iii) buildings host data servers that must run in the
same conditions or (iv) work computers remain on because this
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is thought to be needed for remote desktop connection. At regional
level, Kang et al. [18] observed that in stronger social distancing,
educational and research facilities had the highest decline in
energy consumption.

Variation rates diminished when restriction measures were
relaxed. In the second and third lockdown periods (P2 from
18/05/2020 to 21/06/2020, and P3 from 22/06/2020 to
31/07/2020), energy use rose but was still 33.2% and 25.5% below
Table 6
Variation rates (%) in weather-corrected energy consumption per square meter in 2020 in

Period Teaching buildings Research buildings Office buildings

Variation
[%]

Standard
deviation

Variation
[%]

Standard
deviation

Variation
[%]

Standard
deviation

1 �68.10 12.85 �55.27 8.24 �45.39 17.39
2 �43.89 24.47 �27.40 9.10 �30.89 27.75
3 –23.21 29.38 –23.23 12.92 �24.94 23.38
4 �20.59 28.49 �2.06 18.24 �5.95 20.64
5 �25.49 23.54 –23.85 11.50 �20.70 14.49
6 �26.88 17.61 �17.99 6.72 �20.11 9.78
7 �16.15 33.78 8.55 3.97 �6.97 15.14
8 �19.67 37.92 �10.50 16.36 �14.43 18.24
9 22.78 51.90 9.97 9.52 4.02 18.05
10 35.90 38.05 14.04 24.24 0.29 20.29
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normal, respectively. Similarly, Chihib et al. [7] detected an
increase in energy consumption in academic buildings during
these periods compared to the previous period. The fourth period
(P4 from 01/08/2020 to 31/08/2020) corresponded to the summer
holidays and the results reveal a lower variation (8.6%) in the
energy consumed in 2020 than in 2019. However, this indicates
that buildings could be better managed in future summer breaks.

During the following periods, restrictions were eased and this
translated into lower energy consumption variation rates. During
the fifth period (P5 from 01/09/2020 to 13/09/2020), classes had
not started and only professors and research and administrative
staff were using the buildings. In this case, 18.2% less energy was
consumed in 2020 than in 2019. Period 6 (P6 from 14/09/2020 to
18/10/2020) corresponded to the beginning of the first semester
of the 2020/2021 academic year. Avoided energy consumption
amounted to 23.0%, since face-to-face classes were restricted to
first year students and lab sessions. Professors teaching theoretical
contents on other courses were usually working at home. Kang
et al. [18] also reported decreases in energy consumption caused
by teleworking and e-learning. Due to the pandemic’s evolution,
face-to face classes were suspended, except lab sessions and exams
during the seventh period (P7 from 19/10/2020 to 22/12/2020).
However, the avoided energy consumption was 12.4%. This varia-
tion rate increased to 15.3% during the winter holidays (P8 from
23/12/2020 to 06/01/2021).

Since then, UPC buildings have been found to consume more
energy during lockdown than in the control year. This could be
attributed to the recommendation of keeping doors and windows
open to reduce the risk of coronavirus transmission, although heat-
ing systems are on. This effect was analysed by Mokhtari and
Jahangir [25]. They found that by increasing the ventilation rate
in academic buildings, the number of infected decreased consider-
ably, but in contrast, energy consumption increased due to HVAC
systems. During the ninth period (P9 from 07/01/2021 to
14/02/2021), as is usual at this time of year, buildings were only
used for exams. In this case, energy use rose 3.0% above normal.
The last period (P10 from 15/02/21 to 14/03/21) corresponds to
the beginning of the second semester of the 2020/2021 academic
course. Face-to-face classes were again restricted to first-year stu-
dents and lab sessions. In this case, the variation rate was 1.1%
above normal. Jiang et al. [21] noted that energy consumption of
offices and schools/universities compared to home office due to
teleworking and e-learning is interrelated. However, researchers
highlighted that the increase or decrease in energy consumption
is not changing equivalently between options. In this regard, fur-
ther studies are needed taking into account users behavior and life-
style changes. Moreover, O’brien and Aliabadi [27] pointed out that
rebound effect of teleworking tends to compensate and even
exceed energy savings significantly.
relation to 2019 according to building typologies.

Libraries Sport centre Mixed-use buildings

Variation
[%]

Standard
deviation

Variation
[%]

Standard
deviation

Variation
[%]

Standard
deviation

�74.22 7.27 �46.02 – �57.15 7.39
�16.76 45.52 �53.21 – �42.61 15.62
17.58 62.26 �40.41 – �21.85 21.99
�2.96 125.01 �7.52 – �14.27 19.18
49.34 81.76 �25.54 – �17.35 23.10
28.49 50.03 �20.41 – �20.31 37.92

�27.33 16.37 �53.02 – �14.25 19.30
�45.59 19.52 �29.16 – �18.49 13.96
�9.47 13.52 �69.93 – 1.08 22.79
–22.31 17.88 �52.95 – 2.11 28.63
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Table 6 summarizes the variation rates and corresponding stan-
dard deviations in weather-corrected energy consumption per
square meter for each building typology and for each of the iden-
tified periods. In general, during the strict lockdown (P1), reduc-
tions in libraries (�74.22%) and teaching buildings (�68.10%)
were higher than in mixed-use (�57.15%), research (�55.27%)
and office buildings (�45.39%). In almost all cases, energy reduc-
tions lessened when restrictions were eased. This could be attribu-
ted to the process of resuming activities after the strict lockdown
and to the guidelines that were promoted to ensure that buildings
were safe during the COVID-19 pandemics, which mainly recom-
mended keeping windows and doors open although this might
have entailed higher energy consumption to maintain indoor ther-
mal comfort. High standard deviations in the calculation of the
variation rates are in line with those obtained by Chihib et al.
[7]. These might be attributed to the fact that some buildings might
have completely returned to normality while others were still par-
tially closed one year after the coronavirus outbreak. It can be
observed that returning from winter holidays (P9 and P10), most
of academic building typologies, except libraries and sport centres,
experienced an increase in energy consumption. This could indi-
cate a possible rebound effect, as pointed out by O’brien and Ali-
abadi [27] and Jiang et al. [21].

4.3. Economic impact of the avoided energy consumption

The economic impact was estimated according to Equation (6)
by considering the avoided electricity and gas consumption. Table 7
shows the obtained results by building typology and period. Esti-
mated economic savings amounted to a total of €1,748,238.03, of
which 95.2% corresponded to savings from electricity consumption
and 4.8% from gas consumption. Periods with the highest esti-
mated economic savings were period 3 (P3), period 1 (P1) and per-
iod 6 (P6), representing 30.7%, 23.6% and 13.9% of the total,
respectively.

According to the buildings’ typology, office buildings obtained
the greatest proportion of estimated economic savings (43.4%), fol-
lowed by mixed-use buildings (36.2%). These results are condi-
tioned by the representativeness of each type of building within
the analysed sample, as office buildings and mixed-use buildings
are the types of buildings with the largest floor area. Results chan-
ged when the analysis of estimated economic savings was con-
ducted per square meter. Sports centre (€14.53/m2) and libraries
(€10.23/m2) were the buildings’ typology with the greatest esti-
mated economic savings per square meter throughout the year,
followed by mixed-use buildings (€6.78/m2).

5. Conclusions

This paper assessed the effect of the pandemic lockdown on
energy consumption in academic buildings. Data analysis com-
pared the lockdown periods with the immediately preceding year,
considering the year-on-year meteorological variation and changes
in students’ enrolment. The methodology was applied to 83 aca-
demic buildings based on Barcelona (Spain). Buildings were classi-
fied according to their main use as teaching buildings, research
buildings, office buildings, libraries, sport centres and mixed-use
buildings. Moreover, ten periods of analysis were identified consid-
ering different levels of lockdown restrictions. The following con-
clusions can be outlined:

� The results showed that UPC buildings’ weather-corrected
energy consumption fell by 19.3% during the post-pandemic
year or, in other words, avoided energy consumption amounted
to over 4.3 GWh, representing an estimated economic saving of
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€1,748,238.03. The substantial decrease of energy consumption
in academic buildings might be obvious but the novelty is that
the energy consumption of academic buildings did not drop
proportionally according to the buildings’ occupancy. For exam-
ple, UPC buildings were completely empty between 16/03/2020
and 17/05/2020 (P1, full lockdown), but the energy consump-
tion in classrooms, offices and laboratories dipped only 53.1%.
During the reopening period (P2 between 18/05/2020 and
21/06/2020), results showed that academic buildings decreased
their consumption around 33.2%.

� A data-based comparison of energy consumption before and
during the strict lockdown (P1) revealed that the variations in
energy consumption were higher in libraries (�74.2%), followed
by teaching buildings (�68.1%) and mixed-use buildings
(�57.15%). In contrast, the comparison for period 9 (P9), when
buildings were only used for examinations, and period 10
(P10), when the second semester of the 2020/2021 academic
course began, showed that UPC buildings were found to con-
sume more energy during the lockdown than during the control
year (3.0% and 1.1%, respectively).

One of the strengths of this study is that the analysed period
covers a full year, including the four seasons, with different levels
of lockdown restrictions. The methodology could be extrapolated
to other geographic areas since differences in lockdown restriction
levels and climatic conditions are considered. This research was
conducted on academic buildings but the methodology could also
be extended to other tertiary-sector buildings such as offices and
hotels.

The results might be useful to minimize energy consumption in
vacant tertiary-sector buildings and forecast demand in case of
future pandemic situations. However, this retrospective analysis
also allows the identification of potential energy saving opportuni-
ties when buildings operate normally.

Further research is needed to assess the energy consumed as a
consequence of increased digitalisation. This acquires even more
importance as the transition towards telework and telelearning
has been clearly boosted by the COVID-19 pandemic but it is also
a trend that many expect to last.

More in-depth analysis and understanding is required to esti-
mate the energy consumed to avoid future spread of infectious dis-
eases in operating buildings as a consequence, for example, of
stricter ventilation requirements. Increasing ventilation rates
might increase heating and cooling loads, especially in extremely
hot or cold seasons. If the existing buildings’ capacity is limited,
temporary solutions might be adopted including space heaters
and portable air filtration systems. In some cases, budget restric-
tions for system upgrades may make temporary solutions
permanent.

On another level, and although teleworking has been widely
perceived as a more sustainable mode of working or studying com-
pared to the status quo of commuting to centralised buildings [27],
the situation is far more complex when the scope is expanded to
include home office energy use.
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