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Abstract: The COVID-19 pandemic and resulting containment measures have shown that energy
consumption in buildings is linked to several factors, such as living habits, occupancy profiles, and
heating ventilation and air conditioning (HVAC) systems. This paper addresses the influences of
such factors on energy consumption in a residential building, analysing different scenarios (pre-
COVID-19, lockdown, post-COVID-19), in terms of discomfort and energy needs, through the new
hourly calculation method (UNI EN ISO 52016). Energy and environmental effects were studied
in a real case study near Rome by varying occupancy profiles, lighting and appliance schedules,
and HVAC systems. Results show that, during the heating period, the lockdown scenario led to the
lowest hours of discomfort (—29% on average), but the highest in the cooling period (up to +154%,
+28% on average). The same scenario led to reasonable reduction of energy needs for heating (—14%),
but also highlighted a significant increase (+60%) for the cooling period. This study underlines how
the pandemic has influenced the energy and environmental behaviours in buildings. Moreover, the
new hourly calculation method points out the importance of analysing HVAC systems, in terms of
hours of discomfort, which could provide results that are more reliable.

Keywords: COVID-19; building consumption; human habits effects; occupancy profile; building
simulation; hourly calculation method; UNI EN ISO 52016; HVAC

1. Introduction

Growing attention on energy consumption in the building sector, and efforts made
to reduce it (especially in most developed countries) have led, throughout the years, to
a decrease in energy intensity. Indeed, the final energy use per m? (which is a measure
for the energy intensity) has been decreasing by a yearly rate of 0.5% to 1% since 2010.
However, this virtuous trend has not pair with the average annual floor area growth, which
has remained around 2.5% since 2010 [1]. This means that energy efficiency measures (for
new and renovated buildings) proceed slower than floor area expansion.

Because building stock retrofitting mainly concerns the building envelope and the
heating, ventilation, and air conditioning (HVAC) system, these actions must be improved
in order to accelerate the renovation process.

Regarding the building envelope—its improvements in energy efficiency is responsi-
ble for half of the total expenses for energy-related investments [1]. For the HVAC systems,
the efforts in promoting (on an average global level) heat pumps, renewable energy sys-
tems (RES), efficient electric technologies, and district heating are struggling, in regard to
substituting fossil fuel-based assets (including boilers, furnaces, and cook stoves) [1].

In addition to these strategies, to achieve energy intensity reduction of at least 2.5%
per year, the sustainable development scenario (SDS) requires stricter measures, especially
a shift in building management and use, since it could be misleading to address the total
building consumption exclusively to the envelope or to the HVAC system characteristics.
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In fact, factors influencing the energy use of a building are multiple and are clearly
outlined in the literature: occupancy profiles [2-6], appliance schedules [7,8], and human
behaviour [9,10] are involved in the final energy consumption.

In [11], a novel data-driven procedure attempted to improve building energy mod-
elling reliability, taking into account representative occupant-related electric load profiles
and yearly occupancy profiles.

In [2], four occupancy profiles and four thermal comfort strategies were implemented
in a residential building model, to realistically represent occupants and their activities.
Results show variability with occupancy profile (and with the number and age of occupants)
as well as with the adopted control strategies, suggesting that correct assumptions and
data regarding these aspects are needed for accurate building model.

The recent work by Flett et al. [3] highlights the importance of realistic occupancy
models and the consequent electrical demand, by using and adapting existing datasets
and probabilistic modelling methods, whilst in [4], the occupancy profiles of households
allowed identifying peak load and, therefore, energy-saving margins and opportunities
within the peak load shift.

In [6], a multi-storey Zero Energy Building (ZEB) building model, representative of
the current real estate market, was developed. The influence of occupancy, ventilation, and
shading system schedules was assessed by comparison with the “reference case” (referred
to customized/tailored profiles), showing the relevance of such aspects in the design phase,
especially in low-energy consuming buildings.

Even appliance use influences the building’s total consumption, but home energy
management system profitability depends on the number of inhabitants and on CO,
emissions and pricing models [7].

These considerations also apply to the tertiary sector. In [5], simulation of human
behaviour in office building were carried out, showing that persistent changes in habits can
lead to relevant energy savings (up to 28% in energy use). In [8], the occupancy patterns
in office spaces were used to obtain, by a decision tree, the occupancy schedule usable in
building energy modelling.

Besides the evidences from the literature, the relevance of occupancy profiles, sched-
ules, and habits inside our homes were experienced by everyone during the pandemic, as
living habits changed [12,13] and, in turn, the energy consumption [14,15] and correspond-
ing billing.

Indeed, pandemic containment measures adopted in many countries introduced
movement restrictions, forbade people from exiting their homes (with few exceptions) [16],
and forced people to stay at home for several hours, changing the way dwellings were
used, lived, and experienced, with reflections on energy consumption [17-19].

The pandemic has disrupted living habits and changed work places [20], forcing
people to experience new ways of working and networking, causing socioeconomic draw-
backs [21], as well as some positive implications for the environment (e.g., CO, reduction
due to mobility reduction) [22].

Homes have suddenly become places for living, sleeping, cooking, working, studying,
and keeping fit, with the possibility (and need) of using appliances at any time. Thus, total
energy consumption has changed, affecting energy consumption at a large scale such as in
districts or municipalities [23-26], or counties [27,28], and at a small scale (e.g., homes), as
also proven by questionnaire surveys [29] and monitoring [30].

In particular, in [30], the authors found that lockdown measures influenced electric and
hot water consumption and use, when the most intensive lockdown measures were applied,
impacting consumer energy bills and how energy utilities might have been solicited during
the pandemic.

Finally, an interesting study [31] underlined the strict correlation between occupancy
and, on the one hand, HVAC system energy consumption, and on the other hand, the
transmission of COVID-19, depending on the number and distribution of the occupants.
Even if the researchers analysed a university building, some considerations can be extended
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to all building typologies, including housing. For example, it is necessary to maximize the
ventilation rate and to correctly schedule the users’ presence in order to reduce infection
risk. At the same time, it is useful to decrease the ventilation rate up to the allowed rate,
when possible, and to promote climate adaptive occupant distribution, to decrease energy
consumption.

This work aims to quantify how the changes in living habits (i.e., occupancy profiles
and the related lighting and appliance schedules), due to containment measures and
prolonged lockdowns, alter the building energy consumption

The building model of a reference case was developed and validated by adopting the
new energy calculation method provided by UNI EN ISO 52016 [32], which seems to be
very promising in reliability of energy performance, although only few applications can be
found in the literature [33-38].

These two points (influence of human habits and use of the new calculation method
to assess energy consumption) concur to the novelty of the study, since this kind of work
has not been carried out in the literature.

Three different scenarios, which refer to different occupant habits (that reflect pre- and
post-pandemic real occupancy profiles of owner dwellings) were also implemented. More-
over, two HVAC systems equipping the dwelling were modelled, to assess the implications
of the heating system use on the total consumption.

Indeed, considering that many buildings are undergoing refurbishments and sub-
stitutions of gas-fired boilers with heat pumps, it is worth considering and assessing the
implications of this kind of HVAC system. This, also in the case of human habit permanent
change, is likely to occur, considering that some restrictions and limitations are ongoing.

Comparisons were carried out, in terms of discomfort hours, energy need, and CO,
emissions.

Therefore, this paper aims to: (i) analyse the effects of human habits (defined according
to pre- and post-COVID-19 pandemic period), occupancy profiles, and HVAC systems
in regard to the energy consumption of buildings; (ii) adopt a new energy calculation
procedure, under the rules of UNI EN ISO 52016; (iii) analyse the three considered scenarios
in terms of discomfort hours and energy needs.

The novelties of the paper are: (i) the application of the new hourly energy calculation
method provided by UNI EN ISO 52016, for the energy consumptions assessment of a
real case study near Rome (validated with its energy carriers bills); (ii) thermal energy
analyses of HVAC systems, by correlating energy needs with the hours of discomfort;
(iii) thermal-energy analyses carried out by adopting three different scenarios linked to the
pre- and post-COVID-19 pandemic period.

Our research questions are: (i) how many discomfort hours could there be in the dif-
ferent occupancy scenarios? (ii) How much does an occupancy profile change a building’s
final energy consumption? (iii) How much do human habits (and new schedules, due to
the pandemic) influence a building’s CO, emissions?

2. Materials and Methods

The comparison between hours of discomfort, energy consumption, and environmen-
tal impacts related to different human habits, pre- and post-COVID-19 pandemic, requires
a methodology that considers different scenarios, changing the significant parameters
related to these aspects.

The assumption was to select three human behaviours, representative of the changes
in lifestyle that occurred in this pandemic. The choice was made, taking into account
two particular aspects—work and social life. Regarding work, the Italian government
adopted legislative prescription to avoid infection diffusion, promoting “smart working”
at home and determining great changes in the lifestyles of workers. In fact, if during the
pre-COVID-19 period, staying in the office was substantially diffused, after that, many
public and private companies adopted remote solutions to guarantee the safety and health
of their employees. At the same time, this action brought some indirect consequences, such
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as savings, in terms of management costs, and a better quality of life for commuters, leading
to the adoption of this kind of work even when the pandemic situation had improved.
The second aspect to be considered is the change in sociability, due to the closures of all
meeting places (gyms, theatres, cinemas, etc.) and the reduction of outside activities that
improved home hobbies and chores.

This study makes comparisons among the pre-COVID-19 lifestyle, lockdown (i.e., dur-
ing the COVID-19 pandemic), and post-COVID-19 (Figure 1). All three lifestyles were
defined according to occupant habits. Particularly, before the pandemic (corresponding
to the pre-COVID-19 lifestyle of the user [39]), active behaviour, characterized by outside
activities on all days throughout the week, was found. After the pandemic (corresponding
to the post-COVID-19 lifestyle of the user), custom (social and outside) activities that took
place two-three days throughout the week was, instead “taken over”. People worked in
their offices in both cases. The lockdown lifestyle (during the pandemic) was associated
with working at home and predominately inside activities, to avoid infection.

HUMAN HABITS CHANGES

*

.

PRE—CovID—19 LOCKDOWN PosTr—CoviD—19
> Working in the office éﬁ > Working athome /e\ > Working in the office éﬁ
» Outside activities in all > Inside activities in all » Outside activities 2-3
the weekdays: the weekdays: days per week:
) . (]
Q Sociability, Y ‘Y Q House chores ﬁ’ &g Q Sociability, Y
O  Sport/cultural/ e O House hobbies Q Sport/cultural/
entertainment WO (gym, reading, etc.) 5 entertainment *\?
activities non b activities n

Figure 1. Change of human habits before, during, and after the COVID-19 pandemic.

To evaluate the influence of these human habits on building energy consumption,
comfort, and environmental aspects, the research followed certain steps (Figure 2), starting
from the consideration of the described lifestyles and the selection of a case study deemed
representative of a typical and widespread building typology in Italy.

First, three different scenarios of “human habits” were defined, changing the occu-
pancy profiles and the use of appliances and lighting related to them, based on the user
behaviours. In this way, the so-called “low” profile was adopted for the pre-COVID-19
lifestyle, the “medium” profile stood for the post-COVID-19 one, and finally the “high”
profile for the COVID-19 pandemic period. The terms low, medium, and high were selected
to give the idea of occupancy rate in the house, immediately.

At this point, thermal energy simulations were carried out for the analyses of all of
the defined scenarios applied to the selected residential case study, which was validated
previously in [39]. It was characterized thanks to the available data related to all of the
characteristics of the envelope components and plant systems, as well as information about
the daily routine of the inhabitant, taking into account the habits of the single occupant,
corresponding to the low profile. For this reason, this profile was assumed as the reference
case. Thus, the thermophysical characteristics of the case study were implemented in the
3D simulation model and the residential unit was analysed through certified software,
implementing the hourly calculation method, according to [32].
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Figure 2. Methodology.

The energy simulations were performed by adopting conventional domestic hot water
needs and by “setting free” the heating period, to better compare the real energy and
environmental effects of the human habits, according to the hourly calculation procedure.

We compared different plant system solutions for each of the three profiles, changing
the generator system, to evaluate which better fit the needs of the house occupant, and to
highlight whether different human habits could affect the choice of a heat generator system
(in case, for instance, of its substitution or renewal).

A comparison between the different analysed scenarios was useful to obtain the
variations in terms of discomfort hours, operation hours of the heating plant system,
energy consumption, and CO, emissions, allowing us to understand the influence of the
inhabitants’ lifestyles and behavioural changes, before, during, and after COVID-19.

2.1. Hourly Calculation Method

This study is based on a comparison of different human habits simulated with the
new energy calculation method, according to UNI EN ISO 52016. Compared to the current
energy calculation procedure provided by the UNI TS 11300 series [40-43], the procedure
is capable of assessing the hourly energy needs of a building based on the resistance
and capacitor (RC) network thermal model for each building component, i.e., taking into
account the thermal inertia of the building envelope.

Currently, the main difference between these two methods consists of the thermal loss
evaluation through the building envelope, mainly due to the different time spans for the
energy calculation: the UNI TS series provides a monthly energy balance, whilst in UNI
EN ISO 52016 it is hourly.
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The new procedure provides a less simplified calculation method. In fact, the building
envelope must be modelled, as shown in Figure 3, by using 5 nodes with 4 thermal
resistances (grey boxes) and by adopting a different number of capacitors (indicated with k
in the figure), depending on the position of the mass. This modelling allows accounting of
the influence of climate conditions, operation schedules, and thermal inertia of building
structures on the energy need assessment. The same is only marginally considered by the
UNI TS 11300 series.

According to this description, the energy assessment with the hourly calculation
procedure should be more accurate; further studies should be carried out by varying the
climatic zones and thermal properties of the building envelope [44]. According to previous
papers that analysed the application of the hourly calculation procedure to different types of
buildings [33-38,44], the energy outcomes significantly varied with the thermal properties
of the building envelopes, use of buildings, and outdoor thermal conditions, making a
comparison between these works difficult [44].

radiation to the sky

eout
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Replicated for each building element
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Figure 3. Re-elaboration of the scheme of resistance and capacitor (RC) network thermal model provided by UNI EN

52016 [32].

3. The Case Study

A unit apartment located in a three-storey building in Rome was chosen for the
analysis, as representative of a widespread apartment typology. According to [45], the
most diffused and best-selling flats have useful areas between 50 and 85 m?, especially
in the biggest cities of Italy. Moreover, according to the Italian census (ISTAT), more than
five million existing Italian buildings are multi-storey buildings, consisting of various
apartments on each floor [46]. The case study has a net surface of 60 m? and it is located on
the second floor of the building, with an independent entrance through external stairs. The
apartment has an open space for the kitchen, dining, and living rooms, and a bathroom on
the lower floor. Internal stairs lead to the bedroom and the second bathroom on the upper
floor (Figure 4).

The north, east, and west facades are external exposed, while the south side adjoins a
similar apartment on the same floor.

For the building envelope, the entire building was refurbished in 2019 with a demo-
lition and reconstruction intervention; it is in good agreement with the current standard
minimum requirements [47]. It contains a reinforced concrete framed structure with highly
insulated walls made of porous brick blocks and expanded polystyrene (EPS) insulation.
This kind of insulation is also present in the other building envelope components, such as
the roof and the floor ceiling, as illustrated in detail in Table 1.
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Figure 4. View and plans of the analysed case study.

Table 1. Thermal and geometric characteristics of the opaque building envelope.

Typology Materials tm) A (W/mK) cp (kJ/kgK) p (kg/m?3) R (m2K/W) U (W/m?K)
External gypsum plaster ~ 0.020 0.180 1.000 600 0.111
External Porous brick blocks 0.250 0.325 0.840 748 0.769
Walls EPS insulation 0.120 0.037 1.450 15 3.243 0.231
Internal plaster 0.100 0.300 0.840 1300 0.033
Shingles 0.020 0.575 2.200 1350 0.035
Wooden plank 0.040 0.120 2.200 450 0.333
Roof EPS insulation 0160  0.0370 1.450 15 4324 0.194
Wooden plank 0.040 0.120 2.200 450 0.333
Floor tiles 0.010 1.300 0.840 2300 0.008
Screed 0.050 2.200 1.000 2200 0.023
Ceiling EPS insulation 0.020 0.380 1.450 15 0.526 0.80
Concrete slab 0.050 2.200 1.000 2200 0.023 :
Hollow brick 0.200 0.720 0.840 1800 0.278
Lime and sand plaster 0.020 0.800 1.000 1600 0.025

Openings are characterized by double-glazing and thermal break windows with air
gaps and an average transmittance Uy, value equal to 1.8 W/m?K.

An independent heating system, consisting of a condensed gas-fired boiler, provides
heating and domestic hot water (DHW) production; its rated power is 24 kW with an
energy efficiency of 97.7%. A system of radiators with an operating temperature of 70 °C
at the inlet section of radiators and 50 °C at the outlet section of radiators, managed by
zone thermostats, completes the thermal system. The average delivery temperature of
the domestic hot water is 40 °C. No cooling system, or any energy production system by
renewable energy sources, was installed in the apartment.

The set point temperatures are fixed to 20 °C in the winter and 26 °C in the summer.

As aforementioned, the energy simulations were carried out in climatic zone D (heat-
ing period from 1 November to 15 April), taking, as reference, the city of Rome, charac-
terized by 1642 degree days. The validation of the model was performed by taking into
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account the real climatic conditions related to the monitored period [39], whilst the current
analysis was carried out adopting the climatic data provided by [48] (Figure 5), in order to
consider the whole year.

30 400
1 Global solar irradiance on horizontal surface — Outdoor air temperature

350
25

300

(3]
(=

250

200

150

=

Outdoor air temperature (°C)
[y
wul

100

Solar irradiance on horizontal surface (W/m?)

50

Feb Mar Apr May June July Aug Sept Oct Nov Dec
Months

Figure 5. Monthly average values of temperature and global solar irradiance on the horizontal
surface.

The simulation model was validated previously by adopting two different procedures,
as illustrated in [39], by acquiring both billing and indoor environmental conditions, using
an experimental campaign, monitoring, and logging indoor environmental conditions
(indoor air temperature and relative humidity).

3.1. The Analysed Scenarios

As aforementioned, due to the COVID-19 pandemic, human habits have changed in a
relevant way. Occupation is one of the most influencing parameters used in evaluating the
energy performance of a house; it is important to understand how great the variations of
results are influenced by an occupant’s behaviour. It is essential to hypothesize “realistic”
user behaviour and, consequently, a consistent use of plant systems.

For this reason, the three profiles for the analysed building (Table 2) were hypothe-
sized to cover the three hypotheses of possible user habits and lifestyles (pre-COVID-19,
lockdown, and post-COVID-19), described in paragraph 2. A single occupant in the apart-
ment was considered (as in the actual state) and all of the profiles are the results of the
average fraction values of occupancy, evaluated in a typical day of the week.

Table 2. Qualitative characterization of the analysed scenarios.

Scenarios Low Medium High
(Pre-COVID-19) (Post-COVID-19) (Lockdown)
Work Heavy worker Worker Smart worker at home
Sociability High social/sport life Social life Low social/sport life

Occupancy Minimum occupancy Standard occupancy High occupancy
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In detail, the so-called “low” profile is characterized by a low occupancy rate of the
apartment, more concentrated during evening and night hours, beginning from 19:00 until
7:00 in the morning. It is typical of a young worker, who does not stay in the house during
work hours, and is often implied in social and sports activities. Moreover, this profile is
calibrated and coherent with the actual use profile of the house monitored in [39], before
the COVID-19 pandemic. For this reason, it was assumed as the reference profile for the
comparison results.

The second profile was set as medium. It presents a constant probability of occupancy
at 50% in the typical day of an apartment inhabitant, and it was chosen according to the
legislative standard profile. Moreover, an interview with the occupant confirmed new
habits after the COVID-19 pandemic crisis, where the frequency of social and outside
activities had decreased to two-three times per week.

The third (and last) profile was set as high, due to the rather constant occupancy of the
apartment, except for a little variation during the evening hours (80% of occupancy from
19:00 to 21:00). This is the profile that best fits the last “life months” of the pandemic, which
radically changed human habits, with individuals obliging to the lockdown, and due to
the reduction of social lives (i.e., for people to avoid being infected). Outside activities

were reduced to only needful chores (groceries shopping, medical needs). Moreover,
implementation of smart working at home led to long stays in houses, during the central
daily hours of a typical day.

The three profiles are illustrated in Figure 6, where value 0 stands for the unoccupied
building and value 1 for the fully occupied building.

| - focc(—) Low —foce(—) Medium  -&focc (—) High |

\ f‘—‘-#-—/.(

| /

! /

\ /

\ /

\ /

e S e S

5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22 23
Hours

Figure 6. Occupancy fraction profiles for the different scenarios analysed (low, medium, and high).
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Consistent with occupation, the profiles, regarding use of appliances and lighting
systems, varied (Figures 7 and 8). In the low case profile for appliances, it was assumed
that they were used during the early hours of the day and during the evening, coherently
with the inhabitant’s habits. The general thinking was that, in the low profile, the occupant
uses the appliances in the few hours in which he/she stays at home. For this reason, the
maximum value of fraction was set to 0.5. In the other profiles, their uses were widespread
during the day, with no such peaks, and more regular operation profiles, as evident in
Figure 7. This trend correlates with what is affirmed by researchers in [24]; according to
the authors, the most important change was that consumption occurred throughout the
day instead of being concentrated in the evening, as observed before the lockdown. This is
perfectly aligned with the chosen and surveyed scenarios analysed in this work.

The lighting profiles follow the same consideration of the appliances, but it was
calculated as an average period of artificial lighting, beginning from 19:00 for the low
profile, and from 17:00 and 16:00 for the medium and high profiles, respectively. Figure 8
shows the trend and the fraction values hour-by-hour.

| ~ fint,A (—)Low -»-fint,A (—) Medium  -~fint,A (—) High |

¥ =4 .i*— B S e A Y A S A AU ~a— t
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Hours

Figure 7. Fraction of appliance uses for the different scenarios analysed (low, medium, and high).
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Figure 8. Fraction of lighting use for the different scenarios analysed (low, medium, and high).

In relation to the three defined occupancy profiles, specific heat gains were assumed
for the people (P), appliances (A), and lighting (L). In absence of measured reliable data for
the appliances and for the lighting contribution, the current energy calculation method (that
follows UNI TS 11300) proposes an estimation for the sensible and latent contributions;
this was assumed in this study. On the other hand, for the sensible heat gain due to
the occupant, the same value defined in previous work [39] was adopted. In particular,
daily metabolism (Myaj1y) was estimated according to the Harris and Benedict relation [49]
based on the weight (W expressed in kg), height (H expressed in cm), and years (Y) of the
occupant.

Mgaity = 64.730 + 13.7516-W + 5.0033-H — 6.7550-Y  (kcal) 1)

As shown in [39], in agreement with the calculated metabolism value, an hourly
internal sensible gain due to the occupant, equal to 1.95 W/ m?2, was considered. The ones
due to appliances and lighting were set as 32 and 6 W/m?, respectively [40]. Moreover, the
internal heat latent gains were considered, varying hourly, according to the cited profiles
of occupancy and appliances, and multiplying them for 2.8 and 12.6 (g/h)/m? [40].

Table 3 shows the daily values of sensible (indicated with ¢) and latent (indicated
with G) gains for each aspect analysed. As shown, the medium profile has an increase of
the internal heat gains of about 42% on average, with respect to the low profile (considered
as the reference profile), whilst the high profile is about 84% more than the reference case.
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Table 3. Daily thermal sensible gains for occupancy (P = people), appliances (A), lighting (L), and
latent gains for people and appliances.

Ping,p Pint,a PingL Gwyp Guva

(W/m?) (W/m?) (W/m?) ((g/h)/mz) ((g/h)/mz)
Low 20.96 60.80 8.40 30.10 23.94
Medium 32.66 83.20 10.80 46.90 32.76
High 45.34 105.60 12.00 65.10 41.58

Finally, to evaluate the energy performance of a building, considering the different
energy uses derived by the defined profiles, another plant system was hypothesized to
define which one best fit the occupant needs.

For this reason, each defined scenario was simulated, substituting the existing con-
densing boiler with a heat pump. Its sizing was chosen, satisfying the DHW requirements
and the heating energy loads according to [39,41]. The heat pump system supplies both the
heating and DHW production and has a rated heating capacity of 7.74 kW and a coefficient
of performance (COP) of 4.75.

The same typology of emission systems (radiators) was considered for both configura-
tions equal to the reference existing case.

4. Results and Discussion

Energy simulations were performed by setting the three profiles defined in the previ-
ous section with the aim of analysing their impacts on:

1.  Hours of discomfort, evaluated as the number of hours in which the indoor operative
temperature was lower (heating), or higher (cooling), than the set point values;

2. Energy consumption, analysed as the energy needs of a building for heating, and as a
primary energy need (renewable, not renewable, and total), evaluating two heating
system configurations described above (condensing boiler and heat pump);

3. Operation hours of the heating plant, assessed as the number of hours where the
heating system was switched on for reaching the set point temperature within the
environment;

4. Environmental effects, in term of CO; emissions varying the heating system
configuration.

4.1. Hours of Discomfort

The internal thermal load (returned by energy simulations) of the medium and high
profiles are, respectively, (on average) +58% and +149% higher than the internal load of the
low profile (reference case), and, according to the UNI EN ISO 52016 calculation method,
this affects the indoor air temperature. Figure 9 shows the mean indoor air temperature
reached in each month of the year by adopting the low (green line), medium (blue line),
and high (red line) occupancy profiles, confirming that the greater the indoor thermal loads
(linked to occupancy profiles), the higher the indoor air temperature. In fact, as expected,
the mean indoor air temperature tends to increase with the level of occupancy profile (the
more time spent in the house, the more internal heat load); in particular, compared to the
low profile (reference profile), the increase is up to 2.0% and to 5.6% for medium and high
profiles, respectively. Nevertheless, the indoor air temperatures obtained with medium and
low profiles tend to correspond during the coldest months (from November to February)
although the indoor thermal load of the medium profile is higher (about +55%, considering
only the heating period). On the other hand, the high profile gives an air temperature trend
shift of at least 0.5 °C in the coldest months.
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Figure 9. Indoor air temperature reached within the environment by adopting the three defined profiles.

Furthermore, the mean indoor air temperature involves different discomfort levels
within the environment. As shown in Figure 10, the reference profile (i.e., the low profile,
indicated with green bars) leads to a higher number of hours of discomfort during the
heating period (about 390 h), whilst it leads to a lowest number of hours of discomfort
during the cooling seasons (less than 1900 h). The medium profile allows reducing the
hours of discomfort during the heating period, of about 11% on average, with peaks over
the intermediate months (April and October). A higher significant reduction, up to 45%,
on average, can reached during the heating period, by adopting a high occupancy profile.
However, both profiles (medium and high) led to a significant increase of the hours of
discomfort during the cooling period, of about 24% and 80%, respectively. In the spring
and autumn months, a higher deviation was found, especially for the high profile, which
could increase up to +154% (May). This result indicates that, in the intervening months,
even small temperature deviations can lead to significant levels of discomfort within the
environment.

Another important consequence is related to the application of the hourly calculation
method. In fact, as aforementioned, the building is equipped by an existing HVAC system,
which was designed with current energy regulations [40-43,50], and refers to the monthly
calculation procedures for which the building solely has heating needs. According to
Figures 9 and 10 (which refer to hourly calculation procedures), cooling is also necessary
due to both the higher mean values of temperatures reached indoors (more than 30 °C)
and the high number of hours of discomfort found from June to September. This result
confirms the capability of the new hourly calculation method of providing more accurate
energy analysis of HVAC systems. In fact, it takes into account the time lag between the
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switch-on time of an HVAC system and the time of the required set point temperature;
therefore, it helps to analyse whether the system is over- or undersized.
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Figure 10. Number of discomfort hours simulated within the environment during the heating period for the three

defined profiles.

4.2. Building Energy Need

The indoor air temperature reached within the environment and the number of hours
of discomfort are directly (and strictly) linked to the energy needs for heating and cooling.
In fact, the lower the discomfort (corresponding to higher indoor air temperature), the
less the energy need for heating (Figure 11); the higher the discomfort (corresponding
to higher indoor air temperature), the greater the energy need for cooling (Figure 11).
Therefore, according to Figure 11, compared to the reference profile (i.e., low profile), the
high occupancy one allows reducing the energy need for heating of about 15% on average,
but it leads to a significant increase of an energy need for cooling, up to 60% on average.
The medium occupancy profile, instead, allows reducing the energy need for heating of
about 7%, involving an increase of an energy need for cooling of 20%. As for the hours of
discomfort, and for the energy need, the higher deviations, with respect to the baseline
profile, were found in the intervening months (especially in June and September).
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Figure 11. Energy needs for heating and for cooling in the three scenarios.

A more accurate analysis of the energy needs as functions on the occupancy profiles
is shown in Figure 12. In particular, the energy need for heating and for cooling were
analysed with respect to indoor thermal loads (Qjnt), where the low profile is indicated
with the green series, medium with the blue ones, and high with the red series. Dots,
referring to the same months, are joined through the same curve; they represent monthly
values of energy needs for the heating and cooling periods for each case. As highlighted,
the energy need for heating tends to decrease with the increase of Qjin, the opposite can be
observed for the cooling period.

This trend can also be explained by relating the hours of discomfort with the energy
needs of the three occupancy profiles. As shown in Figure 13, the linear regression line (red
line) for heating months is more tilted than the cooling period (blue line), confirming that
the hours of discomfort during the heating period have greater influence on the energy
needs of buildings. Even in this figure, each dot represents the different months of the
cooling and heating periods, and they are drawn with different symbols (corresponding
to the three investigated scenarios) and with different backgrounds (corresponding to
different months).
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Figure 12. Heating and cooling energy needs as functions of the indoor thermal loads due to the individuals in the three
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4.3. Operation of Heating System

The indoor air temperature reached within the environment, the hours of discomfort,
and the energy needs of the building, also have considerable influence on the operation of
the heating system (the case study only has the heating and domestic hot water production
system). For further analysis, the operation hours of the heating system were studied
compared to the occupancy profiles and to the heating system load factor (HLF). The
analysis (Figure 14) highlighted that a high occupancy profile leads to a lower number of
hours at HLF > 75% (less than 25%), and at HLF between 50 and 75% (about 17%), with a
consequent increase of operating hours, mainly at HLF in the 25-50% range (up to 34%).
A similar trend can be observed for the medium profile, but with slightly less significant
deviation compared to the low profile. This result has important consequences, because it
highlights that, by varying the occupancy profile, the performance of the heating system
can significantly vary, determining a possible worse performance of the heating system.
Moreover, based on the high and medium occupancy profiles, it can be concluded that the
power of the heating system could be oversized, resulting in the need of using a heating
system with lower thermal power than the one required for the low profile. The same
results are detailed in Table 4, where the effective number of operating hours of the heating
plant are shown.
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Figure 14. Operation hour percentage (%) during the heating season for different load factor ranges and profiles: (a) lower
than 25%, (b) between 25 and 50%, (c) between 50 and 75%, and (d) greater than 75%.
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Table 4. Operation hours (h) during the heating season for different load factor ranges and profiles.
Low Medium High
Months
<25% 25-50% 50-75% >75% <25% 25-50% 50-75% >75% <25% 25-50% 50-75% >75%
January 69 50 87 195 65 73 83 174 55 143 76 137
February 73 46 86 149 80 59 78 133 74 127 72 97
March 75 71 64 84 64 70 54 79 104 86 43 57
April 73 24 13 10 47 20 11 6 28 18 6 4
May 31 11 4 2 20 8 3 0 11 4 2 0
June 0 0 0 0 0 0 0 0 0 0 0 0
July 0 0 0 0 0 0 0 0 0 0 0 0
August 0 0 0 0 0 0 0 0 0 0 0 0
September 5 1 0 0 4 0 0 0 0 0 0 0
October 67 12 3 4 40 8 5 2 18 6 4 0
November 74 73 57 77 87 59 56 67 109 84 43 49
December 78 41 98 169 76 65 80 154 44 174 71 110
Total 545 329 412 690 483 362 370 615 443 642 317 454

Finally, the energy performance with the different heating systems was also analysed;
results are summarized in Table 5, in terms of primary energy need (kWh) and energy
carrier consumption (natural gas and electric energy). As expected, the configuration with
the heat pump is the one with the higher renewable contribution (ren), which decreases
from a low to a high profile, mainly due to the reduction of the energy needs of the
building. The lowest energy carrier consumption was always obtained with the high profile;
compared to the low profile, natural gas was reduced up to 13% for the condensing boiler.

Table 5. Primary energy needs for the three analysed profiles as functions of the heating and domestic hot water (DHW)

production system.

Primary Energy Need (kWh)

. . Natural Gas Electric Energy
Heating and DHW System
& y Profiles nren ren tot (Nm?) (KWh)
Low 7325 77 7402 671.2 163.8
Condensing boiler Medium 6770 33 6803 635.5 70.2
High 6398 66 6464 586.8 140.4
Low 4141 5369 9510 0.0 2123.6
Heat Pump Medium 3876 5027 8903 0.0 1987.7
High 3619 4691 8310 0.0 1855.9

4.4. Environmental Effects

Finally, the environmental effects were investigated. Results are shown in Figure 15,
where the reduction of CO; emissions, compared to the reference case (i.e., condensing
boiler and low profile) are highlighted as functions of occupancy profiles (low indicated
with the green series, medium with the blue, and high the with red series), and plant
system configurations (the condensing boiler is indicated with the circle symbol, the heat
pump with square ones). As shown, compared to the reference case, the high profile allows
obtaining a CO; reduction of about 52% on average with the heat pump. Similar reductions
were found by adopting the medium profile (49% on average). On the other hand, if the
actual plant configuration is considered (but with a different occupancy scenario), a similar
reduction can be noticed; specifically, the high occupancy profile allows reducing the CO,
emission of about 13-15%, while the medium one of about 7-8% on average.
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Figure 15. Environmental effects due to the different analysed profiles and heating and domestic hot water production
system configurations.

This result highlights the great influence of the occupancy profile on environmental
affects, entailing differences, especially in the intervening months.

5. Conclusions

This paper compared the effects of lifestyle variations of an inhabitant in a real
dwelling, before and after the pandemic, on: (i) the total number of discomfort hours;
(ii) the energy needs of the case study; (iii) the operation of the heating system; and (iv) the
environmental effects.

In regard to the hour of discomfort, the results mainly show that:

e  Theincrease in the number of hours spent indoors (from low to high occupancy) causes
an increase in indoor temperature (up to 2 °C in August). However, a significant
variation in internal loads (+58% and +149%) causes a slight variation (about 1-2%) of
the indoor air temperature during the heating period and a variation of up to 4-5%
during the cooling period. This implies an increase in discomfort hours during the
summer, and a decrease during the winter. In June and September, there is a higher
absolute difference of discomfort hours.

e  During the heating season, the maximum number of discomfort hours (124) is reg-
istered in January for the low occupancy profile, whilst during the cooling season,
the maximum number of discomfort hours (731) is registered in July for the high
occupancy profile.
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The energy needs for heating and cooling, simulated with the new hourly calculation

method, highlight that:

The energy need for cooling in the case study is much lower than the heating load,
and it is concentrated in July (266 operation hours) and August (271 operation hours),
on a total of 737 h working hours (for the cooling season). This implies a daily average
turning-on of 8 h.

The building energy need varies according to the occupancy, appliances, and lighting
profiles, but higher deviations (almost 300%) are found for the summer months. This
implies that these schedules mainly affect the cooling load. This result was confirmed
by analysing the energy need as a function of the internal load. Moreover, it is consis-
tent with some outcomes in the literature studies, such as [30], where the researchers
sustain that, if the lockdown occurred in the summer, the long stay of people at home
and the long use of electrical appliances would increase the overheating issues and
the internal heat gains. Consequently, it could force the building owners to install
cooling systems to achieve thermal comfort, causing a significant change in the energy
breakdown of buildings.

By combining the results of these two first topics, the operation hours of the HVAC

system were analysed, finding that the different scenarios could affect the operation hours
of the heating plant:

As per the HVAC system, when the occupancy is high, it will work for many hours
when the load is <50%. On the contrary, when the occupancy is low, the HVAC system
will work for many hours with a high load (>50%).

The plant system can work at the lower load factor value, entailing an oversizing of
the heating system, which can operate with lower energy efficiency.

Given the considerations above on the operation hours and on the load, it is worth

comparing the different heating and DHW systems, in terms of primary energy needs and
environmental effects:

The condensing boiler with a high occupancy profile has a lower total primary en-
ergy need, whilst the higher value is reached by the heat pump working with low
occupancy. This implies an overall consideration: in case, for example, there is a
need to renovate the HVAC system, its choice should be conducted according to the
foreseeable occupancy profile of the building.

The occupancy profile significantly affects the primary energy need and the consump-
tions of the energy carriers. The high profile, i.e., homemaker or a person who spends
much time at home (linked also to the COVID-19 pandemic period), entails a lower
primary energy need and lower energy consumption (of about 12%), allowing to
reduce the CO, emissions of about 12%, considering condensing the boiler and heat
pump. This could be in disagreement with some studies, which registered an overall
increase in the residential sector during the lockdown [26,30]. This work provides an
in-depth analysis of building heating system operations, which is useful to understand
how different occupancy scenarios could foster the reduction of general consumption.
In order to estimate, in detail, the differences in energy consumption (thus considering
the economic effects of appliance schedule), an overall point of view is necessary, in re-
lation to the different building sectors (non-residential and residential), and obtaining
the total consumptions before and after the pandemic, as conducted by other authors
in [27,51].

The high occupancy profile allows CO, reduction (with respect to the reference case)
of about 52%, on average, with the heat pump.

From all of these considerations, it is evident how the pandemic has influenced the

habits of owners and inhabitants in buildings and, consequently, the energy consumptions
of the buildings themselves. Overall, it could be highlighted that the changes have affected
quality of life, not only in terms of thermal comfort, but also in regard to notable environ-
mental impacts. Moreover, energy consumption, increased in the summer and reduced
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in the winter, influences the billing and related costs; this determines that the involved
stakeholders (building owners, landlords, inhabitants, etc.) must adopt more conscious
behaviour in their houses, for energy savings.

Finally, the analysis carried out in this research can be useful to policymakers in
accomplishing the European objectives (such as a decarbonized building stock by 2050).
They have to calibrate their decisions in terms of long-term strategies, taking into account
the changes in human life, for example, promoting, as a starting point, the recognition of
building stock consumption in light of after-pandemic changes, and promoting informative
campaigns for user awareness, and new thresholds for energy consumption. Moreover, the
issue of increasing cooling needs—which has improved in the last few years due to climate
change—as well as issues surrounding heat waves and global warming, are risks that will
continue to grow, as a result of the long stays at home. Thus, it could be useful to promote
outside activities in the summer and incentives for working in suitable spaces, designed
specifically for the optimization of HVAC systems, lighting, and electrical equipment,
which are often not effective for working in houses.

Final Remarks

The research questions are: (i) how many discomfort hours could there be in the dif-
ferent occupancy scenarios? (ii) How much does an occupancy profile change a building’s
total energy consumption? (iii) How much do human habits (and the new schedules due
to the pandemic) influence the CO, emissions of a building?

To answer to the first research question, the yearly discomfort hours range from 279
(in the high occupancy scenario) to 395 (in the low occupancy scenario). During the heating
and the cooling periods, the ranges are 1-85 and 1-124.

In answer to the second question, the occupancy profile can affect the operation hours
and the building final energy consumption, up to 28% on average, with peaks up to 215%
in the intervening months.

The third answer assesses that a new schedule for a high occupancy profile (due,
for instance, to containment for a pandemic) can reduce the building CO, emission of
about 13%.

As a final remark, it is worth noting that the building was designed and built comply-
ing with the rules of standard UNI TS 11300, which calculates the building energy needs by
a monthly average base, and according to which the building does not require energy for
cooling. This work, indeed, is carried out following UNI EN ISO 52016, which elaborates
an hourly calculation and performs a discomfort analysis, highlighting a cooling energy
need (1200 kWh), mainly concentrated in July and August.

Hence, the new energy calculation method (UNI EN ISO 52016) provides results that
better fit the real need (also considering the inhabitant need).

Finally, the aim of the work was to assess the implication of different HVAC systems.
Indeed, the promoted renovation of HVAC systems (in favour, for instance, of a heat
pump) should properly consider the human habits of the occupant. This is also in the
case of “human habit permanent change”, which is likely to occur, considering that some
restrictions and limitations are still in force.

Hence, when a building heating system must be replaced, evaluation on it use, and
on the inhabitant’s schedule, should be carried out. This is also to avoid some common
setbacks, such as plant (or system) oversizing, or system load factors far from maximum
efficiency. These drawbacks, indeed, might affect the economic and environmental benefits
of the chosen system.

6. Limitations and Future Works

The study was possible because of the detailed knowledge of the building itself
(geometry, architectural, and constructive features, plant system characteristics, etc.), and
inhabitant behaviours (occupancy profiles, lighting, and appliance schedules).
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These considerations are related to the investigated case study; in order to overcome
this limitation and to extend the outcomes, further studies should be conducted (for
instance, evaluating the heating and cooling energy needs with electrical consumptions
derived by domestic appliances).
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Abbreviations
Symbol
CO, carbon dioxide
cor coefficient of performance
Cp specific heat
DHW domestic hot water
f fraction
[0} sensible heat gain
G latent heat gain
HLF heating load factor
HVAC heating, ventilation and air-conditioning system
A thermal conductivity
M metabolism
p density
R thermal Resistance
t thickness
U thermal transmittance
Subscripts
A appliances
int internal heat gain
L lighting
occ occupancy
P people
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