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Abstract

The characteristic that describes the extent to which buildings and their systems maintain their
performance during shocks is called resilience. Building policies in the EU have already
addressed the resilience of buildings against possible hazards (i.e., natural disasters, extreme
weathers, fires). However, with increasing overheating risks (e.g., climate change)
accompanied by their detrimental health and economic impacts, the thermal performance of
nearly zero energy buildings (nZEB) is not guaranteed. This study aims to assess the impact of
shocks and combinations on the thermal resilience of educational nZEB against heatwaves
(HW) and system shocks (SS) including failure of indirect evaporative cooling (IEC), natural
night ventilation (NNV) and solar shading failure (SF). A Modelica model of the building was
developed and experimentally validated. Shocks were classified and quantified using the novel
normalized degree of shock (doS) index. Heatwaves (HWSs) had 20x to 93x more critical
impact than the worst SS (NNV failure). Additionally SS occurring at the start of the

operational period is 1.2x more critical than SS occurring later in the day as it allowed for
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significant heat build-up in both classrooms. In future climate scenarios a combination of HWs
and power outages will become frequent. This study showed that a combination of a full day
of cooling strategy and shading failure occurring on the hottest day of a 6-day long HW, is
10% more critical on both lecture rooms than an individual 10-day long HW. Classroom with

heavy thermal mass prolongs the absorptivity of the shocks but delays recovery.
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Nomenclature

ACF Air conditioning failure

AHU Air handling unit

BMS Building monitoring system

DCV Demand-controlled ventilation

doS Normalized Degree of shock (-)

doES Normalized Degree of external shock (-)
doSS Normalized Degree of system shock (-)
ES External Shock

ESF Envelope strategy failure

HVAC Heating ventilation and air conditioning
HW Heat wave

IDEAS Integrated district energy assessment by simulation
IEC Indirect evaporative cooling

nZEB Nearly zero energy building

NNV Natural night ventilation



NS No shock

Pl Proportional integral

PO Power outage

RH Relative humidity (%)

SF Shading Failure

SS System shock

T Temperature

t time (h)

TLR Test lecture room

TMY Typical meteorological year

Toaks Average outdoor dry bulb temperature during external shock (°C)
Toarmy Average outdoor dry bulb temperature during typical meteorological year (°C)
Trans Average zone air temperature during no shock (°C)

Travr Average zone air temperature during ventilation failure (°C)
Tsqcsr Average supply air temperature during cooling system failure (°C)
Tsans Average supply air temperature during no shock (°C)

Tywnns Average window internal surface temperature during no shock (°C)
Tynsr Average window internal surface temperature during shading failure (°C)
top Total operational hours of the system in one day (h)

tshock Shock duration (h)

VAV Variable air volume

VF Ventilation failure

Greek symbols
p Density (kg/m?®)

n Efficiency (%)



Subscripts

a

avg

oa

op

max

min

ra

sa

wn

air

average

outdoor air

operational (without any shock/interruption)
maximum

minimum

room air

supply air

window



1. Introduction

Heating, Ventilation and Air conditioning (HVAC) systems are installed in buildings to
provide occupants with good levels of thermal comfort during cooling and heating seasons.
This is essential to maintain their wellbeing and productivity. In educational buildings, students
spend considerable amounts of time in classrooms. Providing them with comfortable indoor
conditions is crucial for their cognitive development and academic performance [1,2].
However, this process is energy intensive given the high occupancy loads and glazing ratios
often found in educational buildings [3]. This increases their carbon footprint, further
contributing to the worsening climate change conditions [4]. Thus, globally, and especially in
the EU, a shift towards designing energy efficient buildings was put in motion through revision
of building codes and standards [5,6].

Energy efficient year-round solutions include having highly insulated and airtight
envelopes [7,8], improved glazing [9], and solar shading [10]. During the cooling season,
passive cooling systems were installed, such as ground source cooling [11], natural night
ventilation (NNV) [12] and evaporative cooling [13]. The main goal of any energy efficient
building is to meet thermal comfort needs at reduced energy costs [14]. Balaras et al. [8] showed
that well-insulated and air-tight buildings in Greece have 20-40% less energy use compared to
non-insulated leaky buildings. A simulation study [10] evaluating the performance of solar
shading in offices in several climates reduced energy use by 5 to 77%. The research of Becker
et al. [15] and Heracleous et al. [16] in educational buildings in Europe demonstrated 18%-33%
energy savings by additionally implementing NNV. Harrouz et al. [17] found that dew point
evaporative cooling achieved 70% savings in energy costs as compared to active air
conditioning in classrooms.

While these buildings and their systems succeed in providing energy-efficient

comfortable environments, they are still designed under expected weather and operational



conditions (i.e., occupancy loads, solar heat gains, etc.), which is not always the case.
Throughout their lifetime, buildings can be faced with sudden shocks and unforeseen events,
that cause the indoor thermal environment to deviate from the designed comfort conditions by
causing over or underheating [18,19], impacting occupants’ health [20,21]. Underheating
causes hypothermia, decreased metabolic activity and cardiovascular stress [22]. Overheating
increases human body core temperature impacting basic bodily functions. This not only affects
the wellbeing of occupants, but increases mortality rates (heat-strokes) [23]. Overheating is a
concern in the EU which is witnessing warmer and longer summers [24] with the incidence of
severe heatwaves, lasting from a few days to several weeks, with weather forecasts predicting
an increase in their frequency and severity [25]. This puts extreme pressure on the electric grid
and thus, heatwaves are often accompanied by power outages further exacerbating overheating
[26,27]. In July 2019, Europe experienced historical records for highest temperatures [28], with
2,964 associated deaths in the Netherlands [29]. Severe heatwaves will become the norm by
2050, which could lead to a 257% increase in heat-related mortality in vulnerable communities
[25]. In addition, buildings can face other shocks related to failure in system operation. This
includes failure of air conditioning [30] and envelope strategies [31], which lead to indoor
overheating during the cooling season. Systems’ failure is a common occurrence in buildings
especially with increasing system complexity. It can be due to faulty sensors, failure or absence
of efficient fault diagnostics techniques and poor or irregular maintenance [32-34].

While buildings with airtight and highly insulated envelopes delay the onset of
overheating, they can delay recovery and create loads that cannot be completely removed by
the passive cooling strategies [35]. The extent to which buildings and their systems can
withstand shocks, and recover back to the original designed performance, is termed as “thermal
resilience” [19]. Therefore, apart from being energy efficient, buildings should also be

thermally resilient. The resilient performance of buildings has been assessed and improved



against certain types of shocks with policies set in motion by building legislations. This includes
frameworks to improve resilience of new and existing buildings against natural disasters
(earthquakes, extreme weather) through quantifying risks and adopting mitigating strategies
(e.g., advanced construction materials, damping mechanisms) [36,37]. Building resilience has
also been assessed and improved against fire hazards (i.e., fire-resisting materials, water and
power backups) [38,39]. As for the field of thermal resilience, the latter has recently gained
exposure due to the relevance of overheating risks and their detrimental impact on human
health. However, assessment frameworks to quantify shocks and improve buildings’ thermal
resilience are still lacking.

A few studies have attempted to evaluate qualitatively and quantitatively the thermal
resilience of buildings to overheating. IEA EBC’s Annex 80 [40] conducted several studies
evaluating the thermal resilience of existing buildings and passive cooling strategies [37—40].
Ji et al. [42] evaluated the thermal resilience against a heatwave of a naturally ventilated care
facility with interior blinds. They found that simultaneously increasing window opening area
size, replacing blinds with external shading, applying green roofs and NNV, can improve the
buildings’ thermal resilience. Sengupta et al. [44] evaluated the thermal resilience of a Belgian
dwelling during the heatwave of 2020 with and without NNV. Their results showed that with
implementation of NNV, the building recover 90% faster from the heatwave and decreases
maximum temperatures indoors by 4.3°C compared to the building without NNV. While these
studies focused on only one type of shocks (heatwaves), they did not evaluate other types of
shocks, such as system failures and compare their overheating effects. They also did not test
and compare different combinations of these shocks (e.g., heatwaves and power outages)
[27,45]. Moreover, the buildings were only equipped with natural ventilation and envelope
strategies (e.g., solar shading). Thus, thermal resilience performance of passive cooling

strategies (e.g., indirect evaporative cooling) still needs to be assessed. To the authors’



knowledge, no research has been done to classify, quantify and compare the impact on different
shock types on the resilience to overheating in buildings.

The aim of this work is to assess the impact of the shocks (i.e., heatwaves, system shocks
and combinations) on the thermal resilience performance to overheating of an existing nearly
zero energy building (nZEB) in Belgium. It is a very airtight, highly insulated educational
building equipped with indirect evaporative cooling (IEC), natural night ventilation (NNV) and
automated shading. The paper is organized as follows. Section 2 presents a novel way of
classifying shocks and introduces the normalized degree of shock index to quantify them.
Section 3 describes the case study building, the corresponding Modelica model and the
experimental methodology used for validation [46] as well as the simulation scenarios of
shocks. Section 4 presents the obtained results and discussion. Section 5 concludes the current
work followed by the study limitations and outlook in section 6. This study will give insight on
the level of preparedness of today’s NnZEB in facing extreme events and is the first step towards
a holistic quantitative assessment framework for the thermal resilience performance of

buildings.

2. Shocks’ classification and quantification

A shock is defined as a sudden disturbance that causes the building to shift partially or
completely from its designed conditions for a certain amount of time. Thus, it challenges the
resilience performance of buildings [47]. Figure. 1 illustrates the temporal evolution of
temperature during a shock and the different aspects of thermal resilience [19,47]. When the
shock occurs, the indoor temperature rises to T, causing certain levels of discomfort [48,49].
The period during which the temperature rises to T,,,,, IS denoted as shock absorptivity time
(t2-t1). When the shock ends and/or an employed recovery action becomes effective, the

building recovers from this shock back to eventually thermally comfortable levels [20]. This



period is denoted as recovery time of the shock (ts-t2). The absorptivity, recovery time and
Tnax depend on several factors:
(1) Type of shock, severity and duration
(2) Building characteristics (e.g., thermal mass, insulation, airtightness, glazing ratio, space
volume etc.).

(3) Heating ventilation and air conditioning systems, their control strategies

Acceptable thermal
conditions

Shock Start Shock End

Designed thermal
conditions

Temperature (°C)

o

t, t, ft3 Tlme'[days]

Legends

Absorptivity of shock = t, t; [ |Degree of impact of shock
Recovery from shock = t; 1,

Fig. 1. Temporal evolution of indoor temperature during a shock
To assess and compare the impact of shocks and combinations on the thermal resilience
of a building, it is crucial to define, classify and quantify different shocks. Shocks were
classified depending on how they impact the thermal environment as will be seen below. To

quantify them, this study introduces the normalized degree of shock (doS) index in equation

():

Tshock—T t
dOS — L_shoc ref % shock (1)
Tref tref
N— — N —
Severity Duration

The doS combines the severity and duration of the shock. The aspect of shock severity
expressed in equation (1) is a quantification of the shock origin and overheating causality rather

than a quantification of shock consequence on the room air temperature, which can be



influenced by multiple parameters simultaneously and not just the shock. Thus, severity is the
increase of a shock characteristic temperature Ty, COmpared to the reference characteristic

temperature T,.., under normal expected conditions. The characteristic temperatures depend on

the type of shock. The duration is the ratio of tg;,« (i.€., the duration of the shock (h) during
an observation period (t> — t1); (Fig. 1) and t,..f (i.e., a reference period depending on the type
of shock). Two types of shocks were identified as follows:

(1) External shocks (ES): ES are events occurring outside the building and cause a significant
temporary increase in the outdoor temperatures averaged over tgnock (Toazs) COmpared to
typical meteorological year (TMY) temperatures averaged over the same period (T,q ray ). ES
cause overheating by increasing the heat gains through the building envelope (i.e., walls and
glazing) and reducing the efficiency of mechanical and ventilative cooling strategies (e.g.,
evaporative cooling that relies on outdoor wet and dew point temperatures, natural ventilation
that relies on outdoor dry bulb temperatures and diurnal temperature differences). ES include
climate change events such as heatwaves (HW) [29], and disaster events (e.g., nearby fire
increasing temperatures near the building) [50]. ES was quantified by the normalized degree of

ES (doES), defined by equation (2):

Toa,Es—Toa,TMY t
dOES — loa oa X shock (2)
Toa,TMY tshock,max
Severity Duration

In (2), tshockmax 1S the duration of the longest ES that is predicted to possibly occur. ES can
last from a few hours to multiple days.

Note that the doES can be applied to both overheating events due to heatwaves but also
underheating events due to cold snaps. ES can be applied to any type of climate zone with
knowledge of the meteorological data for the reference case (TMY) and shock case from a

weather station or a weather data prediction model.
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(2) System shocks (SS): SS are partial or complete failure in the operation of building systems
in managing the space cooling loads through the envelope or by relying on a working fluid (i.e.,
air, water). They occur due to faulty feedback sensors in case of automated systems [33],
deterioration of components (e.g., motors, valves, dampers, belts) [51], irregular preventive
maintenance [52] and inadequate fault detection diagnostics [34]. Depending on the nature of
the impaired system, SS can cause overheating differently. In this study, three sub-types of SS
were identified:

I- Envelope strategy failure (ESF) is a failure of any active envelope strategies. This includes
any type of external or internal shading failure (SF),failure of window cooling in a solar
chimney) causing an increase in the solar heat gains through the envelope. Thus, the average
internal window surface temperature over tg, ¢ during ESF (T, gsF) increases with respect

to the average internal window surface temperature over the same period (T,,,, ys ) in the case

of no shock (NS). ESF shocks can be quantified by doSSggr in equation (3):

_ Twn,eEsF—Twn,Ns tshock
dOSSESF =  E— X ¢ (3)
wn,NS op
- ——
Severity Duration

In (3), t,, refers to the designed operation time of the system.

Note ESF can cause underheating (e.g., failure of window heating using electric strips). The
doSSggr can still be applied in that case. The doSSggr cannot be applied to fixed envelope
elements (i.e., insulation, glazing) as the latter cannot be associated with a failure.

I1- Cooling system failure (CSF) (passive or active) installed in a building’s air handling unit
(AHU). Such failures (i.e., partial, or complete failure of fans, sensor failures, disruption in
pumps and water supply) may lead to incomplete or lack of cooling of the characteristic fluid
cf that drives the cooling load removal from a zone. This leads to an increase in its average

temperature over tepock (Ter,csp) cOmpared to its average supply temperature for NS (Tef s ).

CSF can be quantified by doSS s in equation (4):

11



T —-T t
dOSSCSF — cf,CSF cf,NS % shock (4)

ch,NS top
N —
Severity Duration

The doSS.sr can be applied to any cooling system including all-air cooling systems (i.e.,
adiabatic coolers, split air conditioning units, fan coil units and chillers) and hydronic systems
(i.e., chilled ceilings, beams). In the case of all-air systems, the cooling fluid is the supplied air
sa to a zone (T, = Ty, ) While for hydronic systems, the cooling fluid is the supplied water sw
(Tr = Tsy). System failure can also be associated with failure of a heating system causing
underheating events (e.g., all-air heating systems such as AHU with heating coils, hydronic
heating systems (radiators, heated floors). Equation (4) is still applicable.

I11- Ventilation system failure (VF): This includes failure of both natural day ventilation
and/or NNV through automated windows and failure of a mechanical ventilation system (i.e.,
partial or complete failure of fans). These strategies provide cooling through supply of outside
air. The resulting average room temperature over tg,,cr (Trqvr) during the system operation
times would be higher than in the case of NS (T, ys) . VF can be quantified by doSSy; in

equation (5):

TravF—Tra,Ns t
dOSSVF — lra = ra % s:wck (5)
ra,NS op
- N——
Severity Duration

The doSSy can be applied to ceiling fans as the latter promote mixing and influence room air
temperatures.

Both doES and doSS can be used to quantify ES and SS in any type of building where
preserving certain temperatures is a requirement for thermal comfort and occupant wellbeing
(residential, non-residential, commercial buildings).

For this study, degree.hours (K.h) was used as the resilience key performance
indicator [53]. It accounts for the occupied hours during which the zone temperature exceeds a

pre-defined threshold by 1 K [54]. For this study 24°C was chosen as the overheating threshold
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for European buildings according to the CIBSE TM52 standard [55]. degree.hours s

calculated as follows:
2
degree. hours :fl [T(t) 'Tthreshold ]+ dt (6)

where T is the indoor air temperature (°C); Tinresnoia 1S the 24°C temperature threshold
[°C]; tis time (h). The acceptable threshold according to the same standard is equal to 6 K.h.

To compare different shocks having different durations (especially ES), Method A as described
in Annex F of the EN 16798 [56] was selected. Following this method, the percentage of
occupied hours when the zone operative temperature is above 24°C was evaluated. A
percentage of occupied hours below 5% is considered as acceptable and below 3% is

considered good.

3. Methods

Figure 2 illustrates the methodology flowchart which illustrates the steps followed
throughout this study. The first step was to model in Modelica, the case study building equipped
with the different passive cooling strategies. The case study building, its technical installations
and their control were described in section 3.1. Step 2 consisted of the validating the model
experimentally in one of the case study rooms for a base case of no shock and a shock case.
This step is important to make sure the model’s temperature predictions were reliable to conduct
the next step of this study which is the parametric analysis (Step 3). The analysis was conducted
for different doES and doSS and combinations of the latter. Finally, the resilience performance
of the different cooling strategies were discussed in Step 4, as well as comparisons of different
shock types, and assessment of the impact of thermal mass to explain some of the discrepancies

between the two TLRs.
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Model case study building with Model inputs

different systems in Modelica Weather data files TMY, occupancy,
lighting loads, AHU and schedules,
set-points

Experimental validation for a base case
scenario (NS) and a case with shock

doES and different doSS and Weather data files HWs

Parametric analysis for different | [ Model inputs for ES and SS
combinations Failure schedules for SS

Results: Impact of increasing doES,
4 doSS and determination of critical
shock combinations

Discussion on resilience of passive cooling
5 | strategies, shock comparisons and impact
of thermal mass on resilience performance

Fig. 2. Methodology flowchart

3.1. Building and Systems’ description

The case study building is a real-use educational building, situated at the Ghent Campus,
KU Leuven, Belgium. The building consists of two lecture rooms, E120 (1% floor) and E220
(2" floor) (13.28 m length x 10.69 m width x 2.7 m height) that can each seat a maximum of
80 students. The Menerga AHU [57] serving the lecture rooms resides in a technical room on
the top floor. Figure 3 illustrates a schematic of the building and its AHU. The building was
designed according to Passive House Standard [58]. The two test lecture rooms (TLRs) are
identical zones with different air tightness. The airtightness nso of E120 and E220 is 0.41 h'
and 0.29 h* respectively. E120 has a brick external wall with exterior insulation and E220 has
light-weight timber frame external wall. Both exterior walls have the same U-values of 0.15
W/m?2.K. Both lecture rooms have concrete slab floor with cellulose insulation and have U-
values of 0.15 W/m?.K. The roof is wooden frame with cellulose insulation and have U-value
of 0.14 W/m?2.K [59]. The composition of the envelope was presented in Table S1 in the S.

Each lecture room has ten triple glazed windows (U-value = 0.65 W/m?2.K, window-to-

wall ratio = 26.5%, window-to-floor ratio = 13%): six on the southwest facade and four on the
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northeast facade (Fig. 3). All windows have manually operable external screens. The screens
on the southwest facade were additionally automated (shading ON for 15 minutes when the

global solar radiation on the windows is above 250 W/m?).
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Fig. 3. Schematic of the test lecture building consisting of E120, E220 and the AHU
The AHU operates from Monday to Friday from 7:30 a.m. to 6:00 p.m. and is shut off
during the weekends as there are no classes. The building is equipped with an all-air system
with balanced mechanical ventilation. The air is supplied via a displacement ventilation system

in both lecture rooms (Fig. 3). The supply and extract fans supply a minimum airflow of 400
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m3/h and a maximum of 4400 m3/h. Four variable air volume (VAV) boxes regulated by
Proportional Integral (PI) signals control the airflow of the demand-controlled ventilation
(DCV) system based on competing CO> and temperature demands [60]. The PI control
compares the level of deviation of each room temperature from its 22°C setpoint and the level
of deviation of each room’s CO, concentration from an assigned threshold of 1000 ppm [61].
During the cooling season in the daytime, the lecture rooms are passively cooled by an
IEC from 7:30 a.m. until 6:00 p.m., having a maximum capacity of 13.1 kW. It is composed of
wet channels equipped with cooling pads wetted with water originating from a feeder tank. A
secondary flow of air — in this case the exhaust air from the lecture rooms, flows through the
cooling pads. The clean outdoor air also enters the AHU through a supply fan. If the IEC
operation is triggered, all the supply flow is completely diverted through the IEC and the flow
is maximum. The IEC operation is regulated via a control block consisting of two types of
controls: an ON/OFF controller and a hysteresis controller. The control block takes as input
measurements of the lecture rooms’ room air temperatures (T4 g120, Trq £220) @nd the outdoor
dry bulb temperature T,,. The IEC is triggered if one of the following conditions is true:
a) ON/OFF controller detects that T,, > 22°C or
b) Hysteresis controller detects that max(T;q 120, Trq g220) = 24.5°C.
Once triggered, the hysteresis controller will keep the IEC in operation until max
(Tra5120) Trap220) <22.5°C.
The supply VAV boxes controls the flow rate for each lecture depending on the demand and
cooled air is supplied to E120 and E220.
The building is also equipped with NNV for pre-cooling of the lecture rooms during
night-time [62]. NNV is activated from 10:00 p.m. to 6:00 a.m. from 1%t April to 31% October,

by opening of 10 motorized windows on both southwest and northeast fagades [62]. The total
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effective operable area of these windows is 4% of the floor area. Once open, the window will
remain open for at least 15 minutes if all of the following conditions are met simultaneously:
a) MaXx (Tyq,r120 07 Trar220) = 22°C and > than the outdoor air temperature T,, by 2°C
b) Maximum zone temperature (Tyq 120, Tra,220) Of the previous day > 23°C

c) T,q >12°C

d) RH < 70%

e) There is no rainfall and the wind velocity < 10 m/s measured at a height of 10 m from

ground level.

3.2. Modelica model and inputs

A simulation model of the building was developed using Modelica [46] in the Dymola
environment (2020x) [63] and using the “Integrated District Energy Assessment by Simulation”
(IDEAS) [64] library (Version v2.2.1). Modelica is an open-source, equation-based modelling
language with embedded libraries like IDEAS containing validated sub-models that can
accurately represent the building dynamics, HVAC systems, the control strategies as well as
varying events with different time scales. Figure 4 illustrates the Modelica model of the
building as seen in Dymola. Each lecture room was modelled as a separate thermal zone by the
zone component (2) and the envelope components (outer walls (19), windows (20, 22),
partitions (21)). The zone model was considered to achieve well-mixed and homogeneous
conditions of temperature. The floor of E120 and walls connecting the TLRs to the staircase
were modelled as adiabatic. The building has multiple systems (4, 5, 6, 7, 8, 9, 22) with control
blocks, that regulate their operation during heating/cooling seasons to maintain constant
comfortable temperatures (11, 12, 16, 23). Additionally, for DCV, there is a competing
temperature vs. CO, demand that is continuously monitored (13, 14, 15). Description of the

different model components can be found in the SI.
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Fig. 4. Modelica Model of the test lecture room building consisting of the building envelope,
and systems + controls

The model inputs were the weather data in the Sim Info Manager component (1) and the
occupancy schedules (24). The sensible and latent heat generation from occupants were 75 W
and 45 W respectively during sedentary activities [65]. The occupancy schedule of the two
lecture rooms was taken as input from the building monitoring system (BMS). Occupancy in
the lecture rooms was tracked by an Acurity 3D vertical optical counting system installed in the

lecture rooms 1 m from the door entrance [66]. The two TLRs, were typically used from
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Monday to Friday, between 8:15 a.m. and 6:00 p.m. following the class schedule in Table S2.

Figure 5 represents the weekly occupancy schedule from 8" to 15" of June 2021. This week

was chosen for the simulations since the full classes schedules were conducted each day of the

week for each TLR (Table SI 2). Since the effect of the simulated shocks will be monitored for

several weeks during and after the shock, this occupancy schedule was repeated periodically.

Sensible heat generation due to lights was defined in Modelica as 700 W in each zone model.

The lights only turned on when occupants were present.
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Fig.

5. Weekly occupancy schedules in: @) E120 and b) E220 (8"-15" June) and a close up of
the occupancy schedule on the 8™ of June when SS was inflicted

Simulations were run with 1 minute time step to capture the temporal variation of the

AHU, IEC, NNV and shading operations and temperatures. The simulations were run from 1
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week prior to stabilize the solution on the period of shock, and fifteen days after to check the
extend of shock impact on thermal conditions of the TLRs. Each simulation period varies

according to the duration of each shock type.

3.3. Experimental model validation

Figure 6 illustrates the experimental setup in E120. The experimental method of Al
Assaad et al. [63,64], employing heated cylindrical thermal manikins, was used to validate the
numerical predictions of the Modelica model (T, 120, Operation of IEC and NNV). Thermal
manikins were used instead of occupants in the experiment to provide controlled input for
internal gains in the experimental set up as well as the simulation model. The actual occupancy
schedules were later on used for the parametric study. 21 manikins were uniformly distributed
across E120 to reduce spatial gradients in temperature distribution [65]. Temperatures were
monitored at the room exhaust diffuser at 1-minute intervals using VAISALA GMW290 sensors
[69] that measure temperatures between -5°C and 55°C with an accuracy of +0.5°C. Apart
from these measurements, continuous logging of the parameters like supply and return air
temperatures, operation signal of the AHU, IEC, NNV, VAVs etc., was done using the BMS
[70]. The Modelica model was validated under normal operating conditions without shocks
(NS=base case) and a shock case (30-minute power outage) [68]. Two experimental scenarios
were conducted during the 2" week of August 2021 and lasted one day each. No classes were
scheduled during that period. The base case was conducted on the 8" of August. The second
case is a shock scenario of 30 min power outage (PO) shock and was conducted on the 14"
August 2021. The PO was manually inflicted by turning off the AHU for 30 minutes starting
3:00 p.m. In both cases, the manikins’ heat sources were turned on 12:00 p.m. and turned off at
5:00 p.m. This type of shock is a combination of two SS (failure of IEC, and ventilation failure-

VF). It was chosen due to its severe impact, ease of implementation and since triggering an ES
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IS not possible in a real case study. More details on the experimental methodology and protocol

can be found in the SI.

l

| Nt

_Q .HQ ® .I ® 0
T o]
® ® © 066 0

75 W light bulbs

I inside the
manikins for heat
— I generation
Top View of E120

Legends

® VAISALAsensors for Temperature (°C) measurements in 4 quadrants I] Windows
® 21 heated cylindrical dummies e DOOT'S

Fig. 6. Experimental setup in E120 with 21 heated cylinders and measuring equipment.

Figure 7 shows a comparison of predicted vs. measured T, 120, Operation of IEC and
NNV during - (a) base case and (b) 30 min power outage. For normal operation (Fig. 6(a)),
Tya E120 INcreased from 22.3+£0.5°C at 8:15 a.m. up to 22.3+0.5°C at 12:30 p.m. due to increase
in occupants and reached a maximum of 24.4+0.5°C at 3:30 p.m. due to heat build-up (internal
gains due to occupants, equipment and solar gains). Experimentally, the IEC was triggered at
11:07 a.m., due to outdoor conditions. IEC is deactivated at 6:00 p.m. After the manikins were
turned off at 5:00 p.m., T, g120 decreased gradually to reach 22.5+0.5°C at 9:00 p.m.. NNV
operation started at 10:00 p.m. T, g120 decreased by 1.3°C. NNV was inactive for 30° from
2:00 a.m. to 2:30 a.m. as Ty, g120 reached below 21.5°C. The same temperature trend and
operation of IEC and NNV can also be observed in the simulation model. There are two
conditions that the results of the simulation model must meet to be considered validated-(a) The
MAE (Mean absolute value of error) < 1°C and (b) RMSE (Root mean squared error) <1.5°C

[71]. The MEA and RMSE between the simulated model and the monitored T, g120 is 0.75°C
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and 0.95°C. Good agreement was obtained between predicted and measured values of Ty 120
(maximum relative error of 4.6%). During 30’ power outage (Fig. 7(b)), 21 manikins were
activated at 1:00 p.m. IEC was activated in experimental setup at 10:50 a.m. as T,, reached
22°C. Due to IEC activation, T,, g120 dropped by £0.5°C at 11:00 a.m.. After the manikins
were activated at 1:00 p.m., Ty, g120 increased from 22.7+0.5°C to reach 24.4+0.5°C at 3:00
p.m. A power outage (AHU shut-down) was inflicted from 3:00 p.m. to 3:30 p.m. IEC
operation was restored at 3:30 p.m., but T, 120 increased to 26.0+0.5°C at 5:00 p.m. due to
insufficient IEC operation and high wet bulb temperature. The manikins were turned off at 5:00
p.m. NNV was activated at 10:00 p.m. and T,., g120 dropped by 0.5°C. The same temperature
trend and operation of IEC and NNV can also be observed in the simulation model. MEA and
RMSE between the simulated model and the monitored Ty, g120 is 0.95°C and 1.10°C
respectively. Good agreement was obtained between predicted and measured values of T, g120

and the measured vs simulated IEC and NNV operation times (maximum relative error of

1.2%).
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Fig. 7. Comparison of the predicted and measured temperatures of E120, operation of IEC
and NNV for: (a) normal operation and (b) 30 minute power outage
3.4. Parametric study

A parametric study was conducted using the validated building model to assess and
compare the impact of ES, SS and combinations of them. For benchmarking, base case
scenarios with no shock (NS) were defined for each shock type.

3.4.1. Selection of ES

HWs were selected to investigate the impact of ES on the thermal environment. Ouzeau
et al. [72] characterized HWs by their intensity (i.e., maximum daily mean temperature °C
reached during the heatwave), duration (days) and severity (i.e., °C.days over a threshold). To
be classified as a HW, the dry bulb temperature should simultaneously exceed a threshold
temperature and a certain duration. These thresholds are determined for each country based on
the methodology of Ouzeau et al. [72]. In Belgium, if the temperatures exceed 25°C for a
minimum of 5 days and if among these 5 days, temperatures exceed 30°C for a minimum of 3
days, then the event can be considered as a HW. For Belgium, a heatwave ends if temperatures
drop below 20.2°C or if temperatures go below 21.8°C for 3 consecutive days.

Corresponding HW and TMY (reference case, equation (2)), weather data files are
needed as input to the Modelica model. Using the methodology developed by the IEA EBC
Annex 80 [73] and Machard et al. [74], 1 TMY and multiple HW weather data files were
extracted for three time periods: Contemporary (2001-2020), mid-term (2041-2060) and
long-term (2081-2100). The contemporary TMY (2010s) file was selected as it can properly
demonstrate the most typical pattern of performance during recent summers. In each period, the
most extreme HW were chosen (i.e., the most intense, the most severe, and the longest). Table
1 illustrates the selected HW and their characteristics. Figure 8 illustrates the temporal

variation of outdoor dry bulb temperature during each HW and the corresponding TMY period.
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More information on the weather data generation method and the HW selection process can be

found in SI.
Table 1. Selected HWs for Gent
Period D _ _Characteristics of H\_/Vs1
Intensity Duration (days) Severity (°C.days) | doESyy>

Contermporary |-LA | 30-0°C |10 (June 24 - July 3 18 0.167
1B | 31.1°C | 27 (July5-July 31) 26.3 0.205
Midterm  |L2A | 28.6°C | 6 (June 29 - July 4) 7.2 0.060
2B | 30.9°C | 16 (June 27 - July 12) 25.5 0.179
Longterm | 2A | 30.1°C_ [ 34 Quly 8 - Aug 10) 36.8 0.311
3B | 33.3°C | 45 (July 2 - Aug 15) 46.1 0.368

1 Corresponding TMY weather data files (reference case) have the same duration and occurrence period as HWs
% T,qrs in equation 2 corresponds to T,q iy tsnock (days) is the duration of the HW being evaluated, whereas tgock max
(days) is the longest predicted heatwave in the span of the next 100 years (45 days)
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Fig. 8. Outdoor dry bulb temperature variation, of selected HWs and TMY
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3.4.2. Selection of SS

To evaluate the impact of increasing degree of SS, SF (doSSsg), IEC failure (doSS;z¢)
and NNV failure (doSSyyy) were inflicted upon the two TLRs in the beginning of the week
(Monday -June 8™M). For each of the SS, the benchmark case is a base case with NS having the
same duration as each shock case. Table 2 presents the different SS simulation scenarios. For
each SS, the shock was increased from 30’ to its maximum operation duration with an increment
of 30’ (maximum operation time is 630’ for IEC, 270’ for SF and 480’ for NNV). For IEC, the
shock started at 7:30 a.m. as it is the starting time of the AHU. For SF, the shock started at 1:30
p.m. since solar radiation increases on the southwest fagade starting from 1:30 p.m. The shading
operating schedule from the BMS also demonstrated activation of shading during summer from

1:30 p.m. onwards. For NNV failure, the shock started at 10:00 p.m. (i.e., start time of NNV

operation). . Tsq 1ec Tsans s Twnser Twnns » Tranny and Trq vs are outputs from the validated
Modelica model.

To assess the most critical time of SS occurrence, each SS was inflicted at different times
during system operation. IEC failure can occur during any time period between (7:30 a.m. to
6:00 p.m.), the time of shock occurrence can have different effects depending on the occupancy
and thermal storage. SF can occur during any time period between (1:30 p.m. to 6:00 p.m.) and
the time of shock occurrence can have different effects depending on the solar radiation on the
glazing. NNV failure can occur during any time between (10:00 p.m. to 6:00 a.m.) and the time
of shock occurrence can have different effects depending on the difference due to outdoor and
indoor conditions (temperature, RH (%), wind speed and direction) and also on the thermal
storage of the two lecture rooms. Table 2 illustrates the different times of occurrence of each
type of SS.

Table 2. Parametric study table for SS
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Maximum .
Type of Time of R
shock . Z?g;l;n occurrence Calculated doS Justification
NS - - - No shock occurs (base case)
SS: SF: Failure of automated shading
. _ [0.006 - 0.323] 0.006 corresponds to 30’ of
Autosrlr;ated 270 min 1:30 p.m. for both TLRs | SF starting from 1:30 p.m. and
0.323 corresponds to max
l -
[doSSseT™ | 180 min | 3:00 pm. Eg;oggth %f’_zsg 0SSy of 270 minutes: 1:30
p.m. - 6:00 p.m.
SS - VF: Failure of IEC
. . [0.015 - 0.127]
630 min 7:30 a.m. for both TLRS
0.015 corresponds to 30° of
IEC failure starting from 7:30
CSF: IEC a.m. and 0.127 corresponds to
failure [0-28?1 E‘fé%”] max doSS,zc of 630° 7:30
[doSSgc]? 495 min 9:45 a.m. [0.005 _ 0.127] a.m. - 6:00 p.m. doSS,g. range
' for EZéO varies in the two TLRs due to
different occupancy level and
[0.005 - 0.127] the demand for the supply air.
. _ for E120
180 min 3:00 p.m. [0.011 - 0.127]
for E220
SS - VF: Failure of NNV
[0.001 - 0.047]
480 min 10:00 p.m. for 120
[0.001 -0.021] for ,
E220 0.001 corresponds to 30°of
NNV failure starting from
(00009 92471 | 10:00 p.m.. 0,047 and 0.021
VE: NNV 360 min 12:00 a.m. [0.0008 - 0.021] are max doSS,\{NV for 480°:
failure for E220 10:00 p.m.- 6:00 a.m._for
JdoSSuny J¥ [0.00075- 0.047] E120 and E220 respect_lvely.
NNV for E120 doSSyyy range varies in the
240 min 2:00 a.m. [0.0006 - 0.021] two TLRs due to different heat
' for E22.0 gains during the day
[0.0005 - 0.047] (occupancy) and difference in
' for E 12'0 air-tightness for both the TLRs
120 min 4:00 a.m. [0.0003 - 0.021]
for E220

1 A(doSSsr) = 0.006 equivalent to 30" increment of SF
2 A(doSS,gc) = 0.015 equivalent to 30° of IEC failure
3 A(doSSyyy) = 0.001 equivalent to 30 of NNV failure

3.4.3. Shock combinations
Shock combinations were assessed to quantify how critical a shock is if it is accompanied by
another shock (e.g., power outages being common during heatwaves). For the shock

combination of ES+SS scenario, the mid-term (2050s) HW (ID = 2A; doE Sy, = 0.06, Table
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1) was selected. This HW was selected since it is in line with the past and recent HWs in

Belgium in terms of daily average outdoor air temperature and in duration (i.e., most relevant

for current times and buildings). The HW (ID = 3B, doESyy, = 0.368), with highest impact

on the two TLRs was not selected since it was predicted to occur in the long-term future scenario

(2081-2100) when the current building stocks are assumed to have undergone improvement in

construction techniques, energy efficient cooling strategies and other overheating mitigation

strategies.

SS was inflicted on the hottest day of the HW (in this case-1% July). For a SS + SS

combination, the maximum shock duration for each SS was inflicted. Table 3 gives an

overview of the different chock combinations simulation scenarios.

Table 3. Parametric study table for Shock combinations

Type of Type of Maximum Calculated doS Time of occurrence
shock 1 shock 2 shock duration for both TLRs
NS NS - 0.00 -
ES and SS combinations®
HW= 6 days doESyy,= 0.060 Lo
HW IEC EC= 630 | doss = 0127 IEC : 7:30 a.m.
HW= 6 days doESyy,= 0.060 SF: 1:30 p.m.
HW SF SF=270° | doSSgs = 0.323
HW= 6 days doESyy,= 0.060 Can.
*
HW NNV NNV= 480 | dossr = 0,050 NNV : 10:00 p.m.
IEC and VF HW= 6 days doESyy = 0.060 -
HW (AHU IEC=630" | doSS,s=0.168 Ve”t;:}tl'uorg ?ﬁtseg"aar?qd IEC
failure) VF= 630 doSS;gc = 0.127 IR
HW= 6 days doESyy = 0.060 IEC : 7:30 a.m.
HW | IECandSF | IEC=630" | doSS;z = 0.127 SF: 1:30 p.m.
SF= 270’ doSSer = 0.323
IEC and HW=6 days | doESpy=0.060 IEC : 7:30 a.m.
HW i IEC =630 doSS;zc = 0.127 NNV - 1000 orn
NNV=480" | doSSyyy = 0.05 -0 pm.
HW=6days | doESky=0.060 >
HW EFN@E SF=270° NNV=| doSSsy = 0.323 N;f,-,ll-gf)og-mh
480° doSSyyy = 0.050 -0 pm.
HW=6days | doESgy=0.060 .
IEC,SFand | IEC =630’ doSSsp = 0.323 IEC : 7:30 a.m.
HW S "~ SF: 1:30 p.m.
NNV* SF= 270 doSS;zc = 0.127 NNV - 10:00 o
NNV=480" | doSSyyy = 0.050 Sl
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VF, IEC and _ -
NNV* HW__G da}/s dOESHW: 0.060 Ventilation system and IEC
VF=630 doSSyr =0.168 . .
HW (AHU and _ , _ failure : 7:30 a.m.
NNV* IEC =630° | doSSppc =0.127 SF : 1:30 p.m. : 10:00 p.m.
failure) NNV= 480 doSSgr = 0.323
VF, IEC, SF HW= 6 days doESyy,= 0.060 A
and NNV* | VF=630" | doss,p=0.168 |  ventiation system andIEC
HW (Power IEC =630° doSS;gc = 0.127 PSR
_ ) _ SF: 1:30 p.m.
outage) SF=270 doSSsr = 0.323 NNV : 10:00 p.m
NNV=480" | doSSyyy = 0.05 - Pvpm.
SS and SS combinations?
VF= 630 _ Ventilation system and IEC : 7:30
IEC =630’ _ IEC : 7:30 a.m.
IEC SF SF= 270° doSSsr = 0.323 SF : 1:30 p.m.
IEC =630’ _ IEC : 7:30 a.m.
IEC NNV NNV=4g0° | 40SSwwv = 0.050 NNV : 10:00 p.m.
SF= 270 _ SF: 1:30 p.m.
SF NNV NNv= 480> | @0SSnwy =0.050 NNV : 10:00 p.m.
SE and IEC =630’ doSSgr = 0.323 IEC : 7:30 a.m.
IEC NNV SF=270° doSSyyy = 0.050 SF : 1:30 p.m.
NNV= 480 NNV : 10:00 p.m.
I\IE/E::6§I§)O’ doSSyr =0.168 Ventilation system and IEC
VF IEC and SF oy doSSsr = 0.323 failure : 7:30 a.m.
SF=270 Ca
SF: 1:30 p.m.
IEC, SF and VF= 630" _ Ventilation system and IEC
NNV* e doSSyr = 0.168 L)
IEC =630 _ failure : 7:30 a.m.
VF (Power SE= 270° doSSgr = 0.323 SE failure :1:30
outage) F=27 doSS ~ 0.050 F failure :1:30 p.m.
NNV= 480 NNV = NNV:10:00 p.m.

1SS (one or more types) occur on the hottest day of the 6 day long HW period.
2 One or more system shocks occur on the beginning of a week in summer period (Monday 8™ June)

* Common value of doSSyyy

4. Results

Section 4.1 presents the base case scenario for SS and for ES. Section 4.2 presents the

impact of increasing degree of shock for ES and SS. Section 4.3 reports the impact of different

shock combinations.

4.1. Base case scenario (NS)

Figure 9 illustrates the temporal evolution of T, for both TLRs, occupancy, IEC and

NNV operation of the base case scenario during a normal operation with NS (doS = 0.00) on

8" June. T, 4 rpry ON 8" June was 19.2°C with a maximum of 21.6 °C at 3:00 p.m.
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The temporal trend of T, in both TLRs was proportional to their respective occupancy
schedules, T,, and the solar gains. During occupancy period (8:15 a.m. to 4:30 p.m.), Ty4 5120
and Ty g220 Were 23.8°C and 24.3°C respectively and Tyq max g120 Of 24.5°C was reached at
4:25 p.m. while Tyq max g220 O 24.8°C at 4:10 p.m. At 8:15 a.m., T,,, started to increase by
1.5°C in both TLRs due to gradual increase in occupancy (46 students for E120 and 48 students
for E220). The IEC was triggered at 10:50 a.m. as T4 520 reached 24.5°C. However, T,, kept
increasing due to internal loads despite IEC operation and reached 24.7°C at 12:30 p.m. During
the break at 12:30 p.m., there was a drop of 0.3°C in both TLRs due to the sudden decrease of
occupants. IEC was unable to lower the temperature to the setpoint due to high occupancy,
solar gains especially on the SW facade and high RH. After 6:00 p.m., T,., in both TLRs kept

increasing until 10:00 p.m. due to thermal storage effect of the envelope. Once NNV was active,

T,., for both E120 and E220 decreased below 24.0°C within 30°. Ty, g120 and Ty, 5220 during
night (10:00 p.m. to 6:00 a.m.) were 22.4°C and 24.0°C respectively. Daytime and night-time
Trqmax Of E220 was higher than E120 by 0.7°C and 2.0°C respectively. degree. hours were

0.64 and 3.84 for E120 and E220 respectively (< 6, acceptable, no overheating).
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Fig. 9. Temporal evolution of T,,, T,, for E120 and E220, occupancy of both TLRs and

operation of IEC and NNV on June 8" for case of NS

Figure 10 illustrates the (0.4% and 2.8%) of occupied hours above a 24°C threshold for

E120 and E220 respectively base case NS scenarios, used to compare the impact of the 6

extreme HWs (Table 1). Each HW will be assessed for the same duration as TMY (2010s). As

Toa vy 9€ts warmer in July and August compared to June, degree.hours for each TLR

increased. Temporal variations of room air temperatures in E120 and E220 can be found in SI.

In all 6 base case scenarios, (%) of occupied hours above 24°C were below 3%. The results

demonstrated that in typical period, there was no overheating in both TLRs. degree. hours in

E220 was on average 335% higher than E120. With operation of NNV at night, E120 had lower

peak T,, compared to E220 by 2°C- 5°C.
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m % of occupied hours above 24°c for E120 (heavy thermal mass)
7 1 m% of occupied hours above 24°c for E220 (medium thermal mass)

% of occupied hours above threshold
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Fig. 10. (%) of occupied hours above a 24°C threshold for E120 and E220 for the NS case.
The corresponding duration in TMY (2010s) weather data is the same as the 6-day HW

4.2. Impact of increasing doS

Apart from assessing the most critical time of shock occurrence, it is also crucial to
understand, how each type of shock impacts the two TLRs while doS increases. To assess the
impact of each shock type (ES and SS), doS was increased from 0 (NS) to doS,,,4»-
4.2.1. External Shock (ES)

Figure 11 illustrates the evolution of degree. hours for both TLRs for 6 extreme HWs
(Table 1) in increasing doESyy, order from doESyy min 10 dOESyw max. (A(dOESyy,) =
0.308). The impact of the intensity; duration, and severity of HWSs (Table 1) had a significant
influence on the doESyy,. Thus, the mid-term intense HW (ID = 2A) had the lowest impact on
the two TLRs and long-term severe HW (ID = 3B) had the highest impact. The rate of increase
of each doESyy, is proportional to the rate of increase of degree. hours in both TLRs. There
were significant increase in degree.hours during the HWs compared to their respective NS
scenarios. For ES, with doESyy min- (HW ID = 2A) degree. hours increased by 132x and
6x compared to degree.hours in NS scenario for E120 and E220 respectively. During
doESyw max- (HW ID = 3B) degree. hours for E120 and E220 increased by 36x and 7x

respectively compared to degree. hours in NS scenario. 100% of the occupied hours were
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beyond the 24°C threshold when the building was evaluated against a doESyy max- When the
duration of HW increased from 6 (ID = 2A) to 10 days (ID = 1A), doESyy increases
2.8x whereas degree. hours increase 1.5x for both TLRs. As the duration and severity of
HWs increases from 10 days and 18°C.days (ID = 1A) to 45 days and 46.1°C.days (ID = 3B),
doESyy, increases by 1.2x for each HW, whereas degree. hours increased 1.4x for each
HW. For both TLRS, doESyw max had 5x more impact than doESyy min - During all the
HWs, 80% of the occupied hours were above the 24°C threshold, significantly above the 5%

acceptable limits (Section 2.1). During HWSs, E120 had 1.2x less degree.hours compared to

E220.
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Fig. 11. Comparison of impact of doESy, of 6 extreme HWs for Ghent in E120 and E220
4.2.2. System shocks (SS)

The impact of increasing doSS and varying time of occurrence for IEC, SF and NNV
has been illustrated in Fig. 12. Table 2 gives an overview of the different SS simulation
scenarios. Each SS has been increased by a duration of 30 minutes from NS to doSS ,,, 4 -

@) Increasing doSsS:

If the IEC failure occurred from 7:30 a.m. to 6:00 p.m., degree. hours in E120 and

E220 increased by 5.7x and 4x respectively compared to no IEC failure. With the increase in

shock duration, the severity of the shock also increased due to heat build-up in the lecture rooms
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without cool supply air. A(doSS;g¢) increased by 2x when shock duration increases from 0’
(NS) to 30°. Additionally, A(doSS,gc) increased by 1.5 for each additional 30° shock from
30’ to 180, 1.2% from 180’ to 390’ and 1.1X increase from 390’to 630’. For each 30’ increase
in shock duration, degree. hours in both TLRs increased by 1.2x. For E120, a 630’ IEC failure
still resulted in less than 6 degree. hours. However, for E220, 3 hours of IEC failure already
violated this threshold.

If the SF occurred from 1:30 p.m. to 6:00 p.m., degree. hours in both TLRs increased
by 4x compared to no SF. As duration of SF increased, severity of the shock increased due to
high solar gains through the envelope. A(doSSs) increased by 1.5x when the shock duration
increased from 0° (NS) to 30°. Additionally, A(doSSgr) increased by 1.1x for each additional
30’ shock from 30’ to 270’. For each 30’ increase in shock duration, degree. hours in both
TLRs increased by 1.1x. For E120, 270 SF still resulted in less than 6 degree. hours.
However, for E220, 45° of IEC failure already violated this threshold.

If NNV failure occurred from 10:00 p.m. to 6:00 a.m., degree. hours in E120 and E220
increased by 4.5x and 3x respectively compared to no NNV failure. With increase in shock
duration, severity of the shock also increased due to lack of ventilative cooling. Both lecture
rooms are unable to flush out the heat build-up during the day due to internal and solar gains.
doSSyyy for E120 was higher than E220. For both TLRs, until 120’ shock, there was no
increment in doSSyyy . From 120° to 480°, for each additional 30° of NNV failure, A(doSSyyv)
increased by 1.2%. This resulted in 1.3x increase in degree. hours for each 30°. For E120,
480’ NNV failure still resulted in less than 6 degree. hours. However, for E220, 160’of NNV
failure already violated this threshold.

(b) Most critical time of shock occurrence:
Each SS can occur at any time within its operation period. For both TLRs, in the case

of SF, IEC and NNV failures, the highest degree. hours were obtained when the shock
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occurred at the start of the operational time of the system (i.e., IEC failure at 7:30 a.m., SF at
1:30 p.m. and NNV failure at 10:00 p.m.). For IEC failure, in both TLRs, degree. hours were
respectively 1.2x and 1.3x lower when the shock occurred at 9:45 a.m. and 3:00 p.m. instead
of 7:30 a.m. It might be noted that until a 270’ shock, the most critical time of occurrence was
at 9:45 a.m. due to its high occupancy. But due to higher heat build-up in indoor spaces, shock
starting at 7:30 a.m. proved to be most critical. For SF, in both TLRs, there was an average
1.4% increase in degree. hours when the shock occurred at 1:30 p.m. instead of 3:00 p.m.
NNV failure occurring at 10:00 p.m. was the most critical time of shock for both TLRs. For
example, in E120, NNV failure at 10:00 p.m., led to 1.2x, 1.1x and 1.5X increase in
degree.hours compared to a failure occurring at 12:00 a.m., 2:00 a.m. and 4:00 a.m.

respectively.
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Fig. 12. Impact of SS (IEC, SF and NNV) and corresponding degree. hours for E120 and
E220

4.3. Impact of shock combinations
Figure 13 shows the impact of different combinations of ES (HW, ID = 2A, Table 1)
+ SS (SF, IEC and NNV) failure during the whole operation period and combinations of them
at the most critical times of occurrence) and SS+SS (Table 3). The degree. hours for the
different ES+SS and SS+SS were plotted in increasing order from least to most severe.
According to Fig. 13b, in both TLRs, IEC+SF resulted in higher degree. hours than
IEC+NNV failure, followed by SF+NNV failure. For example, in E120, degree. hours for

IEC+SF failure were 1.1x higher than IEC+NNV and SF+NNV failure respectively. Thus
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combinations having the least impact are the ones without IEC failure (i.e., lack of cooling).
The worst is AHU failure (i.e., lack of cooling and ventilation: no load removal). Combining
three SS resulted in 3x higher degree. hours than two SS except for IEC+VF. IEC+VF+SF
was the most critical followed by IEC+VF IEC +SF+NN. For example, in E120,
degree.hours for IEC+VF+SF failure were 1.7x and 2.7x higher than IEC+VF and
IEC+SF+NNV failures respectively. For three combined SS, the worst is also the one with
AHU failure. Combining all SS resulted in the highest degree. hours. For example, in E120,
degree.hours for IEC+VF+SF+NNV failure were 3.6x higher than those for
IEC+SF+NNV.

According to Fig. 13c, in both TLRs, HW+IEC failure resulted in higher
degree.hours than HW+SF, followed by HW+NNV failure. For example, in E120,
degree. hours for HW+IEC failure were 1.1x higher than HW+SF and HW+NNV failure
respectively. Combining two SS with the HW resulted in 1.3x higher degree. hours than
single SS+HW with HW+(IEC+SF) being the most critical followed by HW+(NNV+SF),
HW+(IEC+NNV) and HW+(IEC+VF). For example, in E120, degree.hours for
HW+(IEC+SF) failure were 1.07x, 1.04x and 1.03x higher than HW+(NNV+SF),
HW+(NNV+IEC) failures and HW+(IEC+VF) respectively. Adding an additional SS to the
ES+SS combinations resulted in 1.02x higher degree. hours with HW+(IEC+SF+VF) being
more critical than HW+(IEC+SF+NNV). For example, in E120, degree.hours for
HW+(IEC+SF+NNV) failure were 1.01x higher than HW+(IEC+VF+SF).

According to Fig. 13, combinations of the same number of ES+SS were always more
critical than those of SS+SS. For example, in E120, degree. hours for HW+IEC failure was
15x higher than IEC+VF. The degree. hours for HW+IEC+SF was 9.2x higher than
IEC+VF+SF failure and degree. hours for HW+IEC+SF+NNV were 7.1x higher than

IEC+SF+NNV+VF. Note that the degree. hours in E220 were always higher than in E120.

36



For example, degree. hours during HW+IEC+VF+SF+NNV is 1.1x higher in E220 than

E120.
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Fig. 13. Effect of combined SS+SS and ES+SS shocks on thermal comfort and thermal
resilience to overheating in E120 and E220

5. Discussions
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5.1 Impact of shocks on nZEB non-residential buildings

Assessing of the impact of ES on the two TLRs (section 4.2.1) demonstrated that during
HWs, combinations of passive cooling strategies working in their full capacity cannot remove
excess heat build-up and there was evident overheating in both TLRs. The effectiveness of
evaporative coolers relies heavily on the outdoor psychrometric conditions. Since HWSs result
in increased wet bulb and dew point temperatures, the cooling capacity of evaporative coolers
(i.e., direct, indirect and dew point evaporative coolers) is significantly reduced. The same
applies for strategies that rely on diurnal temperature differences that are extremely reduced
during a HW. Example of such strategies are NNV used in this case study and radiative cooling
panels. The same applies for envelope shading strategies, which effectiveness reduces
considerably with increased solar irradiation on windows during HWs. Note that for NNV, its
effectiveness not only relies on diurnal temperature gradients but also on the design, favourable
wind directions and velocities, window opening area. To be maximally efficient, NNV relies
on stack effect establishment. This is not the case in the current case study building. Moreover,
the windows’ opening area was limited to 8°.

Failure of different systems proved that they deliver their highest cooling efficiency at
the beginning of their operational period as they don’t allow for significant heat to build up
inside the space. For example, if the IEC failure was to occur later at 9:45 a.m. or 3:00 p.m.,
TLRs would have been partially cooled by the IEC since the start of its operation in the morning
until a failure occurred. The decrease in the occupancy during break would also contribute to
lower violations. SF occurring later throughout the day would protect the space from the highest
solar irradiation at noon. If the NNV failure would have occurred at a later period, the partial

operation of NNV from 10:00 p.m., until the time of occurrence of the shock would have already

ventilated the two TLRs, lowering the T, 5120 and Tyg g220-
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5.2 Comparison of different shock types

To compare the different shock types, a common range of doS for ES and SS was
chosen. A common doS range of [0- 0.368] was selected. For ES this corresponds to the
different HWs defined in Table 1. For an IEC-SS, this corresponds to 0 to 3 days failure for
E120 and 0 to 5 days for E220. Similarly for SF-SS this corresponds to 0 to 1.5 days failure for
E120 and 0 to 3 days for E220. For NNV-SS this corresponds to 0 to 12 nights failure for E120
and 0 to 18 nights for E220. Figure 14 compares the impact of the same doS on the two TLRs
due to different shock types. According to Fig. 14, across the entire doS range and for both
TLRs, ES was more critical than all SS types by several orders of magnitude. For SS, NNV
failure was the most critical followed by 1EC failure and SF. For example, in E120, for doS =
0.368, ES resulted in 110x higher degree. hours compared to IEC failure, 290x higher than
SF and 31x higher than iNNV failure. Similarly, for E220, for doS = 0.368, ES resulted in
43% higher degree. hours than IEC failure, 75x higher than SF and 22x higher than NNV
failure. This also explains why during shock combinations, any ES+SS was more critical than

SS+SS (Fig. 13).
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Fig. 14. Comparison of the effect of ES, and SS in E120 and E220

5.3 Impact of thermal mass

The results showed that during the case of NS and during the cases of ES and SS as well
as combinations of them, the temperature violations in E220 were higher than in E120.
Comparing both classrooms, this can be since E220 has a lighter thermal mass than E120.
However, it can also be since E220 has higher heat gains due to the presence of the roof.
However, despite having the same number of average occupants over the week (32 occupants
in E120 and 34 occupants in E220), the number of occupied hours in E120 was higher than
E220 (35 hvs 19 h for E120 and E220 respectively). Thus, conclusions on the impact of thermal
mass cannot be immediately drawn and the two classrooms cannot be compared. Additional
simulations were conducted where the thermal mass was varied in each classroom between light
brick (p = 850 kg/m?®), medium brick (p = 1400 kg/m?), and heavy brick (p = 1850 kg/m®). The

specific capacity of the different bricks remained the same (Cp = 840 J/kg.K). The brick was
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located at the interior layer of the building envelope wall in E120. The rest of the parameters
were not varied.

The simulations were conducted for the case of No shock (NS), and the case of an ES
as they are the worst types of shock when compared to SS. The HW (ID = 2A, Table 1) was
again selected (as justified in section 3.4.3). Figure 15 illustrates the degree hours and temporal
temperature profile in E120 for a) NS and b) HW for light, medium and heavy thermal mass.
Results showed that both for the cases of NS and HW, increasing the thermal mass density
from light to heavy reduced the room air temperatures during the day and thus reduced the
unmet cooling degree.hours. This is since the heavier thermal mass was able to store more
thermal energy, providing inertia against temperature fluctuations. However, the damping
efficiency of the thermal mass was reduced in the HW scenario as compared to NS. For example
in E120, for the case of NS, the degree.hours decreased by 32.4% when switching from light to
medium thermal mass and further by 20% when switching to a heavy thermal mass. However,
during a HW, the degree.hours decreased by 7% when switching from light to medium thermal
mass and further by 4.7% when switching to a heavy thermal mass. This can be due to the
extremely high outdoor temperatures during both night-time and daytime encountered during a
HW and the reduction in diurnal temperature differences.

The damping efficiency of thermal mass was also less pronounced due to its higher heat
gains from the roof. For the case of NS, the degree.hours decreased by 21.7% when switching
from light to medium thermal mass and further by 14.2% when switching to a heavy thermal
mass. During a HW, the degree.hours decreased by 6.3% when switching from light to medium
thermal mass and further by 4% when switching to a heavy thermal mass. Thus, the thermal
mass has an impact on the thermal resilience performance of nZEB during overheating events,

however less pronounced than during reference scenarios with NS. The discrepancies found
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between the classrooms can be attributed in part to the thermal mass but also to the increased

solar gains in E220 given the presence of the roof.
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Fig. 15. Illlustration of the degree.hours (left) and temporal room air temperature variation
(right) for different thermal mass for the case of a) no shock (NS) and b) HW (ID=2A) for
E120

6. Conclusions
In this work, doS was introduced to classify, quantify and compare the impact of different
shock types on the thermal resilience to overheating in two lecture rooms. The key conclusions

were summarized below:

e Impact of shock types: The impact of ES (in this study HWSs) is significantly higher
than any SS. HWs in future climate scenarios can be considered as the most extreme
shock for nZEB buildings. HWs impact the outdoor climate conditions by
simultaneously increasing dry bulb, wet bulb, and dew point temperatures as well as
solar gains. They also reduce the diurnal differences in ambient air temperatures
between day and night. HWs will not only significantly increase envelope gains but

renders inefficient passive cooling strategies which performance relies on ambient
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outdoor conditions. Thus, shock combinations with HW which will become more
frequent in future scenarios will also be the most critical.

e To assess buildings’ resilience to overheating against ES, different HWSs should be
assessed (e.g., short and intense which will impact the absorptivity of the shock or long
and severe which will impact the recovery of the shock). In long-term future, as HWs
get longer in duration and higher in intensity, the buildings’ thermal resilience to
overheating is compromised and the passive cooling strategies fail to remove the heat
build-up in the indoor space during HWs.

e The time lag effect of thermal mass in nZEB diminishes during HWSs. Thus, thermal
mass doesn’t improve the thermal resilience performance of nZEB during HWS, as is
the case during typical conditions. The discrepancies found between the classrooms can
be attributed in part to the thermal mass but mostly to the increased solar gains in E220

given the presence of the roof.

7. Limitations and outlook

This methodology developed in this paper for classifying and quantifying ES and SS is
applicable to any type of building equipped with any type of cooling strategy, with knowledge
of (a) weather data and (b) occupancy profiles. For ES, only HWs have been investigated.
However, there is a growing need to include the impact of urban heat island effect in the weather
data to assess the severity of overheating risk in buildings in an urban context. On the other
hand, this study assessed the impact of shocks on the thermal resilience of a nZEB building
using the degree. hours and the % of occupied hours. However, such indicators do not give
insight into the other resilience aspects (i.e., absorptivity and recovery). Thus, there is a need
to develop a holistic resilience performance indicator and the current study is the first step

towards this goal. Future work will sensitivity analysis to evaluate the most influential building
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and system design parameters that impact the thermal resilience to overheating. Other building
typologies and associated systems will be investigated. Together with the doS, this can establish
a quantitative assessment framework that can be used to test and improve resilience to
overheating in todays’ buildings and systems.

Note that this method can be applied in any resilience domain, where shocks can be
characterized by their severity (i.e., variable responsible for shock occurrence) and duration,
thus posing a threat to the performance of an engineered system. The doS can thus be used to
quantify the shocks, compare their impact on system performance and adopt mitigating
strategies. Examples include building construction resilience during the occurrence of natural
disasters (i.e., earthquakes, fire, flooding). The doS can be expressed in terms of the change in

loading on the building foundation and the duration of the disturbance.
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