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HIGHLIGHTS

o It simulates impact of COVID-19 on energy demand for a building mix at a district.
e Confinement scenarios are proposed based on a new district design in Sweden.

e Confinement measures increase electricity demand of buildings in the district.

o Confinement measures reduce thermal energy demand of buildings in the district.

ARTICLE INFO ABSTRACT

Keywords: The COVID-19 outbreak is exacerbating uncertainty in energy demand. This paper aims to investigate the impact
COVID-19 of the confined measures due to COVID-19 outbreak on energy demand of a building mix in a district. Three
B‘_lﬂd_ing levels of confinement for occupant schedules are proposed based on a new district design in Sweden. The Urban
ED:::;;t Modeling Interface tool is applied to simulate the energy performance of the building mix. The boundary con-
Demand ditions and input parameters are set up according to the Swedish building standards and statistics. The district is

at early-design stage, which includes a mix of building functions, i.e. residential buildings, offices, schools and
retail shops. By comparing with the base case (normal life without confinement measures), the average delivered
electricity demand of the entire district increases in a range of 14.3% to 18.7% under the three confinement
scenarios. However, the mean system energy demands (sum of heating, cooling, and domestic hot water) de-
creases in a range of 7.1% to 12.0%. These two variation nearly cancel each other out, leaving the total energy
demand almost unaffected. The result also shows that the delivered electricity demands in all cases have a
relatively smooth variation across a year, while the system energy demands follow the principle trends for all the
cases, which have peak demands in winter and much lower demands in transit seasons and summer. This study
represents a first step in the understanding of the energy performance for community buildings when they
confront with this kind of shock.

1. Introduction

In the past few months, the COVID-19 crisis has significantly affected
all aspects of our life, such as global economy, social connection, envi-
ronment, and energy demand/supply. Different countries are trying
various confinement measures in order to reduce the impact of such
pandemic [1]. These confined measures have subsequent influence on
the energy sector, which is exacerbating the energy demand issue.
Steffen et al., [2] therefore highlights that it is important to navigate the
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new situation without jeopardizing the imperative clean energy transi-
tion under the COVID-19 outbreak.

According to the recent report [3], energy demand across Europe has
fallen ‘significantly’ below the 2015-2019 average range in many major
European markets. Unsurprisingly, the strictness of confinement mea-
sures correlates with drops in overall energy consumption at whole
system level, which are about 25% in Italy, 20% in France, 12% in the
UK [4]. Mcwilliams and Zachmann [5] compare the average weekday
hourly electricity demand for the last few weeks to the year before, in
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which they visualize the moment when the current crisis began to have
an impact on national economies and how large that impact was, from
each week in 2020 with the corresponding week from 2019 for peak
hours (08:00-18:00). According to their report, the average daily elec-
tricity consumption in Sweden is about 99.57% related to the same
periods in 2019 in the past a few months, which shows very limited
changes due to the ‘soft’ confinement in practice. This can be explained
that on a whole system level in Sweden, the overall effect of COVID-19
could be limited due to the varying needs in different sectors. For
instance, electricity demand may be reduced in transportation, in-
dustries, and commercial buildings etc, but it would rise in residential
buildings. The energy demand could be in an opposite direction in an
industrial district than that in a residential district. It is therefore
necessary to investigate new partners and varying trends in different
types of districts, so that an overall understanding on the whole energy
system level can be achieved.

Moreover, the impact of COVID-19 outbreak on energy demand is
largely depending on confinement measures in different countries, and
cultural contexts. In general, specific consideration needs to be paid to
the differences between countries, which may have different energy
infrastructures, urban energy systems, occupant behaviors, confinement
measures, district functions and building performance in the perspec-
tives of geography, climate, socio-economy, culture, infrastructure, and
so on. A dedicated analysis of COVID-19's impact on local energy de-
mand is thus necessary. In addition, there might be a few more waves of
COVID-19 outbreak, which may lead to different closure levels in Swe-
den, where the corresponding impact on Swedish energy demands in
buildings stays unknown. It is thus important to have a predictive study
that will help mitigate the influence from COVID-19 with appropriate
pre-preparations for new policy designs that can withstand future long-
term shocks [2].

Buildings at district level form up the minimum local energy infra-
structure. Building performance simulation is then considered as the
main approach to conduct such predictive study for energy demand in
buildings. There are several classical tools that can simulate the building
energy performance of a district [6,7], such as CitySim, EnergyPLAN, E-
GIS, Urban Building Energy Models (UBEMs), Urban Modeling Interface
(UMI), and City Building Energy Saver (CityBES), and other data-driven
models. Among these tools, UMI is a free multi-objective modelling tool
based on Rhino developed by MIT Sustainable Design Lab [8], which can
evaluate the energy and environmental performance of buildings in
districts and cities with respect to energy demand, walkability,
daylighting potential and so on. UMI includes an application program-
ming interface (API) for researchers to add additional performance
modules and metrics. As a result, UMI is determined in this paper as the
main tool to conduct the study, with validated accuracy and possibility
in adding additional evaluations in the future.

The occupancy profile in buildings is a key parameter for simulation
of energy demand. During the early-design stage, the classical way to
estimate energy demand is based on the use of benchmarks or local
standards. In this way, the occupancy density, behavior and schedule
usually influence significantly on energy use in lighting, equipment and
heating, ventilation and air conditioning (HVAC) systems. However,
owing to the different confinement levels, the occupancy profile in
buildings will be different to the conventional set up. For instance,
residential energy consumptions are likely to rise when people stay
longer time at home, because of both augmented conventional demand
(lighting, space heating, hot water, cooking and dishwashing) and new
energy demand (online meetings, computation-related workings) [9].
While offices, schools and retails will have different operation schedules
by comparing to that on normal week days and weekends. As a result,
the impact of COVID-19 on energy demand may be not simply similar to
the difference between normal working days and weekends [10,11]. In
fact, in most of normal cases, there are generally far fewer occupants in
residential buildings during the weekdays than during weekends, so the
energy demand is usually lower [12,13]. This cannot be expected to be
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the same during the COVID-19 outbreak due to the containment mea-
sures, during which people are quarantined at home to couple living and
work for longer time. This means that building energy and services
systems (such as HVAC, lighting, plug-loads etc.) in residential buildings
have to remain operating in order to provide energy, thermal comfort
and ventilation even during weekends [14]. Conversely, offices and
schools will have less internal heat gains and less operation time due to
less occupants and by scaling back their activities, which will result in a
drop of the energy demand especially during the weekdays. Although a
few studies have started to investigate the impact of new home-working
mode on the energy demand, most of them have a rather small scale of
target buildings, and only concentrate on potentials of demand reduc-
tion, demand shifting and ‘smart’ controls at homes [15] or in trans-
portation [16] through behavior change. To the best knowledge from
the authors, there is no research so far in investigating the impact of
different occupancy schedules on the coupled energy demands for a
large group of archetypes in a neighborhood under different confine-
ment levels due to crisis as COVID-19 pandemic. This is driven by the
unknown impact on the energy demand, as there are different variation
trends for mixed buildings in a district.

In order to bridge such a research gap, this paper thus aims to
investigate the impact of COVID-19 outbreak on energy demand of
different buildings in a community, which consists of different ar-
chetypes, such as residential buildings, school, offices and retail shops. It
proposes different occupancy schedules that represent different levels of
confinement, such as normal operation, ‘soft” and full lock down. With
the UMI tool, the energy demand of different buildings can be then
predicted in the district under different scenarios. Detailed energy
variation trends for different buildings and the coupled energy demand
can thus be investigated. The research results would be useful for em-
ployers, researchers, energy suppliers, policy makers and home workers
themselves, to withstand future potential crisis as COVID-19 pandemic.

However, the authors would like to highlight that this paper is only
an exploratory and simulation-based pilot study to understand general
trends on energy demand in a mixed-use neighbourhood if occupant
profiles changes due to confinements in crisis as COVID-19. It is a
simulation study of a non-existing (virtual) community, which is still on
design and planning stage. This paper considers the key parameters for
simulation of energy demand according to the set up requirement in UMI
tool, such as thermal properties of construction layers, set point tem-
perature, occupancy density/schedule, hot water demand, ventilation
system, heating/cooling system, lighting and equipment power density.
While the detailed occupancy behaviour changes (e.g. power increased
for TV or computer) due to COVID-19 is not addressed in this paper,
which is a limitation due to lacking of existing data. The underlying
occupant schedules are based on practical building regulation, historical
statistics and informed assumptions. This study is a first step in the
understanding of energy performance of the buildings in such a resi-
dential district when they confront with this kind of shock. It cannot
reflect the influence of COVID-19 on whole energy system level, but it
opens up possibilities in investigating the energy performance of
buildings in other types of districts and contexts.

The whole paper is structured as followings: Section 2 briefs the
research method about simulation process and definition of occupancy
schedule due to COVID-19 outbreak; In section 3, the case studied is
described with boundary conditions and input parameters; Section 4
presents the simulation results and the related discussion; Finally the
conclusion is presented in Section 5.

2. Simulation process and definition of occupancy schedule due
to COVID-19 outbreak

The simulation in this paper is conducted by UMI tool with the
assistance of Rhino 6. Fig. 1 illustrates the simulation methodology. The
first step is to import and adjust the 3D building models in Rhino 6 of the
new district and then define different archetypes according to the
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Fig. 1. Schematic of simulation method.

design. The 3D building models are further imported into UMI for
simulation. A climate file can be subsequently defined and imported into
the tool. Different construction layers should be defined, by choosing the
materials from the UMI library and adding them into the definition
when they are missing. This process needs to be done for each type of
building. Afterwards, schedules for occupancy, lighting, household
equipment, domestic hot water (DHW), heating, cooling and ventilation
are defined according to the Swedish national regulations on building
and planning during normal use in a year. Finally, since this study fo-
cuses on the simulation at early-design stage, it considers the standard
simulation method and keeps the setups of other parameters (such as
temperature set points, infiltration and efficiency of the heater and
cooler) the same in different conditions, according to the building reg-
ulations for each building type.

The key variable in this simulation is the occupancy profile, owing to
the different closure policies in case of the COVID-19 spreading. The
essential considerations are the occupants density and their varying
schedules in different confinement scenarios, which will affect the en-
ergy load in return. In Table 1, different confinement levels for all types
of buildings are defined according to the current/possible closure policy,
statistics and building regulation in Sweden. On the level 1 (no COVID-
19), it is considered as the base case (normal schedule) with 10 h, 14 h,
and 15 h unoccupied (outside of buildings) respectively in residential,
school/retail shop, and office buildings. In Sweden, the building stan-
dard recommends totally 14 occupied hours (inside building), 7 days per
week and 52 weeks, in a residential building per year [17]. Similar ex-
planations can be applied to other types of buildings [18,19]. Confine-
ment level 2 and level 3 are defined in this paper as ‘soft’ measures to
COVID-19 outbreak. Compared to level 1, half unoccupied hours are
assumed in residential, but half occupied hours are defined in other
buildings except retail shops, which are considered open longer to allow
citizens to have essential purchase, delivery, and pickup of food,

medicine, and commodity at the special periods, but the occupancy
density is reduced in order to create enough social distance. On
confinement level 2, it is assumed that the unoccupied hours in resi-
dential building become half of that in level 1, which are 5 h in total.
This means that people are allowed to work outside of home or go out for
5h per day (each 2.5 h in the morning and afternoon). Such confinement
results in additional half hours reduce respectively in school and office
building, based on the level 1. So there will be only 5 occupied hours in
school, and 4.5 h in office building. The schedule of retail shops is 4 h
longer than that in level 1. The same principle applies to the definition of
level 3. While in level 4, it is considered as the full lock-down scenario,
where residential buildings are occupied in 24 h per day but citizens are
still allowed to go out for urgent or necessary food, medicine, and
commodity, while school and office buildings are closed totally.

3. Description of the new district
3.1. Archetype design

The new district ‘Jakobsgérdarna’ locates in Borlange city, Sweden
(as shown in Fig. 2 with red colour), which is mainly a residential area
but mixed with offices, retail shops and schools. All the facilities are
mainly connected through walking and cycling routes [20]. The total
floor areas for this district are designed at about 199016.9 m?, where
residential, school, office and retail shops are 164639.0 m?, 5723.4 m?,
16089.5 m?, and 12565.1 m? respectively. There are various types of
residential buildings, from single-family houses to small apartments.
The residential buildings are divided in two subgroups, which differ
from the structure: wood frame and masonry/concrete frame. While
offices, retail shops and school are grouped, and they have the same
concrete frame. The archetypes are shown in Fig. 3. This study includes
total 166 buildings, in which residential buildings are plotted in red and
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Table 1

Definition of different occupancy schedules owing to the different closure policies in case of the COVID-19 spreading.
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Residential Building [17]

Educational /Commercial Building [18]

Office Building [19]

Closures ratio Occupancy schedule Scenario Occupancy schedule Scenario remark Occupancy schedule Scenario
remark remark
Level 1 (base case —no COVID-19  Normal schedule (e.g. full ~ 10 hrs Normal schedule (e.g. full 14 hrs unoccupied, = Normal schedule (e.g. full 15 hrs
case) time working) (14 h/7d/ unoccupied time working) (10 h/5d/ time working) (9 h/5d/ unoccupied
52w) 47wW) 47w)
Confinement level 2 (compared 2.5 hr free on the morning 5 hrs 3.5 hr free on the 19 hrs unoccupied; 3.5 hr free on the 19.5 hrs
to level 1, half unoccupied and 2.5 hr free on the unoccupied morning and 3.5 hr free Retail shops open morning and 4 hr free on unoccupied
hours in residential, but half afternoon for part time on the afternoon for part longer * the afternoon for part
occupied hours in other work (19 h/7d/52w) time work (5 h/5d/47w) time work (4.5 h/5d/
buildings) 47w)
Confinement level 3 (compared 1 hr free on the morning 2.5 hrs 1.5 hr free on the 21.5 hrs 1.75 hr free on the 21.75 hrs
to level 2, half unoccupied and 1.5 hr free on the unoccupied morning and 2 hr free on  unoccupied; Retail ~ morning and 2 hr free on  unoccupied

hours in residential, but half
occupied hours in other
buildings)

Confinement level 4

afternoon (21.5 h/7d/
52w)

24 hr at home (24 h/7d/
52w)

Fully stay at
home *

the afternoon (2.5 h/5d/
47w)

School is closed

shops open longer
2

Retail shops open
longer *

the afternoon (2.25 h/5d/
47w)

Fully closed

Full closure

! During the confinement scenarios ,all plugging equipment schedules are proportional to respective occupancy schedules.
2 Retail shops are supposed open longer for urgent and necessary purchase, delivery, and pickup of food, medicine, and commodity;
3 Citizens are still allowed to go out for occasionally necessary food, medicine, and commodity.

Fig. 3. 3D view of the investigated district with surrounding information.
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brown, offices are in blue, retail premises are in yellow and the school is
in cyan.

The structures for buildings in this district are defined as three
groups as explained above. In UMI tool, the construction layers consist
of facade, ground floor, interior floor, partition and roof. Regarding the
wood frame, plywood and softwood are the two main components, and
standard fiberglass is selected as insulation layer for the facades and the
roof, while the extruded polystyrene (XPS) panel is used for the ground
floor. The facade has an air gap of 3 cm to prevent condensation issues
and to remove excess moisture. The masonry structure is made by clay
bricks, an air gap of 3 cm and concrete block of 15 cm. In this case, the
insulation layer is considered as XPS in all the structure except for the
roof, where there is fiberglass that is lighter without too much weight
load. The concrete structure for offices, retail shops and the school is
simply configured by concrete blocks, XPS as insulation layer and
cladding inside and outside. In the latter case, the roof is designed with
light concrete and fiberglass as insulation. The whole buildings in this
district are designed by triple glazed windows with air between panels
and treated with low-emission coating. The thermal properties and the
related U-values are then calculated for all the structures to meet local
building requirements [21], which are summarized in Table 2 and
Table 3 for residential buildings and rest buildings respectively. Fig. 3
also illustrates the categorization of wooden (brown highlighted) and
masonry buildings (red highlighted) in the district.

3.2. Climate analysis

The simulation work is carried out using the climate file of Borlange
city, Sweden, which is derived from the national statistics [22]. From
weather information collected from Figs. 4-6, the climate is character-
ized with freezing winter and pleasantly warm summers in general.
During the winter, the average external air temperature drops below
freezing (0 °C) from late October and reaches the lowest temperature in
early spring. Summer starts from June to August, which is a mild season
with more sunny days. Extreme hot temperatures are recorded rarely:
occasionally the external air temperature can reach 28 °C within historic
records. There is an obvious diurnal temperature variation along with
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Table 3
Thermal properties of construction layers in offices/shops/school according to
standard [16]

Concrete
Facade Thickness, Conductivity, k [W/ R-value d/k
d (m) mK] [m2K/W]
Vinyl_cladding 0.005 0.16 0.031
XPS_board 0.3 0.037 8.108
Concrete_block_H 0.15 1.25 0.12
Gypsum_plaster 0.003 0.42 0.007
Total 0.458 Riot 8.437
U-value) [W/m2K] 0.119
Roof Thickness, Conductivity, k [W/ R-value d/k
d (m) mK] [m2K/W]
Ceramic_tile 0.02 0.8 0.025
Concrete_MC _light 0.05 1.65 0.030
Fiberglass_batts 0.35 0.043 8.140
Air_floor_15cm 0.15 0.7 0.214
Gypsum_board 0.015 0.16 0.094
Total 0.585 Riot 8.673
U-value [W/m’K] 0.115
Ground Thickness (m) k [W/mK] R d/k [m2K/W]
Concrete_RC_dense 0.2 1.75 0.114
XPS_board 0.25 0.037 6.757
Concrete_MC_light 0.07 1.65 0.042
Cement_mortar 0.08 0.8 0.1
Ceramic_tile 0.02 0.8 0.025
Total 0.62 Reot 7.168
U-value [W/m?K] 0.139

greater windy occasions. Sometimes, it can be very cool, or even cold at
night, since the external air temperature can drop below 10 °C even in
summer. Due to its northern latitude, the days are very short during
winter season and the amount of solar radiation resource is valuable
with the maximum daily total of direct normal radiation lower than
3000 Wh/m? per day. In terms of wind condition, the annual wind ve-
locity is around 2.5 m/s, presenting pleasant light breeze. The prevalent
wind directions are from 225 (Southwest) and 292.5 (Northwest).

Table 2
Thermal properties of construction layers in residential building according to standard [21]
Wood Masonry
Facade Thickness, Conductivity, k [W/ R-value d/k [m?K/ Facade Thickness, Conductivity, k [W/ R-value d/k [m?K/
d (m) mK] W] d (m) mK] W]
Softwood_general 0.03 0.13 0.231 Clay_brick_H 0.06 0.41 0.146
Air_wall_3cm 0.03 0.1 0.3 Air_wall_3cm 0.03 0.1 0.3
Fiberglass_batts 0.3 0.043 6.977 XPS_board 0.3 0.037 8.108
Plywood_board 0.03 0.11 0.273 Concrete_block_H 0.15 1.25 0.12
Gypsum_board 0.015 0.16 0.094 Gypsum_plaster 0.003 0.42 0.007
Total 0.405 Riot 8.044 Total 0.543 Riot 8.852
U -value [W/m?K] 0.124 U-value [W/m2K] 0.113
Roof Thickness, Conductivity, k [W/ R-value d/k [m?k/  Roof Thickness, Conductivity, k [W/ R-value d/k [m?K/
d (m) mK] w] d (m) mK] w]
Ceramic_tile 0.02 0.8 0.025 Ceramic_tile 0.02 0.8 0.025
Plywood_board 0.03 0.11 0.273 Concrete_ MC_light 0.05 1.65 0.030
Fiberglass_batts 0.35 0.043 8.140 Fiberglass_batts 0.35 0.043 8.140
Air_floor_15cm 0.15 0.7 0.214 Air_floor_15cm 0.15 0.7 0.214
Gypsum_board 0.015 0.16 0.094 Gypsum_board 0.015 0.16 0.094
Total 0.565 Reot 8.915 Total 0.585 Reot 8.673
U-value [W/m?K] 0.112 U -value [W/m?K] 0.115
Ground Thickness, Conductivity, k [W/ R-value d/k [m?K/ Ground Thickness, Conductivity, k [W/ R-value d/k [m?K/
d (m) mK] wi] d (m) mK] wi]
Concrete_RC_dense 0.2 1.75 0.114 Concrete_RC_dense 0.2 1.75 0.114
XPS_board 0.25 0.037 6.757 XPS_board 0.25 0.037 6.757
Concrete_MC light 0.07 1.65 0.042 Concrete_MC_light 0.07 1.65 0.042
Cement_mortar 0.08 0.8 0.1 Cement_mortar 0.08 0.8 0.1
Ceramic_tile 0.02 0.8 0.025 Ceramic_tile 0.02 0.8 0.025
Total 0.62 Riot 7.168 Total 0.62 Riot 7.168
U-value) [W/m?K] 0.139 U-value [W/m?K] 0.139
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Fig. 4. Daily maximum and minimum external air temperature in Borlange, Sweden [22]
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Fig. 5. Daily total solar radiation profile in Borlange, Sweden [22]

3.3. Boundary conditions and parameters set up

In order to perform the simulation as accurate as possible, the key
parameters need to be set up in the tool. For each archetype, it is
necessary to define standard electricity loads, air conditioning, windows
type and DHW load. These input data are chosen carefully according to
the SVEBY (“Standardize and verify energy performance” in Sweden) for
residential building [17], school [18] and commercial building [19], or
with reasonable assumptions where needed as suggested from the na-
tional building standards (BBR' 26 and BFS” 2016:12 BEN °“in Sweden
[21,23]), as well as the recommendation from industry. We assume the
simulation is based on one year duration. It is practical because there
might be different waves of the virus, and we may have to maintain the
confinement measures for a long time. Table 4 summarizes of boundary
conditions and key parameters set up.

1 BBR stands for ‘Boverkets byggregler’ in Swedish, which means the Na-
tional Board of Housing, Building and Planning for building regulations

2 BFS represents the collection of statutes at the National Board of Housing,
Building and Planning.

3 BEN stands for ‘Byggnadens Energianvindning’ in Swedish, which means
Building Energy Use.

3.3.1. Residential buildings

The residential buildings accounts for a large proportion in this
district and it is important to define the input data carefully. Both wood
and masonry structures are considered the same parameters.

The standard electricity loads include with occupancy density,
equipment power density and lighting density per square meter. The
occupancy density for residential buildings is defined by national
building standard (BFS 2016:12 BEN [23]) based on how many rooms
and kitchens there will be in the building. Since this design is still at the
early stage, there is no detailed information about the interior design of
each building. It is thus considered 20 m? for each room and 5 m? for the
kitchen in total. So each person has 25 m2. By converting it in person/
m?, the occupancy density will be 0.04 person/m?. The equipment and
lighting power density are considered to be 8 W/m? in total. The BFS
2016:12 BEN1 [21] suggests 30 kWh/(mzyear) for the household elec-
tricity (equipment and lighting) [23], which is about 3.5 W/m? that is
smaller than the 8 W/m? considered. However, the power density will be
depended on specific schedule as defined in Table 1, so the power system
is not always on, which will result in a closer power density to the
standard. Moreover, according to the Swedish Internet Foundation [24],
more than two thirds of Swedes already work online from home for
certain time, with around a third doing this on a daily or weekly basis.
Depending on the survey from 2009 to 2018, about 48% companies
allowed employees working from home in average [25]. The existing



X. Zhang et al.

Applied Energy 280 (2020) 115954

N
B 11.1-13.9 m/s, Strong Breeze NNW NNE
8.5-11.1 m/s, Fresh Breeze
5.4 - 8.5 m/s, Moderate Breeze Nw NE
3.3-54 m/s, Gentle Breeze
1.8 - 3.3 m/s, Light Breeze
B 0- 1.8 m/s, Light Air WNW ENE
Beaufort Scale
w E
Wsw ESE
SW SE
SSw SSE
S
Fig. 6. Monthly mean wind speed profile and wind rose in Borldange, Sweden [22]
Table 4
Summary of the boundary conditions and key parameters set up.
Residential Office School Retail
Set point temperature [C] 21 21 22 21
Occupancy density [person/m?] 0.04 0.05 0.067 0.3
Occupancy schedule Figure 7, al&a2 Figure 7, b1&b2 Figure 7, d1&d2 Figure 7, c1&c2
DHW
Hot water annual demand [kWh/m?] 25 2 2 2
Ventilation
Infiltration ACH 0.05 0.05 0.05 0.05
Mechanical ventilation yes yes yes yes
Min fresh air per area [l/s/m?%] 0.35 0.13 0.25 0.23
Min fresh air per person [l/s/person] 0.7 0.7 0.7 0.7
Heat recovery type sensible efficiency 0.8 0.8 0.8 0.8
Conditioning
Heating set point [C] 21 21 22 21
Heating COP 1 1 1 1
Heating schedule All day on from 1st Oct. to 30th Apr.
Cooling set point [C] - 26 26 26
Cooling COP 3 3 3 3
Cooling schedule Cooling season is from 15th May. to 31th Aug.
- Figure 7, b7 Figure 7, d7 Figure 7, ¢7&c8
Standard Loads
Equipment [W/mz] 4 10 8 7
Equipment schedule Figure 7, a5&a6 Figure 7, b5&b6 Figure 7, d5&d6 Figure 7, c5&c6
Lighting power [W/m?] 4 6 4 8
Iluminance target [lux] 200 500 500 300
Lighting schedule Figure 7, a3&a4 Figure 7, b3&b4 Figure 7, d3&d4 Figure 7, c3&c4
Windows to wall ratio (%, S-N-E-W) 50-40-40-40 60-40-40-40 60-40-40-40 60-50-50-50

social and company policies in Sweden champion flexible and remote
working culture as part of a balanced and gender-equal lifestyle. As a
result, we assume that the energy demand due to telecommuting and
distant working has been already considered in the existing Swedish
building regulations and statistics.

The heating set point in all the residential buildings is assumed at 21
°C [21] and the heating is always “on” for the entire heating season,
which lasts from October to April in Sweden. All the buildings are
considered to be connected with the district heating network, where the
heating coefficient of performance (COP) equals to 1.0 [21]. The me-
chanical ventilation is implemented and it is set at 0.35 1/sm? [21], thus

0.00035 m®/sm?. In addition, an infiltration of 0.05 air change per hour
(ACH) is considered as a typical new building in Sweden.

The window sizes and their orientations can determine how much
solar radiation can come into the building, and hence how much free
gain that is possible to use during the winter season. On the other hand,
during the summer season, a high share of solar radiation coming into
the building could cause overheating problem and increase the cooling
demand. Francesco Goia [26] studied three different cities in different
locations, in which Oslo (59°57’) is northernmost city and its results can
be useful for Borlange since they are about at the same latitude. The
optimal window-to-wall ratios (WWR) in buildings in different locations
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are considered carefully by referring the design in Oslo (59°57’- same
latitude of Borlange). Different orientations have different optimal
WWR. In particular, the optimal range for the south is 0.5-0.6, while for
the other orientations is always 0.37-0.43 [26]. However, the recom-
mended ranges are meant for office buildings and not for residential. We
thus set the lower part of the range for the south direction, with a WWR
of 0.5 towards south and 0.4 towards the other directions. Both SVEBY
and BFS 2016:12 BEN1 suggests DHW load at 25/nsys; [kWh/m?] for
new apartments [21,23], with neys the efficiency of the system (1.0 in
case of district heating). As a result, DHW load is assumed at 25 kWh/

m?

3.3.2. Office buildings

The office buildings have an occupancy density of 0.05 person/m>2,
which means 20 m? per person [21]. The equipment power density is
higher than the residential one and it is set at 10 W/m?, while the
lighting power density is set at 6 W/m?2. The heating set point is at 21 °C
and the heating COP is still considered 1.0 with the district heating
network. These buildings have a cooling system with set point at 26 °C
and COP equals to 3.0. The mechanical ventilation is present and con-
siders 1.3 1/sm? [21], thus 0.0013 m®/sm? In addition, an infiltration of
0.05 ACH is considered. The WWR is equal to be 0.6 towards south and
0.4 to all the other directions in order to have the maximum advantage
from the solar radiation all over the year [26]. DHW load is assumed at 2
kWh/mZ, according to the building regulation (BBR 26 [21]).

3.3.3. Retail shops

The occupancy density is higher in the shops at about 0.3p/m?
around 3 m? per person. The activity power density is thought to be 15
W/m?, precisely 7 W/m? for the equipment and 8 W/m? for the lighting.
The heating set point for retail shops is at 21 °C, the COP is considered to
be 1.0 and the cooling system is present. The cooling set point is at 26 °C
with a COP of 3.0. In addition, there is a mechanical ventilation system
with minimum fresh air per area equal to 0.0023 m3/sm? (by consid-
ering the minimum of 7 1/s per person [21]). In addition, an infiltration
of 0.05 ACH is considered. WWR is set at 0.6 towards south and 0.5 to all
the other directions by considering the recommendation of reference
[26] and practical showcase purpose. DHW load is assumed at 2 kWh/
mz, according to the building regulation (BBR 26 [21]).

3.3.4. School

BBR regulation suggests the occupancy density of school at 0.067
person/m? [21]. Therefore, the activity power density is set at 12 W/m?
with 4 W/m? for the lighting power and 8 W/m? for the equipment. In
the school, the heating set point is set at 22 °C, and the COP is set at 1.0.
The cooling system has a set point of 26 °C with a COP of 3.0. There is a
mechanical ventilation system with minimum fresh air per area equal to
0.0025 m®/sm? (2.5 l/smz) [21]. In addition, an infiltration of 0.05 ACH
is considered. The size and orientation of the windows in a school are
considered to be similar to an office because of the similarity on daylight
needed in the large spaces. Thus, the same values of WWR ratio are used:
0.6 towards south and 0.4 to all the other directions. DHW load is
assumed at 25 kWh/m?, according to the building regulation (BBR 26
[21])..

3.3.5. Schedules

In this study, the schedules are defined according with BBR 26
regulation [21] or practical assumptions in Table 1. For instance, in a
residential building of the base case, the lights are considered to be on
during two times in the weekdays: one in the morning around 7/8 am
and then during the evening. During the weekends, part of the lights are
also considered to be on during the day. There are mainly two peaks for
equipment during the weekdays and a larger use in the weekends. Part
of equipment, such as fridge, are considered to be always on. The
heating is always on in order to keep the set point temperature and
protect the buildings from moisture damage during the heating season,
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which starts the first of October and ends the thirtieth of April. From
May to September, the heating is considered to be totally off. The rest
schedules for offices, retail shops and the school are similar to each
other. Retail shops are considered to be opened over the year in the base
case, while offices have one month vacation in August and school has a
lower occupancy density in July. The cooling season in all of these fa-
cilities lasts for three month and a half, which starts in middle May and
finishes at the end of August. The rest schedules for other scenarios can
be referred to Table 1.

Fig. 7 illustrates an example of the schedules setup in confinement
level 2 for occupancy, lighting, equipment, and cooling in each building
type: (a) residential building, (b) office, (c) retail shop, and (d) school.
The heating is assumed to be turned on all the time (24 h) during the
heating season, from first of October and ends the thirtieth of April.
There is no heating from May to September. DHW is set up at the same
load across seasons on an annual base. There is no cooling system in
residential buildings. On confinement level 2, it is assumed that the
unoccupied hours in residential building are 5 h in total each day. For
instance, as indicated in Fig. 7 (a), each 2.5 h in the morning and af-
ternoon are assumed for outdoor activities during weekdays, while
outdoor hours appear mostly in the afternoon during weekends. These
changes in occupancy then influence the setups in school and office
buildings. There will be 5 occupied hours in school, and 4.5 h in office
building respectively, as shown in Fig. 7 (b) and (d). The schedule of
retail shops, as shown in Fig. 7 (c), is 4 h longer than that in base case,
which are the same for both weekdays and weekends. All the associated
lighting and equipment, as well as cooling schedule, are then changed
according to the occupancy schedules in each building type, based on
the default setup in the base case.

4. Results and discussion
4.1. Detailed simulation results of base case (level 1)

Fig. 8 visualized the total energy demands of all the studied buildings
in one year, which varying from 13,372 kWh/year to 483,056 kWh/
year. Both Fig. 9 and Fig. 10 further break down the all energy consumed
categories according to each archetype. In general, there are three
dominant energy consumptions in the studied district, where heating,
equipment, and lighting account for 40%, 30% and 27% respectively.
Once looking into each archetype, the principal archetype is the resi-
dential building, which need 60% of electricity in lighting category and
94% in heating category, due to its greatest floor area percentage in the
district (except for the cooling demand). From the aspect of area-
weighted average energy demand, the total energy demand of the dis-
trict is simulated with the results of about 80.0 kWh/m?/year in
average. More details can be found in Table 5. It can be divided into the
different archetypes as followings: 64.1 kWh/m?/year for the school;
92.2 kWh/m?/year for the retail shops; 72.1 kWh/m?/year for the of-
fices; 80.4 kWh/m?/year for the residential buildings. Among these,
retail shops have the highest energy demand due to the high needs in
lighting and the equipment operation. Nevertheless, the retail shops
have a relatively low heating need (2.4 kWh/m?). Higher occupancy
density, electrical energy demands and higher WWR together contribute
to useful heat gains in reducing the heating load accordingly. On the
other hand, these heat gains are not so useful during the summer time.
Therefore, the retail shops need most cooling demand in order to avoid
overheating issues. Residential buildings ranks the second since the
heating demand and the DHW loads are high. Offices and school have
nearly the same energy demands, due to the similarity of the input pa-
rameters. Offices have a slightly greater consumption in lighting and
equipment, hence in cooling consumption, but the heating need is a bit
lower.

In this study, apart from the total energy demand, we also define the
delivered electricity demand and the system energy demand. The
delivered electricity demand is the sum of lighting and equipment power
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Fig. 7. Example of schedules setup in confinement level 2 for occupancy, lighting, equipment, and cooling for each building type: (a) residential building, (b) office,

(c) retail shop, and (d) school.

loads, while the system energy demand is the sum of other service sys-
tem energy needs, such as heating, cooling and DHW.

Fig. 11 displays these two energy demands varying with floor areas.
It is observed that the delivered electricity demand increases nearly
linearly with the increasing of the floor area, since the key parameters
are set according to the floor areas. In contrast, it is not obvious to find a
similar trend in the system energy demand, which largely follows the
trend of normalized heating demand. There may be two reasons for this:
firstly, the DHW demands are set according to individual archetype
instead of being dependent on the floor area; secondly, the cooling is not
needed in all residential buildings, which account for the greatest total
floor area in the district.

Fig. 12 presents explicit monthly variations of the studied energy
demands in accordance to each archetype. The delivered electricity
demand generally has a relatively smooth annual variation. On the
contrary, the system energy possess a distinct seasonal deviation, where
it is significantly high during the heating season (starts the first of
October and ends the thirtieth of April), but much low from April to
September. It is found that the district achieves the peak system energy
demand in January when external air temperature is the lowest, domi-
nating by heating demand; it requires least system energy demand in
September, when heating and cooling are not needed so much during
the transition season.

4.2. Uncertainty analysis

Because this whole study is fully investigated through model setup
and simulation, all the results are highly dependent on the assumptions
and inputs. Therefore, it is necessary to have an uncertainty analysis
about the input parameters based on the simulated results. It is con-
ducted using the base case for the purpose of uncertainty analysis. In
general, there are four main types of inputs into the model, which are
occupancy profile, DHW load, electrical equipment power density and
lighting power density.

4.2.1. Occupancy profile input

According to Table 1 and Table 4, the occupancy density (person/
m?) is set with 0.04, 0.05, 0.067 and 0.3 for residential buildings, office
buildings, school and retail shops respectively, while the occupancy
duration (hours/day/person) is set with 14, 9, 10, 10 and 10 respec-
tively. The occupancy density inputs follow the lower design thresholds
from Swedish standards of BBR 26 [21] and BFS 2016:12 BEN [23]. At
the same time, the occupancy durations are derived from reports in
SVEBY for residential building [17], school [18] and commercial
building [19], as well as BBR 26 [21] and BFS 2016:12 BEN [23],
especially supporting by several individual studies from Statistics Swe-
den. Among these, SVEBY stands for “Standardize and verify energy
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Fig. 7. (continued).

performance in buildings”, which is a development program run by the
construction and real estate industry, aiming for definition and verifi-
cation of buildings’ energy performance. In SVEBY’s reports, user be-
haviours is continuously updated over time since 2012 in order to obtain
continuity and clarity in verification. Thus, it is important that input
data is reasonably set up according to the statistics in SVEBY’s manuals
[27]. For instance, there were two main concluded average occupancy
duration hours for residential buildings. The first average occupancy
hours is 15.5 h/day person that is concluded from 179 households in-
vestigations from different types of places and parts of Sweden, while
the another average value is popularly accepted with the average value
of 14 h/day/person . In this study, we take the latter value as the input in

the model.

4.2.2. DHW information input

Regarding the DHW load, the input (kWh/m? per year) is set with 25,
2, 2, 2 for residential buildings (taking majority type of multifamily
building), office buildings, school and retail shops respectively, which
are in accordance to the design suggestions from SVEBY for residential
building [17], school [18] and commercial building [19], as well as
study [28]. Some of these values are also backed up by statistic studies in
Sweden. The DHW load of residential buildings comes from a study of
1500 apartments in Stockholm between 1997 and 2003 [29]. The load
of office buildings is derived from the average value from the statistics of

10



X. Zhang et al.

1) Retail Occupancy Weekdays

3) Retall nghtlng Weekdays

5) Retail Equlpment Weekdays

7) Reta|I Coolmg Weekdays

Applied Energy 280 (2020) 115954

2) Retail Occupancy Weekends & Holidays

4) Retall nghtlng Weekends & Holldays
6) Retail Equipment Weekends & Holldays

8) Retall Coolmg Weekends & Holldaysekdays

©

Fig. 7. (continued).

several office properties [30]. The DHW load of school is selected for
either the primary school or the high school in Sweden [23].

4.2.3. Input of lighting and equipment

Other than the inputs of occupancy and annual DHW load, the
electrical inputs of residential buildings are more sensitive to the final
outputs, for the reason that greater magnitude of amount and the
following lock down modes investigation. According to the power
density of lighting and equipment in Table 4, two input categories
(parameter range) have been defined for lighting and equipment power
density respectively, using the value uniformly discrete within the
suggested parameter range in the references of SVEBY for residential
building [17], and statistics in previous studies [28,30] and surveys

11

[31]. The proposed sensitivity analyses cover all the archetypes with
total 16 varied cases, for the purpose in exploring the potential impacts
from these two critical inputs on the entire district energy performance
in a year. In each case, only one value from the potential input category
is tested on one building type, while other parameters keep their given
values as same as that in the base case.

Fig. 13 and Fig. 14 demonstrate the sensitive impacts of the two input
categories on ‘normalized delivered electricity demand’ and ‘normalized
system energy demand’ for this district in a year. In each diagrams, there
are 5 dots in each archetype, including the default value existed in the
base case and corresponding 4 parameters that vary with 0.5 W/m? each
time and for comparison. For instance, the default equipment power
density is 4 W/m? in residential buildings, so that the tested equipment
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Fig. 7. (continued).

power density values are set at 3 W/ rnz, 3.5 W/ mz, 4.5 W/ mz, 5 W/m? buildings account for the largest floor area in the whole district, leading
respectively in the same residential buildings. It is clear that all the this archetype become the most varying one. But the overall impact on
tested parameters have reasonable sensitivity performance by the residential building is limited with the acceptable discrepancy ratios
comparing to the base case. In terms of the normalized delivered elec- (i.e. + 2.8%) in both varying cases.

tricity load, the deviations change in range of —2.8% to 2.5% from the

angle of equipment power density variation, and in the range of —2.6% 4.2.4. Comparison to the building standards

to 2.5% from the aspect of lighting power density variation. In terms of In this section, the weighted average system energy demand from the
normalized system energy load, the maximum deviations are even less, base case is compared with the requirement at different local standards,
which are in the range of —0.7% and 0.6% from the aspect of equipment including the Swedish Housing Agency’s building rule [21], Passive
power density variation, and in the range of —0.4% and 0.6% from the house standard in Sweden (FEBY18) [32], and Swedish green building
view of lighting power density variation. The majority of the discrep- standard (Miljobyggnad) [33]. Table 6 presents the comparison results.
ancy percentages appear around + 0.1%. All the noteworthy deviations It is found that the weighted average system energy demand is simulated
are only discovered in the residential buildings, because residential at about 47.6 kWh/m2/year, which is much lower the basic requirement

12



X. Zhang et al.

Applied Energy 280 (2020) 115954

[ |
13372 - @ [43056 |

Result Total Energy

Type TotolValue

Fig. 8. Visualization of total energy demands in the residential district in one year.

DHW Cooling
@ School
I

2

————

2z

<rery

372,540 ——» [ ©

<—|—65,49V

|

3,354,456

[ Residentials

Retails

Lighting Equipment

Heating

Fig. 9. Breakdown pie charts of all energy consumed items for each archetype in the district [kWh/annual]

in building regulation (BBR26), and it meets the gold level of passive 4.3. Simulation results of different confinement levels

house standard. But it is a bit higher that the requirement of gold level in

green building standard. As a result, the simulation result is reasonable Table 7 reports the summary of the simulation results in different
by comparing to local standards. confinement levels. In the level 2, confinement measures are considered
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Table 5
Energy demands for each archetype at base case in one year duration.
Archetype Lighting Equipment DHW Heating Cooling Delivered System energy TOTAL energy demand
[kWh/m?] [kWh/m?] [kWh/m?]  [kWh/m?] [kWh/m?] electricity [kWh/ [kWh/m?] [kWh/m?]
2
m-]
0.1 02 0.3 0.4 05 0,1+0;2 0:34+0.440;5 0,14+0,2+0;3+0,4+0;5
Base case with no COVID-19 influence (Area weighted average: average values are calculated based on the respective area percentage of each archetype)
Residential (82.7% 12.3 15.6 25.0 27.4 0.0 28.0 52.4 80.4
of total area)
School (2.9% of 11.2 24.5 2.0 19.6 6.7 35.7 28.4 64.1
total area)
Office (8.1% of total 17.7 30.8 2.0 14.0 7.6 48.5 23.6 72.1
area)
Retail shop (6.3% of  36.7 32.1 2.0 2.4 18.9 68.9 23.3 92.2
total area)
Area weighted 14.3 18.2 21.0 24.5 2.0 32.4 47.6 80.0
average
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Fig. 11. Scatter plots of energy demand with floor area.

as ‘soft’ when citizens can go out for work and activities in certain hours.
It is observed that the average delivered electricity increase from 32.4
kWh/mz/year atlevel 1 to 38.5 kWh/mz/year (about 18.7% increase) at
the level 2, contributed mainly by residential buildings and retail shops.
This can be explained by the fact that the electricity demand in resi-
dential buildings rises when people stay longer time at home, with
augmented conventional demand (lighting, cooking and dishwashing)

14

and more equipment demand (online meetings, computation-related
workings). The retail shops are run longer for necessary purchase, de-
livery and pickup of food, medicine and commodity, so a higher elec-
tricity demand is found for lighting and equipment. Heating demand
varies differently in each archetype, but overall heating is needed less.
For instance, heating is less required in residential buildings because of
more internal heat gains when people stay longer at home; both school
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Table 6
Comparison of the simulation result to different standards in Sweden.

Passive house
standard in

Boverket’s
building

Area-weighted
average system

Swedish green
building standard

energy demand regulations (BBR Sweden (Miljobyggnad) [33]
[kWh/m?/ 26) [21] [kWh/ (FEBY18) [32] [kWh/mZ/year]
year] mz/year] [kWh/mZ/year]

Base case result  Basic requirement  Gold level Gold level

47.6 <=80 <=52 <=40

and offices need more heating due to less internal heat gains; in retail
shops, heating is needed less when it operates with much lower occupant
density and thus with less cold ventilation required. The general cooling
demand reduces slightly. Offices and school decrease cooling need as
they are open for shorter time with less occupants and less heat gain in
summer. While retails shops need a bit more cooling since they are run
for longer time, even though they have less internal heat gains due to
less occupants. The DHW loads are less than that on level 1 by consid-
ering the less occupants in school/offices/shops. The average total sys-
tem energy demand at this level is about 44.4 kWh/m?/year, decreasing
by 7.1% comparing to that at level 1 (base case). It is then observed that
the increased electricity demand dominates the change in energy de-
mand when DHW, heating and cooling demands are required less.

At the level 3, confinement is even harder than that on level 2. Cit-
izens can still go out for work and activities in fewer hours. The varying
trends of energy demands for archetypes, energy categories, and total
amount are similar to that on level 2. Comparing to the base case, the
average overall electricity demand increases by 17.7%, and the mean
total energy demand drops by 10.0%. The increased ranges are slightly
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smaller than that on level 1. The electricity demand is slightly lower
than that on level 2, because less power needed in offices and school,
while residential and retails stays nearly unchanged. The overall heat-
ing, cooling and DHW demands become less than that on level 2 since
fewer occupants are expected at offices, school and retail shops. This
shows that the electricity demand still influences mostly while the sys-
tem energy demand is required less.

In the case of level 4, citizens stay at home 24 h per day, while offices
and school are empty. Only the retail shops are open but with the least
occupancy density. Compared to the base case, the average Delivered
electricity in the whole strict increases by 14.3%, which contributed
mostly by residential buildings and retail shops while offices and school
are closed. In the contrast, the needs for heating/cooling and DHW drop
respectively. The reasons are similar to previous scenarios. The average
total system energy demand decreases by about 12.0%. The increased
amount of electricity demand is nearly equal to the drops of the system
energy demands.

4.4. Overall comparison and discussion

Fig. 15 shows the variation of the average delivered electricity de-
mand and the mean system energy demand in the base case and different
confinement levels for one year duration. Comparing to level 1 (base
case), the mean delivered electricity demand increases in range of 14.3%
to 18.7%, while the average system energy demand decreases in a range
of 7.1% to 12.0%. The stricter confinement measure leads to the lower
increase percentage for the average delivered electricity demand, but
higher decrease percentage in average system energy demand. In a ‘soft’
case as level 2 and 3, both schools and office buildings have to stay open,

Table 7
Simulation results of different confinement levels in one year duration.
Archetype Lighting Equipment DHW Heating Cooling Delivered electricity System energy TOTAL energy demand
[kWh/m?] [kWh/m?] [kWh/ [kWh/m?] [kWh/m?] demand [kWh/m?] [kWh/m?] [kWh/m?]
m?]
01 0.2 03 0.4 05 0.1+0;5 0,3+0,4+0;5 0,140,5+0,340,440;5

Level 2 (Area weighted average approach : average values are calculated based on the respective area percentage of each archetype)

Residential (82.7% 18,1 19,0 25,0 23,0 0,0 37,1 48,0 85,1
of total area)

School (2.9% of 8,1 19,2 1,5 23,2 6,2 27,3 30,9 58,2
total area)

Office (8.1% of total 10,9 19,0 1,5 23,6 5,6 29,9 30,7 60,6
area)

Retail shop (6.3% 39,1 34,2 1,5 1,1 19,2 73,3 21,9 95,1
of total area)

Area weighted 18,6 20,0 20,9 21,7 1,8 38,5 44.4 82,9
average

Level 3 (Area weighted average approach : average values are calculated based on the respective area percentage of each archetype)

Residential (82.7% 18,1 19,0 25,0 21,5 0,0 37,1 46,5 83,6
of total area)

School (2.9% of 7,2 16,8 1,0 25,4 5,1 24,1 31,4 55,5
total area)

Office (8.1% of total 9,8 16,9 1,0 26,1 5,2 26,7 32,2 58,9
area)

Retail shop (6.3% 39,1 34,2 1,0 1,2 19,1 73,3 21,3 94,5
of total area)

Area weighted 18,5 19,7 20,8 20,7 1,8 38,2 43.2 81,4
average

Level 4 (Area weighted average approach : average values are calculated based on the respective area percentage of each archetype)

Residential (82.7% 18.1 19.0 25,0 19.9 0 37.1 44,9 82,0
of total area)

School (2.9% of 3.7 9.5 0,0 32.6 3.4 13.2 36,0 49,2
total area)

Office (8.1% of total 6.4 10.6 0,0 32.4 4.2 17.0 36,7 53,7
area)

Retail shop (6.3% 39.1 34.2 1,0 1.2 19.0 73.3 21,2 94,4
of total area)

Area weighted 18.1 19.0 20,7 20.1 1.6 37.1 42.5 79,5
average
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Fig. 15. Average Delivered electricity and system energy demands of the whole district at base case and confinement levels.

resulting in a larger electricity need in total. While in a fully ‘lock-down’
case as level 4, schools and offices are closed without any power con-
sumption. So the overall electricity demand increases at a higher per-
centage when confinement measures are ‘soft’ in such a residential
district. The system energy demands decreases with the tightness of
confinement measures. When the lock-down ratio rises, less and less
heating/cooling and DHW are required in offices, schools and retails.
Meanwhile, although more DHW is needed in residential buildings, less
heating is required due to more internal heat gains.

From Fig. 16, it is obvious that the electricity demand is higher in
residential buildings and retail shops when confinement level increases,
but school and offices need less electricity. These results are in line with
the practice and assumptions. For instance, occupants need more elec-
tricity when they have to stay longer at home for living and working;
retails require more power when they are assumed to open for longer
time, in order to create opportunities for shopping peak shifting and
social distance. Offices and school don’t need so much electricity when
they are close partially or fully.

M residential
80,0

~N
o
o

D
o
o

50,0

40,0

30

kS)

20

o

Delivered electricity demand, kWh/m?2/year

10

kS)

Level 1 (base case) Level 2

m school

In Fig. 17, the total system energy demands of each archetype at base
case and different confinement levels are displayed. When the confine-
ment becomes harder and harder, more and more internal heat gains
from occupants, lighting and equipment can be expected in residential
buildings, leading to a lower and lower heating need there. Although
DHW and cooling demand increase, but their magnitude is much smaller
than heating load. So the total system energy demand in residential
buildings decreases when confinement level increases. School and office
buildings vary oppositely as both school and offices need more heating
due to less internal heat gains. Heating system has to stay open even
when there is no occupant in offices and school, to ensure heathy indoor
environment. So higher confinement level, more system energy de-
mands are necessary in schools and offices. Retails shops need a bit more
cooling in summer for longer opening, but they requires less heating
meanwhile in winter when occupant density/ventilation is much
smaller, causing a general drop in overall system energy load. However,
this decrease percentage in retails seems very limited when the
confinement level increases.

M offices M retail shops

0,0 Il‘l III‘ |II‘ III

Level 3 Level 4

Fig. 16. Delivered electricity loads of each archetype at base case and confinement levels.
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Fig. 17. Total system energy demands of each archetype at base case and confinement levels.

Fig. 18 demonstrates the variation of energy demand with month,
including the total aggregated delivered electricity and the system en-
ergy loads for the whole district. In this way, it explicitly exhibits the
detailed varying patterns at the base case and at different confinement
levels across a whole year. All the delivered electricity demands have a
relatively smooth annual variation. In the base case, the monthly total
delivered electricity demand has sharp drops in February and August. It
is found that there are two main factors that influences the monthly total
delivered electricity demand: (1) number of days in a month, and (2)
holidays. In February, the decrease in the total delivered electricity
demand is mostly caused by the relatively smaller number of days in the
months (i.e. 28 days as compared with 30 or 31 days in other months). In
fact, compared with a month of 30 days, the decrease of days in February
is about 6.7%, while the approximate electricity demand reduction is
about 7.7%. It is also noticed that all the months with 30 days have
lower delivered electricity demand than the others with 31 days, and
February has only 28 days; so it is much lower. In addition, sport break
usually takes place for one week in February and early November in
Borlange, and most family go out for sports holidays in the base case.
This one-week sport break is another reason leading to decrease in the
delivered electricity demand. Different from the summer holiday, only
part of people with children usually take sport breaks. So the offices will
keep open during the sport breaks, and only part residential buildings
will have lower electricity demand in the base case. Therefore, the sport
break has relatively smaller magnitude in electricity decrease than that
of the day numbers. Thus, in the autumn, the impact of sport break on
the demand decrease is not so significant, since the autumn sports break
usually appears in early November with total 30 days in that month. So
there is a different trend for the total aggregated electricity use in this
two sport holiday periods. In the simulation, it assumes that most people
take two weeks holidays in early August based on the local social custom
in Borldnge city. Such long holiday will lead to significantly drops in
electricity use at all types of buildings, due to closed offices/school and
unoccupied residential buildings. In other confinement levels from level
2 to level 4, less outdoor holidays (such as sport breaks) are foreseen,
comparing to that on the base case. In the simulation, during the holi-
days for the three confinement levels, it considers that most people will
stay at home for longer time, without going out for sports activities. It is
observed that the valleys of electricity demands are no longer in August,
but electricity use in August is still relatively smaller, since offices and
school will close for a short period during summer break. As a result, the
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aggregated electricity demand in August will be slightly lower than that
in other months. While in February, as it has the least days in a month,
the aggregated electricity demand is still much lower than that in the
other months, even with less outdoor holidays, resulting in the lowest
monthly electricity demands in all these three levels. It is obvious that
the confinement measures lead to higher delivered electricity loads than
the base case all year around. This is because, in all the three confine-
ment levels, retails are assumed to open longer; and more importantly,
more occupants will stay longer at home for living and working in the
simulated one-year duration. These two changes result in larger needs in
lighting and equipment in each month. In this district, residential
buildings accounts for the largest proportion, so the total delivered
electricity demand increase greatly in all the months, compared to the
based case. However, by comparing level 2 to level 3 and 4, it is unsu-
pervised that the higher level of confinement would not lead to higher
delivered electricity. In level 2, school and office buildings have to be
remained open, which have to consume electricity to maintain normal
operation. In level 3, the open durations for school and offices are
shorter than that in level 2, requiring less lighting and equipment power.
In level 4, all school and offices are closed, and there is no electricity
need any more. As the proportions of school and offices are not as large
as that of residential buildings, such reduction in electricity need is not
obvious in each month from level 2 to level 4.

In general, the system energy demands follow the principle trends for
all 4 cases during a year, which have peak demands in winter and much
lower demands in transit seasons and summer. In the winter, heating
demand dominates while in the summer cooling needs become promi-
nent. During transit seasons, both heating and cooling demands are
little, resulting in the lowest system energy demand in September. These
variations are also consistent with the monthly mean external air tem-
perature, which achieves lowest in January and peaks in July. It is clear
that confinement causes lower system energy loads than the base case,
which are in proportional to confinement level in each month.

This research, as a preliminary study, is the first step to investigate
the impact of COVID-19 on energy patterns and demands in different
buildings at a district. Although it doesn’t address the impact of the
detailed occupant behavior change on energy demand, the initial find-
ings at the aggregated level could help policy makers to understand the
corresponding overall energy patterns, demand and impact on different
seasons in each building type. It is then possible to have benchmark for
setup of new building standard for extreme crisis, such as lighting/
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Fig. 18. Energy demands at base case and different confinement levels with months: (a) the delivered electricity variation; (b) the system energy variation.

equipment power density, ventilation rate and building design guid-
ance. It is also useful for policy makers to trigger the discussion about
sharing of energy cost in the mode of working from home. Moreover, it
can support city-level or even regional-level policymaking in careful
design of confinement measures, planning of new district and its energy
supply system/infrastructure, as well as emergent operation of energy
system to guarantee sufficient energy supply to different buildings.

By comparing Table 5 and Table 7, it is found that the increase or
decrease in total energy demand of the whole district will be depending
on the confinement level, determined by the net amount of the increased
electricity need and the decreased system energy demands. Two ‘soft’
confinement scenarios lead to the increase in overall energy demand,
while ‘full lock down’ scenario results in a slight lower total energy
demand. So, it is not easy to say that a confinement measure will in-
crease or decrease the overall energy consumptions, as it depends on the
“functions” of the buildings in the district. There might be a different
result in an industrial district or a commercial district. In addition, the
change trend in energy demand may be different in another context or
another country, where the regulations are different. As a result, more
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investigation should be done in particular context and the approach
proposed in this paper can be replicated in different cases. Besides,
discussions should be also carried out when considering energy demand
on a system level, which should contain energy use in different sectors,
such as building, transportation and industry.

5. Limitations and future work

This paper conducted a simulation study of a non-existing (virtual)
neighborhood, which is still on the design and planning stage. As a
result, there is no real data that can be used to validate the model. But we
try to make sure the model as accurate as possible, by (1) using well-
known UMI tool, (2) relaying on reasonable assumptions, building
regulations and statistics according to Swedish authority standards (for
instance, SVEBY for residential building [17], school [18] and com-
mercial building [19], and with recommendation from the national
building standards BBR 26 and BFS 2016:12 BEN in Sweden [21,23]), as
well as industry, and (3) a uncertain analysis of key input parameters
and comparison with energy demand requirement in different
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standards. This paper’s scope is limited to investigate the impact of
different occupancy profiles (e.g. occupancy density and schedule), due
to COVID-19, on energy demand. It relies on the existing building reg-
ulations, historical statistics and the assumed confinement measure-
ments, owing to lacking of real data. The detailed occupancy behaviour
changes (e.g. telecommuting scenarios) due to COVID-19 is not inves-
tigated as a result. For instance, it lacks data that describes how
equipment (i.e. computers, TV etc) and lighting using in building
changes with occupancy in such a pandemic. Meanwhile, this study has
restricted impacts on delivered electricity loads based on the rigid as-
sumptions of overall operation schedules, which are lacking of explicit
social background knowledge. In the future, it is important to have the
real measurement data for such detailed behavior change to benchmark
the parameter setup in the simulation tool. In terms of more accurate
community energy model results, it is also significant to fully obtain
compulsory social background knowledge, for instance social customs,
holiday mechanism and various operating modes of different functional
institutions. These together will not only further help to improve the
simulation accuracy, but also make recommendations for solid update of
building regulation, especially for emergencies as COVID-19 pandemic.

On another hand, compared to standard method used in this study,
energy demand usually have a different correlation with occupancy
profile in different types of buildings. For instance, based occupancy
estimation by mobile phone, energy consumption differs by + 1% to —
15% for residential buildings and by — 4% to — 21% for commercial
buildings, compared to standard methods [34]. In some buildings, even
though the occupancy shows a significant correlation with the overall
amount of electricity used, but it lacks correlation with the amount of
cooling supplied by the HVAC system in campus buildings [35]. This is
because commercial and non-residential buildings (especially larger,
older constructions) are often monitored and controlled through a fa-
cilities provider, which reduces the direct feedback of information to
building occupants. With large-scale HVAC systems, the focus is often
placed on maintenance rather than a rapidly responsive system that can
adjust in real time to varying levels of occupancy [35]. As a result, the
standard approach in this study has its limitation, which might not be
directly related to current benchmark classifications (i.e. office build-
ings). In the future, new models for occupancy and energy demand, such
as [34,36], will be needed for designers to utilize at the early design
stage for more accurate estimation.

6. Conclusion

This paper evaluates the impact of the confined measures due to
COVID-19 outbreak on the energy demand for a building mix in a ‘vir-
tual’ district in Sweden, by proposing the dedicated occupancy sched-
ules related to the different confinement scenarios.

In the level 1 (base case, normal life without confinement measure),
the delivered electricity energy demand and the total system energy
demand of the district are simulated at about 32.4 kWh/m?/year and
47.6 kWh/m?/year respectively in average, where retail shops have the
highest energy demand due to the high needs in lighting and the
equipment operation. Residential buildings rank the second since the
heating demand and the DHW loads are high. Heating accounts for the
largest proportion, which therefore dominates the variation trend of
total energy demand with the months over a year.

Comparing to level 1 (base case), in the scenarios with different
levels of containment measures, the Delivered electricity of the entire
district increases in a range of 14.3% to 18.7%, contributed mainly by
residential buildings and retail shops. However, the mean system energy
demands, such as heating, cooling, and domestic hot water, decreases in
arange of 7.1% to 12.0%. These two variation trends nearly cancel each
other out, leaving the total energy demand almost unaffected in such a
residential district within Swedish context. In addition, the delivered
electricity demands in all the four cases have a relatively smooth vari-
ation across a year. The system energy demands follow the principle
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trends for all the four cases during a year, which have peak demands in
winter and much lower demands in transit seasons and summer.

The increase or decrease in total energy demand of the whole district
is depending on the confinement level, determined by the net amount of
the increased electricity need and the decreased other demands. Two
‘soft’ confinement scenarios lead to the increase in overall energy de-
mand, while the ‘full lock down’ scenario results in a slight lower total
energy demand. Therefore, it will be partial to say that a confinement
measure will increase or decrease the overall energy consumptions, as it
depends on the “functions” of the buildings in the district. There might
be a different result in a different building district, such as an industrial
district or a commercial district. A single district cannot reflect the
overall influence of the COVID-19 on the whole energy system. In
addition, the energy demand may change differently in another context
or another country, where the regulations are different. As a result, more
investigation should be done in particular context and the approach
proposed in this paper can be replicated in different cases. Besides, a
comprehensive discussion should be also conducted when considering
energy demand on a system level, which include energy use in building,
transportation and industry.

This paper’s scope is limited to investigate the impact of different
occupancy profiles (e.g. occupancy density and schedule), due to
COVID-19, on energy demand. It relies on the existing building regula-
tions, historical statistics and the assumed confinement measurements,
owing to lacking of real data. The detailed occupancy behaviour changes
(e.g. telecommuting scenarios) due to COVID-19 is not investigated. In
the future, it is important to have the real measurement data for such
detailed behavior change to benchmark the parameter setup in the
simulation tool for the improved accuracy. It is also significant to fully
obtain compulsory social background knowledge, for instance social
customs, holiday mechanism and various operating modes of different
functional institutions.

There might be a few more waves of COVID-19 outbreak, which may
lead to different levels of closures. The corresponding impacts on
Swedish or global energy demands in different types of districts and
sectors are necessary to be carried on. It is expected that this research
opens up such initiative by conducting a preliminary study in a resi-
dential district through simulation. These initial findings will help
mitigate the influence from COVID-19 with appropriate pre-
preparations for new policy designs that can withstand future long-
term shocks. The research results will help policy makers to under-
stand the corresponding energy patterns and performance in different
seasons. It is then possible to have benchmark for setup of new building
standard for extreme crisis, such as lighting/equipment power density,
ventilation rate and building design guidance. It is also useful for policy
makers to trigger the discussion about sharing of energy cost in the mode
of working from home. Moreover, it can support city-level or even
regional-level policymaking in design of confinement measures, plan-
ning of new district and its energy supply system/infrastructure, as well
as emergent operation of energy system to guarantee sufficient energy
supply to different buildings.
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