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ABSTRACT

Natural ventilation is a passive alternative to provide both indoor air quality and thermal
comfort for the building’s occupants with low energy use. But at the same time, it is
challenging for the building designers to implement natural ventilation strategies due to its
complexity and highly dynamic behaviour, especially when it is compared with the
mechanically ventilated buildings. Nevertheless, the use of naturally ventilated buildings is
increasing along with the use of passive strategies, but depending on the complexity of the
project, the designer still use rules of thumb for the implementation of natural ventilation

strategies instead of a more comprehensive simulation-based approach.

In theory, whole building simulation models (WBSM) are becoming viable tools to support
natural ventilation design, particularly in the early stages of the project where the impacts of
measures to implement a natural ventilation strategy are magnified. However, the only
“evidence” of such level of support comes from individual case-study projects. Nevertheless,
there is a lack of validation through measurement of the effectiveness of natural ventilation
design in real buildings. This research will shed light into the “inner-workings” of natural
ventilation models in WBSM to answer fundamental questions such as the following: How is
wind data processed? How are envelope openings characterized? How are internal openings
modelled? When and how is air buoyancy modelled in spaces? How are the coupled thermal
and fluid mass transfers modelled to reflect the dynamic thermal responses of constructions

and airflows?

Therefore, a methodological framework i1s developed in order to provide the necessary
knowledge for natural ventilation assessment. This framework is based on simulation
(WBSM) and field testing. The proposed framework is tested in an existing landmark building
in Vancouver. A WBSM of that building is developed, calibrated, and used to analyze how
different factors that compose an integrated natural ventilation strategy (like the building
shape, window shading, thermal mass, indoor spaces functionality and connectivity, and local

climate) influence the thermal comfort of its occupants.
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1. INTRODUCTION

Human activity is directly connected with different types of environmental damages. But
nowadays, it has become well accepted that human activity it is also related to global
warming. That knowledge acquired in recent years increases the environmental awareness
around different subjects such as the use fossil fuels, greenhouse gases emission and
sustainable development. Therefore, efforts have been made to decrease worldwide energy
consumption in all energy sectors, such as transportation, commercial, residential, and

industrial.

The International Energy Agency (2013) claims that buildings represent the largest energy-
consuming sector in the economy, with over one-third of all final energy and half of global
electricity consumed by this particular sector. As a result, they are responsible for
approximately one-third of global carbon emissions. With an expected population increase of
2.5 billion people by 2050, and given improvements in economic development and living
standards, energy use in the buildings sector is set to rise sharply, placing additional pressure
on the energy system. Perez-Lombard et al. (2008) point out that residential energy subsectors
include domestic hot water, lighting, food preparation, appliances, and others, but heating,

ventilation, and air conditioning take up substantially more energy than any other subsector.

According to Price et al. (2005), global consumption of primary energy to provide heating,
cooling, lighting and other building related energy services grew from 86 exajoules in 1971 to
165 exajoules in 2002. This is an average annual growth rate of 2.2% per year. Energy
demand for commercial buildings, during the same period, grew about 50% faster than for
residential buildings. The final global energy consumption by sector for the year of 2010 is
represented by the figure 1.1. In the graph it is also presented the origin of the energy used in

the building sector.

19



Other sectors
4%

= Coal
m Oil
= Natural gas
Buildings
35% ® Electricity

= Commercial heat

= Renewables

Figure 1.1 — Final energy consumption by sectors, 2010 (International Energy Agency, 2013)

In Canada, not differing from the world-wide average, the energy consumption used for
residential and commercial is around 31% of total energy consumed. Figure 1.2 presents the

energy consumption trends from 1990 to 2009 published by NRC (2015).

HIndustrial 37%
HResidential and Commercial 31%
i Transportation 30%

H Agricultural 2%

Figure 1.2 — Canadian energy consumption trends from 1990 to 2009 (NRC, 2015)

The construction sector is assimilating a kind of environmental consciousness which is
leading to more efficient and sustainable buildings, which has raised interest on the use of
natural ventilation. The potential benefits of natural ventilation are in terms of lower energy
consumption, thermal comfort, indoor air quality and operating costs. In recent years, the
development of natural ventilation technology was done especially in Europe. But there is still
a lot work needed before this potential improvement can be realized in North America.
Natural ventilation is slowing gaining acceptance as a viable strategy to deliver satisfactory

indoor environmental quality and cooling for the spaces. However, the added complexity of
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having to consider uncertainties from natural forces and interactions with human occupancies

still leads building stakeholders to prefer rely on mechanical ventilation.

Nevertheless, the use of naturally ventilated buildings are increasing but depending on the
complexity of the project the designers still use rules of thumb in the implementation of
natural ventilation strategy instead of a more comprehensive systematic strategy. The NatVent
project (Kukadia, 1998) identified the lack of experience and know-how of the main
stakeholders (such as architects, engineering consultant and building developers) as the main
barrier to the use of natural ventilation. Moreover, they concluded that design tools and

simulation codes were missing.

Nowadays, with modern energy software, whole building simulation model (WBSM) emerges
as a viable tool to support natural ventilation design, particularly in the early stages of the
project. However, there is a lack of validation through measurement of the effectiveness of
natural ventilation design in real buildings (Ellis, 2016). This research will shed light into the
“inner-workings” of natural ventilation models in WBSM. Whole Building Simulation
Models (WBSM), also called Building Energy Models (BEM), are physics-based computer
representations of buildings describing relevant abstractions of the geometry, properties, and
behaviours of interrelated building systems and components through mathematical models of
underlying physics heat, air, and moisture transport processes. WBSMs are used to simulate
dynamic energy flows in buildings and estimate whole building performance under realistic
dynamic boundary conditions defined by the local climate, occupancy, and processes. Until
simulation models are validated with real life data, building simulations cannot give absolute

answers about the performance of a building.

The use of WBSM is becoming mainstream to support design decisions. Several commercial
software applications are available and in use by the industry, notably: eQUEST (2016),
TRNSYS (2015), IES-VE (2016), DesignBuilder (2016), and OpenStudio (2016). The latter
two tools are interfaces for the EnergyPlus energy modelling engine. All the applications
above are well established, and their models have been extensively validated. However, the
reliability of the results depend on two main factors: 1) the adequacy of the models embedded

in the tools to accurately represent the intended building application, and 2) the accuracy of
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the input parameters and coefficients used by those models. Simulating building energy flows
under natural ventilation operation involves increased complexities compared to pure
mechanical operation. This research has chosen IES-VE software in order to achieve its goals.
Several reasons led to this decision, the first is that this particular software is well-established
in Europe to model natural ventilation and other passive strategies. In addition to that, a
previous energy model of the case study building using IES-VE was given to the author of
this work. Considering the software features regarding natural ventilation, its reputation along
the literature on dealing with passive strategies, and the time consuming process to develop
from the ground the building complex geometry, the IES-VE seems the best choice in terms

of WBSM for this research.

Alongside with the inclusion of the WBSM as viable tool evaluate natural ventilation. It is
found a lack of systematically approach to natural ventilation assessment using these
simulation methods in association with field testing. Therefore, as a final outcome, this study
aims to provide a methodological framework to natural ventilation assessment. The
framework is composed by simulation, WBSM, field testing, and calibration and validation of

the WBSM. Finally, the proposed framework is applied to case study building.
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2. THEORETICAL BACKGROUND

2.1 Natural Ventilation

Natural ventilation is a strategy to supply and remove air through the building openings by
natural means, without the use of fan or other mechanical system. The airflow is caused by
pressure differences between the building and its surrounding, providing ventilation and
cooling for the spaces. In a few climates, cooling strategies might also include pre-cooling
building thermal mass by night-time ventilation to mitigate anticipated uncomfortably warm
conditions during the coming day. But the main drawback to natural ventilation is that
mechanically ventilated buildings are significantly easier to design, control and verify.
Mechanical ventilation is meant to typically overpower any natural or human forces that may
create uncertainties and performance unreliability. According to Schulze and Eicker (2013),
the two main functions of natural ventilation are to provide fresh air to improve the indoor air
quality without the use of energy and to provide thermal comfort by increased daytime air
speed and high night ventilation rates. But according to Emmerich et al. (2001) natural

ventilation may be used for:

e Air quality control: to control building air quality, by diluting internally-generated air
contaminants with cleaner outdoor air;

e Direct advective cooling: to directly cool the interior of the building by replacing or
diluting warm indoor air with cooler outdoor air when conditions are favourable;

e Direct personal cooling: to directly cool the building’s occupants by directing cool
outdoor air over building occupants at sufficient velocity to enhance convective
transport of heat and moisture from the occupants;

e Indirect night cooling: to indirectly cool building interiors by pre-cooling thermally
massive components of the building fabric or a thermal storage system with cool

night-time outdoor air.

Schulze and Eicker (2013) concluded that the adaptive thermal comfort could be achieved by

using natural ventilation but is strongly depended on the room thermal loads, which is a
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function of the building’s heat losses and gains, sun shading performance, internal loads and
etc. The higher the loads, the greater the needs for effective opening area to improve summer
comfort in moderate climates. According to Atkinson et al. (2009), simulations show that a
well-deigned natural system saves considerable amount energy used for cooling down the
spaces, but it also reduces the amount of electrical energy that would be used in mechanical
ventilation (fans). The natural ventilation airflow is created by natural pressure differences
that occur along the building. The two main driving forces causing this pressure deferential
are temperature differences and wind forces. In nearly all instances these forces work
simultaneously, but their interaction might not always be positive in delivering effective

natural ventilation airflow.

2.1.1 Thermal Buoyancy and Stack Pressure

Thermal buoyancy and stack pressure are intrinsically related but they are essential different.
Thermal buoyancy is the upward or downward flow of an air mass caused by the heating or
cooling of its molecules which change its properties. For gases, the density and the volume
expansion coefficient are inversely proportional to the temperature: as temperature increases,
density and volumetric expansion decrease. Similarly, the dynamic viscosity and the thermal
conductivity are directly proportional to the temperature to the power of 0.65 (7). As
temperature increases, so do the dynamic viscosity and thermal conductivity of the fluid, but
the relation is not linear. Therefore, the airflow is intimately coupled to the temperature field
(Etheridge and Sandberg, 1996). Stack pressure, on the other hand, is driven by the thermal
buoyancy. It is caused by the hydrostatic pressure difference created between air masses in
two different environments, normally indoors and outdoors. Stack effect leads to buoyancy
(cold air enters from the bottom and warm air leaves from the top), and buoyancy leads to
stack effect (as buoyant air leaves from the top, it drives more cold air into the space).

However, when it comes to simulation, both phenomena are modelled differently.

Stack pressure is proportional to the difference between internal and external temperature and
to the distance from the neutral pressure level. Neutral pressure level is the where the pressure

difference is zero and therefore there is no air motion between indoor and outdoor
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environment. With the pressure difference, exchange of air between inside and outside
happens through one or more openings in the outer wall. In contrast to the purely wind-driven
cases, the presence of these buoyancy forces leads to temperature variations within the space.
This stratification may lead to quite different flow configurations, but the natural tendency is
for hot air to rise and accumulate toward the upper part of the space. The pressure at a single

point at level H above the reference height (floor level) can be expressed by equation 2.1.

P=Py—py-g-H Equation 2.1

where,
Py: atmospheric pressure at H=0 [Pa];
po: air density at H=0 and at T temperature [kg/m?];
g: gravity acceleration [m/s?];
H: height [m].

If equation 2.1 is applied to the internal (i) and external (e) air, the equations 2.2 and 2.3 are
derived. In these expressions the temperature distribution is regarded as uniform and the

internal air density (p;) and external air density (p.) are constant.

Pi=Po—p;g-H Equation 2.2

Fe=Peo—pe "g-H Equation 2.3

where,
P;: internal pressure [Pa];
P,: external pressure [Pa];

P; o: pressure difference between internal and atmospheric pressure[Pa];
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P, o: pressure difference between internal and atmospheric pressure[Pa].

Thereby, the pressure difference (4P) between internal and external air can then be found by

the equation 2.4.

AP =Py —Pig—(pe —pi) "9 H Equation 2.4

At the neutral plane the pressure difference (4P) is zero. If internal temperature (7;) is lower
than external temperature (7,), the pressures below the neutral plane are negative and will
allow the air to flow into the building. Above the neutral plane the opposite happens, there is
positive pressure across the envelope and the airflow tends to goes towards outside. Thus, the
position of the opening compared to the neutral plane in the building is which determines
whether the air enters or exits the building at a certain height (see figure 2.1).

Pressure distribution
outside and inside
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Figure 2.1 — Pressure difference around the neutral plane in a building ventilated considering

only thermal buoyancy

At the neutral plane, where H=H, where 4P=0, the equation 2.4 turns into equation 2.5.
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Peo — Pig = (pe —pi) * g Ho Equation 2.5

where,
pe: exterior air density at external temperature (7,) [kg/m?];
pi: interior air density at internal temperature (7;) [kg/m?];
Using the equation of state, equation 2.6 can be found.

pe_pizTi_Te_pe_pizTi_Te Equation 2.6
pi Te pi T; quation 2.

Applying equation 2.6 into 2.5, equation 2.7 is obtained.

Ti - Te
Peo —Pio=pi*g-Ho- T Equation 2.7
e

Likewise, the pressure in the height H; (where 4P#0) is described by the following equation
2.8.

APy=p, = Peo = Pio = pi* g Hi— Equation 2.8
e

If equation 2.7 is inserted into equation 2.8 the pressure difference in H; can be expressed
using only the internal and external temperatures, gravitational acceleration and density of air.
Ti - Te Ti - Te
Te pl g 1 Te
Ti - Te
Te

APy—p, = pi- g Ho-
Equation 2.9

=p;i~g-(Ho—Hy)"
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From equation 2.9 it is observed that pressure is increased with the height difference or with
the temperature difference. In absence of other driving forces, the neutral pressure level

position depends on leakage area distribution and interior building layout.

2.1.2 Wind Pressure

A major driving force in natural ventilation is the wind; its nature is highly dynamic and
uncertain. The wind on the building surfaces creates, simplistically, overpressure (positive
pressure) on windward surfaces and depression (negative pressure) on leeward surfaces. But
the actual wind pressure distribution across the building depends on the wind incidence angle,
dimensions and slope of building surface, and the presence of obstructions in the
surroundings. The wind pressure over the building envelope drives the airflow through
openings and cracks. Figure 2.2 illustrate the pressure induced by the wind across the

building.
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Figure 2.2 — Wind pressure across the building

The wind pressure is represented by equation 2.10.
1 2
Pyina = Cp 5 Pe Urer Equation 2.10

where,

P,inq: difference of pressure due to wind effect [Pa];
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C,: wind pressure coefficient;
pe: outdoor air density [kg/m?];
U,.r: wind speed at reference point, usually the height of the building’s roof [m/s].

The pressure difference between internal (P;) and external air due to wind is given by

equation 2.11 and 2.12.

1
APying = Cp 5 Pe- Uber — P; Equation 2.11
1 2 1 2 .
APyina = (Cp,windward - Cp,leeward) E Pe* Urer = AC, - 2 Pe *Urer  Equation 2.12

The wind pressure coefficient (C,) is influenced by a wide range of parameters, including
building geometry, fagade detailing, position of openings on the facade, degree of
exposure/sheltering, and wind speed and direction. It is hard to consider the full complexity of
the pressure coefficient variation, and programs like building energy simulation (BES) or
airflow network (AFN) generally incorporate this factor in a simplified way. Wind pressure
coefficients may be obtained by a variety of means, including in situ measurements,
Computational Fluid Dynamics (CFD) studies and wind tunnel experiments. Figure 2.3

illustrates an example of C, values on a building surface.

C;; koefficient

i BLE
EX]os-os
[Jos-oa
[Jo3-+03
[J+o3-+08
[]+0s-+09
] s09-+12
<¢12

Leeward -0.3 to -0.6

Figure 2.3 — Example of C, values on a building (Larsen, 2006)
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Knoll et al. (1996) created the CpGenerator, which is a web-based simulation program,
developed by TNO, based on systematic wind tunnel tests (Phaff, 1977 and 1979), and on
published measured data. The program provides C, data for a wide range of isolated and non-
isolated block-shaped buildings with flat roof, and for either high-rise or low-rise buildings.
For low-rise buildings, a surface-averaged pressure coefficient (C,) is proposed by Swami and
Chandra (1988) and Walton (1982) illustrated by figure 2.4. According to the models, the
coefficient depends on the wind angle of incidence (#) and the building geometry
characteristic. The building’s aspect ratio is represented by the letter S, which is a result of the

ratio between the buildings outside surfaces (L; and L).

—+—Walton

-=-Swami & Chandra (5=0.5) |
+Swami & Chandra (S=1.0) | .- -

—+—Swami & Chandra (S = 2.0)

-x- Swami & Chandra (S = 4.0) |

Average Surface Pressure Coefficient

0 30 60 90 120 150 180
Wind Angle of Incidence (deg)

Figure 2.4 — Surface pressure coefficient as a function of wind incident angle for the Walton

model and the Swami and Chandra model for side ratios S=L;/L,

The wind speed also needs to be estimated. Correction factors relate the wind speed recorded
by the weather station to the local wind speed, depending on type of terrain and height where
the speed is estimated. Wind velocity is usually taken from meteorological data, which is
often measured in large open spaces and a recalculation is therefore necessary to find the level
of the wind velocity (e.g. in the middle of an urban area). The calculation of the velocity

profile is made by the equation 2.13 and table 2.1.

Up = Uyo " k- h* Equation 2.13
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where,
Ujo: wind speeds at 10 meter of height [m/s];
k: terrain correction factor;
o terrain correction factor;
h: height of the wind speed [m].
The parameters £ and a depend on the terrain as the following table 2.1.

Table 2.1 — Wind speed correction factors related to the terrain

Location k o
Open, Flat terrain 0.68 0.17
Terrain with scattered growth 0.52 0.20
Suburban area 0.35 0.25
Urban area 0.21 0.33

Figure 2.5 illustrate the variation of the wind speeds due to roughness of the terrain.
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Figure 2.5 — Decrease in wind speed as influenced by varieties of terrain roughness
(Baumbach, 1990)

2.1.3 Combination of Stack Effect and Wind Pressure
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In real applications, building airflows are driven from a combination of wind and thermal
effects. In nearly all instances these forces work in parallel, with the resulting flow being the
combination of the two. This combination depends on the weather conditions, building
operations, wind forces and etc. The wind could be prevalent against buoyancy effects and
vice versa. The total pressure across an opening (4P), shown by equation 2.14, is found by the

addition of the pressure created by buoyancy (equation 2.9) and wind (equation 2.11).

AP = APy ing + APbouyancy

T; — Te> Equation 2.14
Te

1
= (Cp'z'pe'Ufef_Pi)'F(pe g (Hy—Hy) -
The wind effect might not necessarily lead to increased ventilation in association with
buoyancy forces. Actually, this is may be an undesirable feature in many situations, as the
objective of the design is to provide an adequate level of ventilation and cooling over a wide

range of wind and stack-driven conditions.
2.1.4 Strategies for Natural Ventilation in Buildings

Using the driving forces described earlier, the architects and building’s designers use a
combination of strategies to achieve an effective and desirable natural ventilation
performance. These strategies aim to maximize and/or control the dynamic effects of natural
ventilation driving forces and at the same time provide the proper thermal comfort and
ventilation for the building. The strategies use a combination of buildings characteristics, such
as: building orientation, building geometry, openings’ size and positions, proper shading
system, thermal mass to moderate indoor temperatures by smoothing dynamic climate effects,

connectivity and geometry of spaces, an etc. This section divides these strategies in:

e Wind-driven ventilation;
e Buoyance-driven and stack ventilation;
e Single-sided ventilation;

e Night ventilation.
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Many buildings employ different technologies using the basic natural ventilation driving
forces, creating different technologies to support natural ventilation strategies. Mora (2016)
numbers these strategies in table 2.2, enumerating the main driving forces for each one. Some

of the strategies will not be explored during this section.

Table 2.2 — Main natural ventilation strategies (Mora, 2016)

Strategy Main Driving Force
Central Atrium 1) Thermal buoyancy, 2) Wind
Solar Chimney 1) Thermal buoyancy, 2) Wind
Buffer spaces™ 1) Thermal buoyancy
Cross-ventilation 1) Wind
Single-sided (least effective) | 1) Momentum, instantaneous, turbulence

* Solar wall, double-skin fagade, sun-space and others.

2.1.4.1 Wind-Driven Ventilation

The main challenge of wind-driven natural ventilation strategies is that wind tends to be
unpredictable. Thereby, to use that strategy the building designers need to take into
consideration the location of the building and the immediate surroundings. In case of
buildings surrounded by other structures, the characteristics of the wind may be altered
depending on the wind direction and position of adjacent structures; this might reduce or

enhance the airflow potential and building’s surface pressures created by the wind.

The wind-driven cross-ventilation occurs by designing ventilation openings on opposite sides
of the building. There is also a need to make ventilation openings across the building’s
interior, providing a path for the airflow through the building. Figure 2.6 illustrates a
schematic cross-ventilation strategy in a multi-room building. According to Emmerich et al.
(2001), the wind pressure difference across the outlet and inlet openings must be design to

ensure a sufficient ventilation flow to effectively remove heat and pollutants from the spaces.
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Figure 2.6 — Schematic of wind-driven ventilation strategy (Emmerich et al., 2001)

According to Larsen (2006), in cases of cross-ventilation the expressions are rather well
defined, but the difficulty lies within the definition of the discharge coefficient that describes
the characteristics of the opening, since it fluctuate depending on the incidence angle of the

wind.

2.1.4.2 Buoyance-driven and Stack Ventilation

Buoyancy-driven and stack ventilation relies on air density differences. Buoyancy-driven is a
strategy that is often included in natural ventilation designs when considering central atria, a
solar chimney or buffer spaces (table 2.2). Other spaces where buoyancy effects are important
are large spaces such as: auditoriums or multi-function spaces. The stack ventilation, on the
other hand, uses cooler outdoor air in lower ventilation openings and exhaust warmer indoor
air by upper openings. The connection between spaces it is also important to guarantee the
airflow through the building. Figure 2.7 pictures a schematic of stack ventilation for a multi-
room building. An atrium is usually used to generate sufficient buoyancy forces to achieve an

acceptable airflow.
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Figure 2.7 — Schematic of buoyancy-driven stack ventilation strategy (Emmerich ef al., 2001)
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Even if the focus of stack ventilation is to work independently of the wind forces, in real life
scenarios the wind induces pressure distributions across the envelope and actually has a big
influence on the airflow distribution. Furthermore, according to Emmerich et al. (2001), the
wind effects may well be more important than buoyancy effects in stack ventilation schemes.

Therefore, successful designs will seek ways to make full advantage of both driving forces.

2.1.4.3 Single-Sided Ventilation

Single-sided ventilation typically serves single rooms and thus provides a local ventilation
solution. For this case, the ventilation airflow is caused by room-scale buoyancy effects, small
differences in envelope wind pressures, and/or turbulence. Consequently, driving forces for
single-sided ventilation is generally relatively smaller and highly variable than the previous
strategies presented. According to Emmerich ef al. (2001), compared to the other alternatives,
single-sided ventilation offers the least attractive natural ventilation solution but, nevertheless,
a solution that can serve individual offices. Figure 2.8 shows a schematic of single-sided

ventilation in a multi-room building.
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Figure 2.8 — Schematic of single-sided ventilation strategy (Emmerich et al., 2001)

To be more effective, this strategies needs to have openings located at different heights or a
large openings to allow the airflow in and out of the space. According to Larsen (2006), in
single-sided ventilation the flow through the opening is harder to predict because the
turbulence in the wind and the pulsating flow near the opening also affect the flow through

the opening.

2.1.4.4 Night Ventilation

Direct natural ventilation is no longer useful when daytime outdoor temperatures exceed the
upper thermal comfort limit. Night ventilation comes as an alternative for such cases. Night
ventilation works well in climates with large diurnal temperature differences, making it
possible to offset daytime internal gains by cooling the building’s thermal mass using outdoor
air during the previous night. When properly designed, night ventilation might have big
impacts for cooling saving, especially for office buildings with higher internal gains. The
night ventilation strategy takes advantage of the lower external night-time temperature to pre-
cool the building structure, and thereby lower the mean radiant temperature. By lowering the
mean radiant temperature, comfort can be maintained even though air temperatures in the
space might rise. By increasing thermal capacity (thermal mass), the amount of heat the

structure can absorb per degree rise in mean radiant temperature increases, thereby increasing
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the ability of the space to maintain reasonable comfort conditions through the day. Figure 2.9

illustrates the effect of thermal mass and natural ventilation on summer peak indoor

temperature.
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Figure 2.9 — Effect of thermal mass and night ventilation on peak indoor temperatures (CIBSE

AMI10, 2005)

A number of studies evaluating the night ventilation indicate considerable cooling potential in
comparison to similar spaces that do not use night ventilation. Pfafferott ez al. (2003) showed
that the night ventilation reduced the mean room temperature by 1.2 °C during working hours
for an office building in Freiburg, Germany. In La Rochelle, France, Blondeau et al. (1997)
identified a decrease in temperature between 1.5 and 2°C using night ventilation. Geros ef al.
(1999) concluded that the night ventilation imposed a temperature reduction between 1.8 and
3°C for an office building in Greece. Schulze and Eicker (2013), via simulation, showed that
natural night ventilation is only suitable in buildings with sufficient and accessible thermal
mass of about 75-100 kg/m? of floor space. The internal gains also have to be limited to 30

W/m? of floor area.
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2.1.5 Adaptive Thermal Comfort to Assess Natural Ventilation

Effectiveness

The goal of a design for natural ventilation is to maintain thermally comfortable indoor

conditions for all spaces in a building without relying on mechanical cooling. Therefore, the

most suitable metric to assess natural ventilation effectiveness is a thermal comfort metric.

Adaptive thermal comfort has been widely accepted as the most suitable thermal comfort

model for naturally ventilated buildings. The adaptive model has been incorporated in the
most widely used thermal comfort standards in the world: ASHRAE Standard 55 (2013) and
EN15251 (2007). The adaptive model has been developed based on numerous field studies in

USA, Europe, and Asia. The model has suffered from two major criticisms:

It is based on field data from mostly milder climates of Europe, North America and Asia,
and therefore excludes data from hot and hot-humid climates. However, this limitation is
currently being overcome with ongoing research on adaptive thermal comfort in hot and
hot-humid climates in Asia, South America, and Africa. Countries like China, India,
Japan, and Brazil have developed their own adaptive comfort models that apply to hot and
humid climates. For the Canadian climate, however, the current adaptive model is
applicable.

It aggregates many factors into a single operative comfort temperature, but does not
explain the factors or underlying processes participating in achieving comfort (i.e. a black-
box model). Ongoing research is underway to disaggregate the adaptive processes (i.e.
behavioral, psychological, and physiological), and investigate how different factors
participate in achieving thermal comfort. One particular aspect that couples psychology
and physiology is the influence of the perceived level of control over the environment, i.e.
occupants accept warmer temperatures when they perceive that they are in-control of their
environment (Paciuk, 1990). The influence of perceived control on thermal comfort is an
active subject of ongoing research. A review of the literature in this subject is out of the
scope of this research. However, the aspect of perceived control will be considered in the

final analyses of this project.
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According to Humphreys et al. (2001), the occupants of naturally ventilated buildings have a
large range of tolerances to thermal comfort when compared to occupant in mechanically
ventilated building. Adaptive thermal comfort is a theory that suggests a human connection to
the outdoors and the control over the immediate environment that allow them to adapt to a
wider range of thermal conditions than is generally considered comfortable. The fundamental
assumption of the adaptive approach is expressed by the adaptive principle: if a change occurs
such as to produce discomfort, people react in ways which tend to restore their comfort. The
development of the adaptive thermal comfort relies on the findings from thermal comfort
surveys conducted by a number of researchers across the globe. It was founded that, for
naturally ventilated buildings, the comfort temperatures is a function of outdoor air
temperature. ASHRAE Standard 55 (2013) presents the adaptive thermal comfort approach,

but in order to be properly used the following criteria need to be met:

e There is no mechanical cooling system (e.g. refrigerated air conditioning, radiant
cooling, or desiccant cooling) installed. No heating system is in operation;

e Occupants have metabolic rates ranging from 1.0 to 1.3 met (met is unit to indicate the
metabolic rate of an individual, 1 met indicate a sitting person doing light insensitive
activity);

e Representative occupants are free to adapt their clothing to the indoor and/or outdoor
thermal conditions within a range at least as wide as 0.5 to 1.0 clo (clo is a unit used to
represent the amount of insulation provide by the occupant clothing);

e The prevailing mean outdoor temperature is greater than 10°C and less than 33.5°C.

Figure 2.10 presents the graph that represents the adaptive thermal comfort depending on the
indoor operative temperature (#,) and the prevailing mean daily outdoor air temperature
(tpma(out))- The dark grey area in the graph represents the region where temperatures provide
a thermal comfort for 90% of the occupants of the space, also known as the upper limit for
thermal comfort. The light grey area (lower limit) represents the area where 80% of the

occupants are comfortable with the conditions of the spaces.
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Figure 2.10 — Acceptable operative temperature (f,) ranges for natural conditioned spaces

(ASHRAE Standard 55, 2013)

Equation 2.15 and 2.16 mathematically represents the thermal comfort limits for 80 and 90%,

respectively.

Upper Limit = 0.31- tpma(out) +21.3 [OC] Equation 2.15

Lower Limit = 0.31 - tpma(out) + 14.3 [°C] Equation 2.16

According to ASHRAE Standard 55 (2013), the prevailing mean outdoor air temperature

(tpma(out)) shall be determined in accordance with all of the following:

e [t shall be based on no fewer than seven and no more than 30 sequential days prior to
the day in question;
e It shall be a simple arithmetic mean of all of the mean daily outdoor air temperature of

all the sequential days in the previous point.

A tool that can be used for predicting natural indoor operative temperatures (¢,) for adaptive
thermal comfort is whole building simulation model (WBSM). However, the capability and
accuracy of the model to simulate natural ventilation has some limitations; those limitations

are further discussed.
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3. LITERATURE REVIEW

3.1 Whole Building Simulation Model Supporting Natural

Ventilation

Normally, the whole building simulation model (WBSM) uses the Airflow Network (AFN)
approach to characterize the airflow through the building. However, modern energy software
is usually fully coupled with a Computational Fluid Dynamics (CFD) module. CFD could be
used to describe the airflow behaviour within a particular internal space or though whole
building. But the inclusion of a CFD analysis in WBSM is a decision that is taken by the
designer to accomplished clear objective. Furthermore, the appropriate use of CFD requires a
number of special attentions to details and model validation. Figure 3.1 illustrates a schematic
example of air flow modeling in whole building simulation model (WBSM). In that example,
AFN is used to model the airflow through the entire building. But for the atrium (red circle)
the airflow is better detailed using CFD or a zonal model (section 3.3 for more information

about zonal models).

® Zone (node)
© Opening
Ay Airflow path (resistor)

— Wind pressure (C)

Figure 3.1 — Schematic example of whole building simulation model (WBSM)
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3.2 Airflow Network (AFN) Approach in Whole Building Simulation
Model

The airflow network (AFN) model is based on the assumption that the building and
mechanical system are considered as being composed by nodes or zones. The airflow paths
(e.g. openings, cracks, doors and etc.) are represented by electrical resistance (see figure 3.2).
Airflow network (AFN) calculates the mass flow balance of a space, combining the wind and
buoyancy forces to capture pressure differences across zones connecting the spaces. The
building envelope pressure boundary conditions are derived from the wind velocity profile.
The flows through the openings are usually assumed to be driven by static-pressure
differences. The main assumption in AFN is that the air within a (zone) is considered fully-
mixed; this approach is called mixed-model. Moreover, Bradly and Utzinger (2007) points out
another three important assumptions in AFN. First, it is assumed that the resistance to airflow
of a flow-limiting path between building zones is much greater than the resistance to airflow
of the zones themselves. Second, the pressure varies hydrostatically within a building zone is
only true when airflow within the zone (and, thus, airflow in and out of paths connecting

zones) is zero. Lastly, it is assumed that temperatures within a given zone are uniform.

\ EXTERNAL

AIRFLOW

PATHS ZONES PRESSURES

\

\

EXTERNAL —

PRESSURES .
— MA—
PRESSURE
RESISTANCES SOURCE
(windows, doors, cracks, other (FAN)
openings)

Figure 3.2 — Schematic representation of relationship between zones and air paths

The spaces, characterized as nodes, are usually represented by a name, fluid type, node type,

height, and temperature. The nodes represent either internal or external boundary pressures.
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The difference is that only internal nodes are subjected to the mass balance approach. The

reference height is assigned to each node; this is used as part of stack forces calculations.

Every external surface considered in the AFN has to be associated to an external node which
defines environmental conditions. These conditions include wind pressure coefficients (C),)
and are highly dependent on the building geometry. External nodes play an essential role in
the modelling of stack effect where ventilation rates are also driven by pressure differences

due to height difference between inlet and outlet.

Time-averaged and space-averaged variables are associated with the nodes and specific
pressure-airflow relations are assigned to each airflow element (doors, windows, or structural
leakages). Governing equations are formed by mass conservation at each node and hydrostatic
pressure conditions at each of the modeling zones. Conservation of mass at the nodes is
imposed by assuming the difference between the inlet and outlet mass flow rate as equal to

the mass accumulated in the zone (equation 3.1).

) ., dam
Zml—ij—E—O Equation 3.1
in

out

where,
m;;: mass flow rate through the airflow i or j [kg/s];
dm/dt: accumulation term [kg/s].

If the flow is assumed to be at steady state, the accumulation term (dm/dt) is equal to zero.
However, accumulation can be considered in the case of smoke generation and dispersal
analyses. Specific pressure-airflow relations are defined for each airflow element to relate the
pressure difference between two adjacent zones (4P; ;) with the airflow m; (mass flow rate).

The general form of pressure-airflow relation is reported below (equation 3.2).

m; = f (AP 1,2) Equation 3.2
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where,
f: generic pressure-airflow relation characteristic of the airflow element;
AP »: pressure difference between two adjacent zones1 and 2 [Pa];

The calculation procedure consists of three sequential steps:

e Pressure and airflow calculations;
e Node temperature and humidity calculations;

e Sensible and latent load calculations.

The pressure and airflow calculations determine pressure at each node and airflow through
each linkage given wind pressures and forced airflows. Based on the airflow calculated for
each linkage, the model calculates node temperatures and humidity ratios given zone air
temperatures and humidity ratios. Using these node’s temperatures and humidity ratios, the
sensible and latent loads from duct system conduction and leakage are summed for each zone.
Convergence is reached when the sum of all mass flow rates through all components

approaches zero within the tolerance band specified.

Zhai et al. (2010) performed airflow models evaluations by comparing predicted airflow from
EnergyPlus, CONTAM and ESP-r AFN models with measured airflow in laboratory
experiments across 8 defined scenarios at steady conditions. They concluded that all the
models yielded similar predictions, which are within 30% error for the simple cases evaluated.
The worst results were obtained for buoyancy driven single-sided ventilation, wind-driven
cross-ventilation and combined buoyancy and wind-driven natural ventilation configuration
(whereas buoyancy-driven cross-ventilation error is less than 10%). Emmerich et al. (2003)
remembers that numerous studies carried out over the past few decades have shown that AFN
analyses in fact provide quite accurate estimates of wind-driven infiltration and natural
ventilation for buildings with fagade porosities up to 20% and accurate estimates the airflow
for higher porosities. Porosity is a commonly used terminology to define the ration between
the areas of openings by the total area of the building external walls. Belleri (2013) claims

that within the existing natural ventilation modelling techniques, airflow network (AFN)
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models seem the most promising tool to support the natural ventilation design as they are
coupled with the most widely used building energy simulation tools used nowadays.
However, AFN is not suitable for all natural ventilation strategies. According to Zhaia et al.
(2015), wind-driven single-sided ventilation cannot be modeled with the current AFN models

available in the market and usually found on WBSM.

3.2.1 The Wind Pressure Coefficients and AFN Modelling

According to Costola et al. (2009), wind pressure coefficients (C,) are influenced by a wide
range of parameters, including building geometry, fagade detailing, position on the facade, the
degree of exposure/sheltering, wind speed and wind direction. The authors state that it is
extremely difficult to take into account the full complexity of C, variation. Hensen (1991)
already described the difficulty to perform an accurate evaluation of C,. Whole building
simulation model (WBSM) and airflow network (AFN) programs generally incorporate C, in

a simplified way.

Costola et al. (2009) made a distinction between primary sources of C, data, composed by
full-scale measurements, reduced-scale measurements in wind tunnels and CFD simulations,
and secondary sources, composed by databases and analytical models. According to the
author, primary sources are considered to be the most reliable C, data sources. Secondary
sources are generated based on primary sources (e.g. databases and analytical models derived
from wind-tunnel and full-scale experiments) are not as reliable as C, originated from

preliminary source.

According to Costola et al. (2009), on-site full-scale measurements at real building fagcades
provide the most representative description of C,. In those measurements, there is no need to
reproduce boundary conditions, no scaling issues, and no physical models needs to be
adopted. However, full-scale measurements are complex and expensive, and are mainly used
for validation purposes. Not to mention the uncertainty in dealing with highly sensible

sensors, such as manometers and cup anemometers for the wind speeds.
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But at design stage, wind-tunnel experiments are generally considered the most reliable
source of pressure data for buildings. Costola et al. (2009) concluded that wind-tunnel
experiments present specific challenges, such as the quality of wind-tunnel results is directly
affected by the history of calibration in the wind tunnel, quality assurance procedures, and the

know-how of the personnel involved in the test setup and execution.

CFD simulation is an option to determine the C, values across the building surfaces. In recent
years, the application of CFD strongly increased due to improvements in computer
performance, price reduction, and the availability of commercial CFD software. However,
results from Costola and Alucci (2007) showed differences on the C, values generated by
CFD simulation and the values found in the literature. The authors claimed that validation is
necessary to assess which of the two C, sources is the best input for AFN models. According
to Costola et al. (2009), despite the vast increase in the application of CFD to study the wind
flow around buildings, it is not common practice to use CFD as source of custom C, data for
WBSM. The main reasons are the required level of expertise and the high cost of these
simulations, both in terms of computational resources and user time, when compared to the

WBSM simulation itself.

As secondary sources of C,, databases are compilations of C, data from one or more sources,
where the data is classified according to some parameters, such as building shape and
orientation to the incident wind. Costola and Alucci (2007) point out the limitation of the
estimation of C, using database, which is the small number of building and surrounding
shapes available. In general, only very simple forms, like cubes and parallelepipeds with flat
or slope roof can be found in these database. However, real buildings have complex
geometries, architectural elements in the facade, balconies, overhangs and other geometrical

features that make them divergent from those presented in the database.

Analytical models consist of a set of equations to calculate C, for a specific building
configuration. Analytical models are developed based on wind-tunnel and full-scale
experiments. According to Costola et al. (2009), they aim to provide C, data for a broader
range of building configurations, considering obstructions, the effect of different wind profiles

and the C, variation across the facade.
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According to Costola et al. (2009), most of the modern WBSMs use database to estimate C,
values, but they rarely used analytical tools. The authors concluded that pressure coefficients
from different data sources, for the same building in the same conditions, show large
variations, even for simple configurations like fully exposed cubic buildings. Large variation
also applies to complex building geometries, which are not included in existing databases. In
addition, Tuomaala (2002) stated that there is no reliable and effective method for evaluating
the value of C, for complex cases. Costola et al. (2009), also highlighted the lack of
information about the uncertainty associated with the values provided by each data source,
which raises questions about the accuracy of WBSM. Figure 3.3 illustrate an example of C,

values assumed along the building surfaces on a typical WBSM simulation case.
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Figure 3.3 — Example of a distribution of C, across the building surfaces

3.2.2 Characterization of the Openings

A number of studies shown that a poor characterization of the openings generates a big source
of uncertainty in terms of airflow simulation (Dascalaki et al., 1999; Furbringer et al, 1999;
Wachenfeldt, 2003; Heiselberg, 2004). Commonly, the equation used to describe the airflow

through an opening is the orifice equation. Equation 3.3 is based on Bernoulli’s assumption
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for steady incompressible flow and can be used for a relatively large opening area. For the
flow characteristics through cracks, the orifice equation needs some adjustments in order to be

representative.

2
AP Equation 3.3

Awindow = Cp * A~ E

where,
Cp: discharge coefficient;
Gwindow: airflow through the window [1/s];
A: opening area [m?];
p: air density in the opening [kg/m?];
AP: pressure difference across the opening [Pa].

The discharge coefficient (Cp) is the ratio between the actual flow rate measured under
specified conditions and the theoretical flow rate through the opening. For wind-driven cross-
ventilation, Karava et al. (2004) say that the orifice equation is valid under the following

assumptions:

e Fully-developed turbulent flow;

e The pressure distribution on the building envelope is not affected by the presence of
openings;

e The pressure drop across the inflow and outflow opening is equal to the static pressure
difference, i.e. the dynamic pressure in the room can be neglected. In other words, the
orifice equation can be a realistic model when the kinetic energy is dissipated

downstream of the opening (Sandberg, 2004).

For real cases, the use of the orifice equation presents a lack of accuracy when compared with

real measured data. The simplicity of the equation neglects important aspects that influence
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the flow through the openings. According to Karava et al. (2004), there are different
alternative theories that tried to fill the gap left by the orifice equation, but yet none of them
can be established as a potential replacement of the conventional equation. Therefore, the
selection of an appropriate simple equation to represent the flow characteristics of openings is

still problematic.

However, Karava et al. (2011) found that the orifice equation predicts the ventilation flow
rate with reasonable accuracy for configurations with openings located in the middle or upper
section of a building facade and with wall porosity lower than 10%, while it underestimates
the flow rate if any of the inlet or outlet openings cover more than 10% of the wall area.
Porosity is the ratio between the openings and total external wall area. For configurations with
openings below the mid-height of the building, the author claims that the orifice model
overestimates the ventilation flow rate, except for configurations with large inlets and outlets
(20% wall porosity). The study showed that the internal airflow pattern has a significant
impact on induced airflow rate and internal pressure distribution; this effect is more
pronounced for configurations with large wall porosities (higher than 10%) and cannot be

predicted by simplified macroscopic models such as the orifice equation.

The discharge coefficient (Cp) is one of the problematic parameters to be determined; it
depends on the type of the opening, geometry of the opening, the Reynolds number (Re) of
the flow and etc. Through laboratory measurement, Heiselberg and Sandberg (2006)
demonstrated that the discharge coefficient (Cp) for a window opening depended on the
window type, opening area and geometrical relation between the window and facade,
temperature and pressure differences across the opening, and the control strategy. Karava et
al. (2003) also found from a literature review that the Cp of openings for wind-driven cross
ventilation varied considerably with opening area, porosity, configuration (shape and location
in the facade) and wind velocity. According to ASHRAE Fundamentals (2009) typical
discharge coefficients (Cp) vary between 0.6 and 0.65 for small square-edged openings, and
between 0.9 and 0.95 for round edge openings (Andersen, 2002). Recently, newly developed
methods such as coupled CFD with energy and airflow analysis have been used for the
airflow calculation through large internal or external openings (Yuan and Srebric, 2004;

Wang and Chen, 2004).
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When dealing with WBSM, the simulation programs present a simplified calculation using
adjustments and modifications to the orifice equation to estimate the flow through the
opening. The method used for the calculation and further presented is based on IES-VE

(2012) approach, a similar method used by other simulation software.

One of the main concerns in characterizing the opening is to correctly describe the area of the
opening (4) and the discharge coefficient (Cp). WBSM normally uses a simplified semi-
empirical model based on experimental data and wind tunnel tests to calculate these factors.
To calculate the airflow through the opening, the approach used by IES-VE uses the
equivalent opening area (4.). The equivalent opening area (4. is an idealized sharp edge
orifice that air would flow under the same volume airflow rate and identical applied pressure
difference (4P) as the opening under consideration. In other words, the 4. is an idealized
sharp edge opening with the same airflow rate and AP as the window that is being analyzed.
The advantage of using an idealized sharp edge orifice is that the discharge coefficient (Cp) is
considered to be constant (Cp=0.62) throughout the opening surface. The conversion is made
using window’s manufacturer data in conjunction with empirical data from wind tunnel tests
for different types of openings. The software automatically calculates the equivalent sharp
edge orifice area (4.) based on: the type of opening, degree of opening, and opening
geometry. Equation 3.4 is adjusted version of orifice equation (equivalent to equation 3.1),

which calculates the airflow rate across the openings according to IES-VE (2012).

’2
Gwindow = Cp " Aeg * ; AP Equation 3.4

where,
Cp: discharge coefficient, it assumes the value 0.62 for sharp edge orifices;
Gwindow: airflow through the window [1/s];
A, effective opening area [m?];

p: air density in the opening [kg/m?];
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AP: pressure difference across the opening [Pa].

The effective opening area (4.) is calculated according equation 3.5.

A =f-A Equation 3.5

where,
f: equivalent area fraction;
A: rough area of the opening [m?].

The equivalent area fraction (f) is the factor that makes the adjustments needed to properly
estimate the 4., This coefficient varies with the window type; see figure 3.4 different window

types normally used.

= L

: .

= ! Vertel pivot ¢) Top/bottom hung d) Side hung

e) Tilt and turn f) Sash (sliding) g) Louvres
Figure 3.4 — Mainly window types used for natural ventilation

For all hung window (figure 3.4, a, ¢ and d) the equivalent area fraction (f) is represented by

equation 3.6.

f
Jrung = Gy Fa() Equation 3.6
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where,
C,: coefficient interpolated from the table 3.1;
f.: operable area [%].

The operable area (f;) represents the amount of window that actually opens, not considering
the window frame area or any existing fixed part on the window. Depending on the opening
degree angle, the length (L) and height (%) of the hung window, the coefficient C, assumes a

determined value. Table 3.1 presents the values adopted for all hung windows.

Table 3.1 — Coefficient (C,) for all hung window (IES-VE, 2012) [1]

Side hung window/door Proportions of the window
L/h<0.5 | 0.5<=L/h<l| I<=L/h<2 L/h>2
Opening angle (°) G, G, G G,
10 0.10 0.17 0.24 0.34
20 0.22 0.31 0.39 0.51
30 0.36 0.43 0.50 0.60
45 0.50 0.54 0.64 0.65
60 0.58 0.60 0.63 0.67
90 0.64 0.65 0.65 0.67
Centre hung Proportions of the window
window/Horizontal pivot L/h=1 L/h>2
Opening angle (°) G G,
10 0.15 0.13
30 0.30 0.27
45 0.44 0.39
60 0.56 0.56
90 0.64 0.61
Top hung window Proportions of the window
L/h<0.5 0.5<L/h<I 1<L/h<2 L/h>2
Opening angle (°) G G, G, G
10 0.34 0.24 0.17 0.10
20 0.52 0.39 0.30 0.23
30 0.60 0.50 0.43 0.36
45 0.65 0.58 0.54 0.50
60 0.67 0.63 0.60 0.58
90 0.68 0.65 0.65 0.64
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Table 3.1 — Coefficient (C,) for all hung window (IES-VE, 2012) [2]

Bottom hung window Proportions of the window
L/h<0.5 0.5<L/h<lI 1<L/h<2 L/h>2
Opening angle (°) G G G, G
10 0.27 0.23 0.15 0.09
20 0.53 0.42 0.26 0.16
30 0.62 0.52 0.37 0.26
45 0.67 0.62 0.53 0.46
60 0.69 0.66 0.61 0.57
90 0.72 0.69 0.67 0.64
. Proportions of the window
Parallel hung window =1 L /h=2 1 h=2
Opening angle (°) G G, G
15 0.23 0.15 0.13
30 0.40 0.30 0.24
45 0.51 0.41 0.34
60 0.57 0.50 0.43
90 0.65 0.60 0.60

For sash (sliding) windows (figure 3.4, f) and rollers doors the equation 3.7 calculates the

equivalent area fraction.

fa
fslldmg v 100 Equation 3.7

where,
C,: coefficient fixed at 0.65 for a fully open window;

For louvres and grilles (figure 3.4, g) the equivalent area fraction is expressed by equation 3.8.

The discharge coefficient (Cp) of louvres and grilles are widely available from manufacturers.

. Cy ) fa .
flouvres = m 100 Equation 3.8

where,

C,: discharge coefficient according to manufacture information.
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To consider the difference in pressure with the height of the opening (%) due to buoyancy
forces, equation 3.9 is presented. Each series of infinitesimal narrow horizontal slices of the
opening are calculated using this approach. The total volume airflow in the opening is

calculated when equation 3.9 is integrated over the total height (%) of the opening, generating

’2
dqwindow = Cp - ; *AP(h) - dA.r Equation 3.9

2 h
Qwindow = Cp * Aer - \/;j VAP(h) Equation 3.10
0

equation 3.10.

The method earlier described is called decoupled approach (figure 3.5, a), this is the standard
approach used in AFN and incorporated in WBSM. In this method the outdoor and indoor
airflow are solved separately. The results of the outdoor wind flow and pressure fields on the
building surfaces are used as boundary conditions for solving the indoor airflow (figure 3.5,
a). However, a number of studies (Murakami et al., 1991; Kato et al., 1992; Etheridge and
Sandberg, 1996; Seifert et al., 2006; Karava et al., 2007, 2011; Kobayashi et al., 2010) claim
that decoupled approach can introduce relevant errors, since it assumes that: the pressure
distribution on the building envelope is not affected by the presence of the openings, the
turbulent kinetic energy is dissipated at the windward opening, and that the effect of the
dynamic pressure on the airflow passing through the opening is negligible. Notwithstanding,
the application of a coupled approach is still quite limited and specific guidelines for this case

have not yet been fully developed.
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a) Decoupled approach b) Coupled approach

/’—ﬂ /‘\)

Outdoor wind flow

Outdoor wind flow Indoor airflow .
Indoor airflow

Figure 3.5 — Approaches of coupling outdoor and indoor airflow (Ramponi, 2014)

3.2.3 Buoyancy Forces and Stack Effect in AFN Simulation

Buoyance forces and stack pressure are interconnected but different phenomena. In AFN, the
stack effect is fairly well described by the simulation. Section 2.1.1 presents how this pressure
is normally calculated by AFN, following equations 2.1 to 2.9. Buoyancy forces, on the other
hand, are not explicitly modelled within a node/space in AFN simulation. However, when the
calculation methods of EnergyPlus (2015) are analyzed, buoyancy flows between zones are
modelled if they are on the top of each other, functioning as zonal model (see section 3.3).
Given the limitation of AFN of not modelling buoyancy forces within a space, three
alternatives are left for designers to choose: simplified analyses (CIBSE, 2005), zonal models
(section 3.3), and CFD simulations (section 3.5). But on the one hand, simplified analyses

generally cannot be coupled with WBSMs.

3.2.4 Thermal-airflow Coupling

The WBSM uses the airflow network (AFN) coupled with the dynamic thermal simulation
model (already used for the building’s energy simulation) to evaluate the building thermal
performance. The AFN is integrated with the thermal model; both modules converge to
results that combine both models. Figure 3.6 illustrates the thermal-airflow coupling

schematically.
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m: air mass flow rates

Figure 3.6 — Thermal-airflow coupling (Mora, 2016)

The coupling of these two elements is a result of the airflow energy balance for each zone.
This energy balance involves the sum of all the energy gain or losses due to energy stored in
the zone, convective internal loads, heat transfer due to air movement between zones, heat
transfer expected form natural ventilation, and the energy output from the mechanical system
(heating or cooling). After the energy balance, it is possible to calculate the temperature
within a zone. This temperature is representative to the zone node. Equation 3.11 shows a

standard airflow heat balance for a singular zone (EnergyPlus, 2015).

dT Ngi Nsurfaces Nzones
Czd_tz = Z Ql + Z hiAi ' (Tsi — TZ) + Z Tfll Cp . (Tzi — TZ)
i=1 i=1 i=1 Equation 3.11

+ minpr *(Too — Tz) + mventcp *(Too — Tz) + sts

where,

dr, . .
C, d—tzz energy stored in zone air [W];

Z?’:Sll ),: sum of convective internal loads [W];
N .
Y, l.:l”f “e h;A; - (Tg; — T,): convective heat transfer from the zone surfaces [W];

h;: heat transfer coefficient [W/m?-K];
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A;: surface area [m?];
T;: temperature of internal surface [°CJ;

T’: temperature of zone air [°C];

Z?’jg"“ m, C, * (T — T,): heat transfer due to interzone air mixing [W];
m,: airflow rate between zones [kg/s];
C,: zone air specific heat [J/kg-K];

T%;: temperature of zone air exchange [°C];

MinsCp * (T, — T,): heat transfer due to infiltration of outside air [W];
Miny: airflow rate due to infiltration [kg/s];

T,.: temperature of outside air [°C].

MyentCp * (Too — T,): heat transfer due to natural ventilation [W];
stsz air system output [W];

For naturally ventilated buildings without the use of any type of mechanical ventilation is
possible to assume that air system output (sts) term in the equation is equal to zero. The
building thermal mass is indirect calculated by this approach; its characteristics are inferred
on several terms from equation 3.11 (e.g. temperature of internal surface, energy stored in

zone air, and etc.).

3.3 Zonal Model in Whole Building Simulation Model

The zonal model uses the similar physical background as the airflow network (AFN), but
instead of considering a room/space as a single node, the zonal model divides that one space

in subzones. The use of zonal model is suitable when the assumptions adopted by the AFN do
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not represent the space being modeled (e.g. fully-mixed air in the space, single temperature
and pressure). Rooms where buoyancy forces are preponderant are not proper represented by
AFN. For those cases, zonal models are used by dividing a room/space, represented in AFN
as a node, into a number of nodes, better representing the buoyancy forces that occur in those
spaces. According to Belleri (2013), zonal models are considered intermediate models
between airflow networks (AFN) and computational fluid dynamics (CFD), as they divide the
bounded space into a number of smaller volumes to calculate velocity and temperature field
within the zone. The relatively coarse grid leads to advantages in terms of simulation speed
when compared to a computational fluid dynamics (CFD) simulation. According to
Mitterhofer et al. (2016), zonal model provides accurate and detailed information about the

thermodynamic of indoor air behaviour within a space.

Zonal models are a common approach used in WBSM. To represent a large space using a
zonal model, the space is represented as vertical zones stacked on top of each other. Even
though, one limitation on that approach is in calculating solar distribution for a high number
of zones. Beam solar radiation is transmitted as diffuse radiation only to the first zone,
neighbouring the zone with glazing on its external surfaces. Thermal analysis of the sub-zones
is highly affected by the way solar radiation is distributed in the indoor environment

(D’Aquilio et al., 2016).

3.4 Empirical and Semi-Empirical Models

Modern WBSM commonly use a number of empirical and semi-empirical models in order to
represent a part of the simulated airflow in the building. These models try to fill the gap left
by the AFN simulation, such as the mixed-model consideration of fully-mixed air within a
space, which is unsuited for some cases (e.g. under-floor ventilation, cross-ventilation and
etc.). Moreover, these models are usually based on experimental data, analytical and
numerical models. Belleri (2013) states that empirical models are generally limited by the
number of case studies that the model is based on or to more detailed model simplifications
based on specific assumptions. But on the other hand, empirical models allow simplified

calculation avoiding the need of detailed and time-consuming simulation. EnergyPlus (2015)
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describes a number of different empirical and semi-empirical calculations used to characterize
the internal space’s airflow configuration, thermal stratification, buoyancy-driven airflow,

single-sided ventilation, and etc.

3.4.1 Empirical Model for Single-Sided Ventilation

Single-sided ventilation produces complicated and fluctuating airflow patterns at the buildings
openings, which the normal AFN approach cannot fully appreciate. Thus, empirical and
analytical model are the alternative to model these spaces. There are a number of analytical
and empirical model that describe the airflow through a single-sided ventilation opening
(Yamanaka et al., 2006; Phaff et al., 1980; BS 5925, 1991). A review of single-sided
ventilation analysis is presented by Allocca (2001). However, for the widely used multi-zone
AFN, normally found on WBSM, there is a lack of accuracy in modeling single-side
ventilation (Caciolo, 2009). CFD also comes as an alternative tool for fully characterize this

kind of ventilation.

3.5 Computational Fluid Dynamics (CFD) Approach in Whole
Building Simulation Model

CFD models, although complex, are becoming more accessible due to the rapid increase in
computer capacity and user friendly options in the market. CFD solves the fundamental
equations of motion for individual elements of a fluid at all points within a specific space. It
numerically solves a set of partial differential equations for the conservation of mass,
momentum, energy and turbulence quantities. Equation 3.12, 3.13, 3.14, and 3.15 express the
instantaneous three-dimensional mass and momentum conservation for an incompressible,
viscous, isothermal flow of a Newtonian fluid, in Cartesian co-ordinates, in partial differential
equation form and in conservation form. Equation 3.16 is the transport equation for a passive
scalar. In these following equations “div” is the divergence operator and “grad” is the gradient

operator.
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divv =0 Equation 3.12

ou . 5 op .
pa +p-div(uv) = — P + div(u grad u) Equation 3.13
ov . 5 op .
pa +p- dw(v U) = — @ + dw(,u grad 17) Equation 3.14
ow . R op .
Por +p-diviwv) = — 3, + div(u grad w) Equation 3.15
¢ P .
3 + p - div(¢p v) = div(I’ grad ¢) + S¢ Equation 3.16

where,
v, u and w: is the instantaneous velocity vector for the coordinate x, y and z;
t: 1s the time coordinate;
p: is the instantaneous pressure;
L 1s the dynamic viscosity;
p: density of the fluid;
¢: scalar quantity;
I diffusion coefficient for the quantity ¢;
S: 1s the scalar source term.

In order to be useful, CFD models need validation; otherwise they can only be used for flow
visualizations. Validation of CFD airflow models can be done by two approaches, wind tunnel
testing and field measurements. Furthermore, CFD could be used to model the thermo-fluid

characteristics of one particular space (room) or the whole building thermo-airflow pattern.
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The use of CFD in WBSM is becoming accessible in modern WBSM. The WBSM allows an
easier integration between the CFD model and the data provided by the thermal and AFN
models. AFN is more appropriate for investigating spatially averaged airflow rates, but when
detailed airflow and temperatures within a room are needed, CFD is more suited for this
application. The data provided by the AFN analysis from the adjacent spaces could be used as

boundary condition for the CFD investigation.

3.5.1 Turbulence Modeling

When modeling the airflow in naturally ventilated buildings the nature of the flow is almost
certainly turbulent. Furthermore, virtually almost all engineering applications of fluid
dynamics are turbulent and hence require a turbulence model (McDonough, 2013) .Currently,
there are two approaches normally used by the industry to model turbulence effects in
building application. The first one adopts a statistical approach to represent turbulence effects
by solving Reynolds Averaged Navier Stokes (RANS) equations (for a review of RANS
turbulence modelling see Pope, 2000). The second approach is called Large Eddy Simulation
(LES) (for a review of LES model see Sagaut, 2006); this form of turbulence calculation lays
between direct numerical simulation (DNS) and the Reynolds Averaged Navier Stokes
(RANS) method. According to Durrani et al. (2015), the RANS turbulence modelling is
currently the “industry-standard” approach regarding turbulence model, essentially due to its
considerably lower computational expense compared to LES (at least 2 orders of magnitude

smaller than LES).

The RANS with standard £ — & model is valid only for fully turbulent flows. This assumption
is valid when dealing with building airflows. This model is based on the characteristic
quantities of turbulence represented by the turbulent kinetic energy (k) and its dissipation rate
(¢). Their values are presented by equations 3.17 and 3.18 respectively, which are functions of

instantaneous velocity (), and position (x).
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k = 2 wu' Equation 3.17
ou,’ ou,’
gzv.(')_x].(')_x] Equation 3.18

Another assumption in turbulence models is that fluid is incompressible (i.e. the density
remains relatively constant). According to CRADLE-CFD (n.d.), a fluid is considered
incompressible if it has low velocity flows (<100 m/s), low temperature variation (under
several hundred °C), it is single phase, and non-combusting. This scenario is fully achieved in
natural ventilation. Thus, the balance equations governing flow for incompressible fluids are
functions of the turbulent kinetic energy, dissipation rate, eddy viscosity (u,), density (p),
thermal expansion coefficient (5), and Prandtl Number (P,;), as well as some other constants.

These balance equations are presented below (equation 3.19 to 3.24).

dpk Oupk 0 (/,tt dk

Fra =—(=—"5=)+Gs+Gr — :
at 0x; 0x; \oy axi> s T~ PE Equation 3.19

£ pe?
)+ G G5+ G- (1+CR) = G2 Bquation 3.20

dpe  Oupe 0 (,ut de
at dx;  0x;\o. 0x;

where,

e = aui n (')u] aui )
s = Mt dx; | 0x;) 0% Equation 3.21
pe OT
Gr = giB "B ox Equation 3.22
Gr
Ry = — Gs + Gy Equation 3.23
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U = Cyp - — Equation 3.24

The constants oy, o, 0;, C;, Cs, C3, and C, are obtained experimentally and are expressed in

Table 3.2.

Table 3.2 — Constants used in standard and RNG £ — ¢ turbulent model

O} O C] C2 C3 C,U Oy
Standard £ — ¢ model | 1.000 1.300 1.440 1.920 0.000 0.090 0.900
RNG £ — ¢ model 0.719 0.719 Ci(n) 1.680 0.000 0.085 n/a

C/(n) is calculated using equation 3.25 and 3.26.

n
1 (1-73g) .
C1(n) = 1.42 — 14001277 Equation 3.25
k1 foy N du; ou; N ou; ‘
=% 12 ox;  dx;) \dx; = ax; Equation 3.26

The Re-Normalization Group (RNG) & — ¢ model (presented in table 3.2) presents some
improvements compared with the standard £ — ¢ model. This turbulence model differs from
the standard £ — ¢ model due to the methods which the constants are obtained. Instead of
using a constant value for C;, the model uses the Fourier analysis. Others & — ¢ models have
been developed over time. However, the standard and RNG & — ¢ models are the most widely
used k& — ¢ turbulence models in buildings. The standard & — ¢ model typically gives

satisfactory results, but the RNG k£ — ¢ model is more widely used by researchers.

Igbal et al. (2012, 2015) found that the standard & — & turbulence model was sufficiently
accurate, while they found it was less precise for pressures under 0.5 Pa. Similar results were
found by other researchers, though they directly compared the results to the RNG k£ — ¢
model. Cook et al. (2003) concluded that the standard & — ¢ model over-predicted the rate of
entrainment into a buoyant plume, whereas the RNG model was closer with the experimental

and analytical results. Evola and Popov (2006) found that the s standard & — &€ model was poor
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at predicting the air velocity around horizontal surfaces, but was a good model for cross-
ventilating flows. Chen (1995) did a comparison of five different & — ¢ models, showing
inaccuracies in predicting penetration depth among the 2S and standard & — ¢ models. A
general analysis of the five models is presented in table 3.3. The author claims that the RNG
model is the best suited for indoor airflows. Similar conclusions are expressed by Tan and

Glicksman (2005), Seifert et al. (2006), and Yang et al. (2010).

Table 3.3 — Summary of the performance of the k£ — & models for predicting indoor airflow
(Chen, 1995)

Flow Type Parameters k—¢ |LBk—¢|2Lk—¢|2Sk—¢ | RNGk—¢
Mean velocity B A B B B
Natural Turbulence C C D D C
convection Temperature B D B B B
Heat transfer C B A C C
Forced Mean velocity C C C E C
convection Turbulence D D D D D
Mixed Temperature A A C A A
convection X, C B B D A
pinging ot Mean velocity C C C A A
Turbulence D D D C C

A=excellent; B=good; C=fair; D=poor; E=unacceptable.

Another commonly used turbulence model is Large Eddy Simulation (LES). The LES model
uses “filtered” Navier Stokes equations and as a result the dynamics of large eddies are
modeled only. According to Cable (2009), LES models require much finer mesh densities and
thus can take 20 times longer to converge on a solution than the RANS models. While LES
has been shown accurate results, £ — ¢ models have proved to be sufficiently accurate using
short computational time and is currently established as the standard approach to CFD

simulations.

3.5.2 Buoyancy on Computational Fluid Dynamic (CFD)

Differently than the AFN simulation, the buoyancy forces within a room/space can be well-

described using CFD. According to Nielsen et al. (2007), in CFD the Boussinesq

64



approximation for buoyancy is used. It consists of the following approximation (Etheridge

and Sandberg, 1996):

e Density is constant except when it is directly caused by buoyancy forces;
e A linear relation between temperature and density is adopted;

e All other fluid properties as constant.

According to Allocca et al. (2003), for buoyancy-driven ventilation, the CFD model is
sensitive to how the boundary conditions are set up (see section 3.5.3 for boundary
conditions). Teodosiu et al. (2014) claims that along the literature it is established that, in
order to improve the prediction of CFD modeling buoyancy-driven airflow, is recommended
to revise or enhance the following issues: discretization, turbulence modeling, treatment of
airflow near wall, radiation modeling, thermal boundary conditions and heat source

description.

3.5.3 Computational Domain and Boundary Conditions in CFD

The computational domain and the determination of boundary conditions in CFD are
dependent on the type of environment being analyzed. Three types of environments can be
identified: a) a fully enclosed space, b) a semi-enclosed or semi-open space, and c) a whole

building.

a) Fully enclosed space — the boundary conditions are defined as the spaces surfaces,
interior obstructions, air diffusers and returns, and type of connection with adjacent
rooms or spaces. Normally, the boundary condition between the room connections is
described as a fixed pressure differential or derived from AFN. The computational
domain is defined as the as the room/space walls.

b) Semi-open/enclose space — The semi-enclosed space has a connection between the
internal and the outdoor space. Therefore, a part of the boundary condition is subjected
to wind forces and wind flow momentum. Regarding the computational domain, the

domain is defined as the space walls and openings.
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¢) Whole building — In that category the building’s surrounding are a part of the

3.6

boundary conditions and elements such as the terrain, topography and adjacent
buildings are taken into consideration. The boundary conditions for those cases are
related with wind conditions as well as the building surfaces modeling. According to
Cook et al. (2003), some studies may model the wind around a building, giving input
conditions for a second set of simulations performed on the interior, specifying
conditions directly at the inlet of the building. However, this method can limit the
detail of the flow through the openings, and may also neglect the contribution of
natural ventilation by buoyancy if the inlet velocity or flow rate is specified instead of
the pressure across the opening. Define the computational domain for whole building
approach is not as simple as when just one zone is being modeled. The definition of
the minimum size of the computational domain is dependent on the investigated
building and if not properly determined could be a source of uncertainty. According to
Tan and Glicksman (2005), the computational domains should be 2.5 times the height
of the building, 4 times the width wide, and 4 times the length long. Evola and Popov
(2006) suggest using 4 times the height of the building and 8 times the length in the
leeward direction. While there is some ambiguity in the exact size, the general
consensus is to model the computational domain with 4 to 8 times each dimension of

the building.

Calibration and Validation of Whole Building Simulation Model

for Natural Ventilation

Model calibration aims to validate the accuracy of WBSM to represent actual building

operational behaviors. The most common approach for WBSM nowadays is “trials and error”

(Fabrizio and Monetti, 2015). However, more systematic approaches are emerging. A

comprehensive review of WBSM calibration methods is out of the scope of this research. This

section is therefore limited to uncover the main challenges in calibrating WBSM for natural

ventilation. Coakley ef al. (2014) provide an extensive review of the methods used across the

literature. In general, all methods use energy metrics for calibration. In addition to energy
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metrics, Coakley et al. (2014) proposes using average zone temperatures. Common
knowledge indicates that a successful WBSM model calibration involves major components:
an adequate amount of high-quality building information and operational data, and a carefully
built and verified WBSM. Table 3.4 shows calibration levels based on building information
available (Fabrizio and Monetti, 2015). However, not only the type and quantity of data
available, but most importantly, its quality and resolution needs to be considered for a

successful WBSM calibration (Coakley et al., 2014).

Table 3.4 — Levels of calibration based on building information available (Fabrizio and
Monetti, 2015)

Building Input Data Available
Calibration
Levels Utility | As-Built | Site Visitor | Detailed | Short-Term | Long-Term
Bills Data Inspection Audit | Monitoring | Monitoring
Level 1 X X
Level 2 X X X
Level 3 X X X X
Level 4 X X X X X
Level 5 X X X X X X

Coakley et al. (2014) state that the problem with WBSM calibration is over-specify, by
having too many inputs, and under-determine, by having few validation points. Therefore,
obtaining a unique calibrated model and simulation result is not reasonable. To address this
problem, Coakley et al. (2014) proposed a methodology for uncertainty characterization of
the calibration process that enable risk and uncertainty quantification of the final model

predictions.

There is a clear gap in the literature regarding calibration of WBSM for natural ventilation. In
general, case study papers are not validated. Only Coakley ef al. (2014) proposes adding the
average air temperature metric to the calibration, and presents a case study of a naturally
ventilated building. However, the case study building is not a fully naturally ventilated but a
mixed-mode building that does not eliminate the needs for mechanical cooling. Therefore, the

building is still air conditioned in the summer.

The complexity in calibrating WBSM for natural ventilation comes from an increased

uncertainty level. Such uncertainty originates from the close coupling between indoor and
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outdoor environments, the stochastic nature of wind, the increased influence of occupants’
behaviors in operating windows and doors, and the use of personal comfort devices such as
portable fans. Table 3.5 groups the sources of uncertainty in WBSM (Heo, 2011).
Furthermore, a truly naturally ventilated building is expected to maintain occupants’ thermal
comfort during warm periods of the year without relying on mechanical cooling. Therefore,
energy data is not suitable for such model calibration under natural ventilation mode of
operation. As a consequence, calibrating WBSM for natural ventilation involves compounded

uncertainties in each group in table 3.5.

Table 3.5 — Sources of uncertainty in WBSM (Heo, 2011)

Category Factors

Scenario uncertainty Outdoor weather conditions
Building usage/occupancy schedule

Building envelope properties
Internal gains

HVAC systems
Operation and control settings

Building physical/operational uncertainty

Modeling assumptions
Model inadequacy Simplification in the model algorithm

Ignored phenomena in the algorithm

Observation error Metered data accuracy

The currently criteria used to determine if a building energy simulation model is considered
“calibrated” is set out by ASHRAE Guideline 14 (2014). Being generic, the criteria can be
applied to any metric that could be suitable for natural ventilation. ASHRAE Guideline 14
(2014) uses two methods to represent how well the WBSM describes the variability in
measured data. The first is named coefficient of variation of the Normalized Mean Bias Error
(NMBE), which is a non-dimensional bias measure (sum of errors), between measured and
simulated data. The NMBE is a good indicator of the overall bias in the model. It captures the
mean difference between measured and simulated data points. However, positive bias
compensates for negative bias, creating a cancellation effect. Hence, a further measure of
model error is used. The second factor is the Coefficient of Variation of Root Mean Square
Error (CVRMSE). This index allows one to determine how well a model fits the data by

capturing offsetting errors between measured and simulated data. It does not suffer from the
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cancellation effect, like the previous factor. The NMBE and CVRMSE are calculated

according to equation 3.27 and 3.28, respectively.

2 —3)
NMBE = (11—1—1)137 +100 Equation 3.27
L —y)% 1
CVRMSE = 100 - W 'S Equation 3.28

where,
y;: real measured data at hourly time i;
y,: simulation-predicted data;
y: real measured data average.

According to ASHRAE Guideline 14 (2014), the simulation is considered validated if the
value of NMBE is lower than 10% and the CVRMSE is lower than 30%, for hourly calibrated
data. For monthly data, the guideline suggests that the NMBE and CVRMSE should assume

the maximum value of 5 and 15%, respectively.

3.7 Limitations in Whole Building Simulation Model for Natural

Ventilation
From the literature and the knowledge on the underlying physics-based models, the following
limitations can be outlined on WBSM for supporting natural ventilation.

e Due to the mixed-model assumption (i.e. fully-mixed air in a space) in AFN, the
airflow patterns, temperature stratification and the velocity fields within a room are

not modelled, which imposes imprecisions to the simulation. Especially for naturally
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ventilated spaces that are subject of drafts, thermal stratification and non-uniform
flows. Though, zonal models applied to those types of spaces can reduce those errors.
The inability of AFN to represent the coupled approach for outdoor and indoor
airflows (i.e. neglect the momentum of the outdoor airflow) affects the predictions of
airflows and draft discomfort, from wind turbulence and gustiness, nearby windows
and other large envelope openings (Murakami et al., 1991; Kato et al., 1992;
Etheridge and Sandberg, 1996; Seifert et al., 2006; Karava et al., 2007, 2011;
Kobayashi et al., 2010). Therefore, even though the simulations may be accurate from
a thermal balance point of view, they may completely misrepresent the thermal
discomfort/comfort in naturally ventilated spaces.

Wind speed is variable and gusty in nature and its direction changes every second.
Wind pressure coefficients (C,) are surface averaged and typically derived from wind-
tunnel tests or parametric analyses. Costola et al. (2010) compared calculations of
airflow rate using local and surface-averaged C, and results indicated large uncertainty
in the calculated flow rate using the surface-averaged pressure coefficient. The
weather data used to estimate the C, are limited for each time step. Hence, the
coefficients adopted are not representing the wind dynamic behaviour that occurs in
that time step, but is restricted to singular value.

Characterization models for all types of envelope openings are lacking. Furthermore,
airflow characteristics change with the degree of opening, and the incidence angle of
the wind. These changes are often not fully-reflected in the models.

According to Caciolo (2009), the AFN models cannot represent single-sided
ventilation, as it is mainly driven by turbulent fluctuations of wind pressures are
neglected in nodal models. Furthermore, Balaras ef al. (1999) determined that there
were significant errors in assessing single-sided ventilation with high wind speeds.
CFD simulations, coupled with AFN can address the limitations above. However,
CFD involves limitations of its own that reduce the analyses to very specific aspects or
areas, and often reduce the use of CFD to steady-state simulations on two-dimensional
flows.

From the literature, it is observed a lack of research in model calibration methods to

validate WBSMs for natural ventilation. Due to the increased level of uncertainties in
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the natural driving forces and the effects of human behaviour, different levels of
measurements are required, which are not typically available through the building

automation system.
Belleri (2013) summarizes the WBSM limitations in supporting natural ventilation as follows:

e Temperature distribution within air volumes (e.g. stratification) cannot be determined;

e Air speed in rooms cannot be calculated;

e Heavily dependency on coefficients like wind profile exponent, wind pressure (C,)
and discharge coefficient (C,);

e Local surface convection determination is limited by the insufficient resolution;

e Turbulent fluctuations of wind pressures are neglected;

In general, due to the increased complexities involving in natural ventilation (compared to
pure mechanical ventilation) the whole reliability of using WBSM to accurately represent
building airflows under natural ventilation regime can be questioned. To overcome this
concern, researchers often rely on uncertainty analyses. Breesch and Janssens (2007) have
chosen the Monte Carlo Analysis (MCA) to assess this uncertainties; this approach performs
multiple evaluations with randomly selected model input factors and can deal with correlated
input parameters. The authors carried out the following steps: (1) selection of a range and
distribution for each input parameter, (2) sample generation from these distributions, (3)
evaluation of the model for each element of this sample, (4) uncertainty analysis and (5)
sensitivity analysis. The determination of the uncertainty analysis is straightforward, as the
expected average value and variance of the output are estimated. This is done using the global
sensitivity indicator Standardized Regression Coefficient (SRC) (based on regression
analysis). This coefficient measures the effect of the variation of an input parameter with a
fixed fraction of its standard deviation on the variation of the output, while all other input
parameters equalize their expected value. However, conducting a comprehensive uncertainty
analysis is out of the scope of this research. To deal with this issue, this research will rely on
sensitivity analyses to help understand the relative relevance of the factors affecting natural

ventilation airflows.
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4. PROBLEM STATEMENT

Recently, the use of natural ventilation is being promoted as a sustainable, “green”, and a
passive cooling alternative; but designers and architects still use rules of thumbs in order the
implement natural ventilation strategies. Consequently, natural ventilation is being not
rigorously analyzed. In addition, there is a lack of consistency in the literature in assessing
natural ventilation using simulation and field testing. Thus, one premise of this research is that
natural ventilation assessment can be better supported by using dynamic tool, based in

suitable models, and field testing.

According to Belleri (2013), available building simulation tools allow users to integrate
energy models with AFN models providing quantitative information on natural ventilation
performance both in terms of energy use and indoor environmental comfort. These tools can
be used to support early design decisions, which have the highest influence on building
energy performance. Due to the complexity of the simulation and the lack of knowledge and
measured data, the natural ventilation simulations in practice often have no engineering
analysis base: modellers are not aware of the type and processing of the climate data required
for the analyses, the airflow models and their capabilities, the boundary conditions needed
according to the types of flows, the complexities in characterizing the openings, the process of
calibration and validation for the simulation, and the uncertainties of all the factors involved.
As a consequence, modellers use these tools as “black boxes” that with sufficient care in the

inputs provide “sufficiently reliable” results.

As expected, the standards that establish the calibration and validation approaches for the
WBSM exclusively focus on the energy consumption data. There is no pre-defined approach
to the validation of models of naturally ventilated buildings, as the main focus. In the
calibration and validation process, the relevance of the energy data for naturally ventilated
buildings are lower than for normal cases. After all, the building under natural ventilation,

apart for the equipment loads and lighting system, almost operates as a free-running building.

Moreover, it is important to understand how different factors that compose the natural

ventilation strategy work in conjunction. Architects and engineers often know that a specific
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building feature or a juxtaposition of different elements support a more effective natural
ventilation strategy in providing cooling for the building. But it is extremely hard for
designers to quantify how much each factor that composes the natural ventilation strategy is

actually effective in order deliver thermal comfort for the occupants.
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5. RESEARCH APPROACH

5.1 Research Objectives

Firstly, this study aims to provide a systematic framework to natural ventilation assessment.
The proposed framework is divided in simulation and field testing. In the simulation part, it is
provided the necessary instructions for the development, calibration and validation of the
WBSM for naturally ventilated buildings. A detailed flowchart for field testing is presented in
parallel. Finally, the proposed framework is applied for the assessment of natural ventilation

in the case study building.

Moreover, this research aims to evaluate whole building simulation models (WBSM) in
supporting natural ventilation. It is identified the challenges and limitations involved in using
this tools to assess natural ventilation. A number of limitations in using WBSM regarding
natural ventilation are already exposed along the literature review, but a more in depth
evaluation of those challenges, and how the industry is dealing with natural ventilation in

WBSM, is shown throughout the thesis.

The validated WBSM for VanDusen case study is later used in order to analyze the factors
that compose the natural ventilation of that particular building. Consequently, it is
investigated the impact of each individual parameter to the whole effectiveness of the natural
ventilation in that building. The parameters that compose the natural ventilation strategy are:
solar shading system, building thermal mass, the building’s solar chimney and indoor spaces
connectivity. To limit the scope, the effectiveness of the natural ventilation is focused on the

thermal comfort provided by this passive technology on the warmer season.

Through the completion of the research, it is expected to contribute to the knowledge on the
assessment of natural ventilation using WBSM and field testing, and in the identification of

critical aspects that compose natural ventilation strategy in a building.
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5.2 Scope and Limitations

The assessment of natural ventilation may focus on different areas, such as the ventilation
effectiveness, indoor air quality (IAQ), pollutant dispersion, energy performance, and thermal
comfort. To limit the scope and make the research feasible in terms of time and resources, the
effectiveness of the natural ventilation is focused on the thermal comfort provided during the
summer period. Due to limitations imposed by the building owners, surveys were not applied
to occupants’ of the case study building in order to evaluate the occupant’s thermal comfort or
how they interact with the environment to achieve thermal comfort (i.e. windows opening,
personal fans, clothing options, and etc.). The thermal comfort is evaluated by using the
adaptive thermal comfort provided by ASHRAE Standard 55 (2013). Furthermore, the field
testing and monitoring applied to the case study was limited to avoid extra intrusion to the
building occupants. To narrow down the scope, it is chosen to not use computational fluid
dynamics (CFD) to model key spaces in the case study building, like the building’s solar

chimney and the external wind pressure coefficient (C,) across the building surfaces.

As calibration is not the main focus of the research, the calibration/validation methodology
suggested to WBSM for natural ventilation is not presented in depth. But notwithstanding, the
presented methodology should serve as foundation for future research. It is also excluded
critical aspects of natural ventilation that could be left for future research, such as:
developing integrative methods to help designers optimize natural ventilation, optimizing
control strategies for natural and mixed-mode ventilation, and developing occupant-behaviour
and occupant-technology interactions models to be incorporated in naturally ventilated

buildings.

Other important topics were left out of this study to make the project tractable. These are: 1)
models and methods to support a comprehensive climate and micro-climate analysis, 2) the
study of algorithms to predict and assess occupants’ behaviours and interactions with the
building which are critical for natural ventilation performance, 3) incorporating uncertainty in

natural ventilation assessments.
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6. RESEARCH METHODOLOGY

The research methodology is centered on the development of a methodological framework for
natural ventilation assessment. The framework will help to develop a better understanding of
the capabilities and limitations of WBSM and field testing to support natural ventilation.

Thus, the research methodology is divided as the following:

1. Conduct a review of the literature on the assessment of natural ventilation using
Whole Building Simulation Models (WBSM) with the goal of finding the challenges
and limitations in using such detailed building models to support natural ventilation
design.

2. Development of the methodological framework for natural ventilation assessment. The
framework is one of the main contributions of this research, as it carefully synthesizes
knowledge from the literature and by the lessons learned from the case study.

3. Apply the framework to conceive the whole building simulation model (WBSM) of
VanDusen case study.

4. Develop a WBSM of the case study building. WBSM development will pay special
attention and apply more rigour to details that will affect natural ventilation
simulation. The WBSM software used is IES-VE for the following reasons:

o A model of the case study building developed in IES-VE by the mechanical
design company was made available for this study. The model was particularly
valuable given the complex geometry of the case study building.

o The software IES-VE, developed in the UK, is a well-known software and
recognized in the industry for its improved capabilities to support passive
designs.

5. Monitoring the case study building during the summer operation.

6. Calibrate and validate the WSBM by using data from: field testing, local weather, and
energy consumption data.

7. Analyse the importance of each individual parameter that composes the whole natural

ventilation strategy in VanDusen.
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6.1 Case Study Building

Using the framework proposed for natural ventilation assessment, the VanDusen case study is
analyzed. The assessment of the naturally ventilated building involves: the development of the

WBSM, its validation, and field testing and monitoring under natural ventilation.

Figure 6.1 — VanDusen’s WBSM using IES-VE

The details of the field testing are further presented (section 8.4) together with results (section
8.4.1). This data will serve to calibrate and validate the WBSM (section 8.6) but also to make
a thermal comfort analysis using the recorded data (section 8.4.1.3). Later, the main design
features that compose the case study’s natural ventilation strategy are analyzed, with a
sensitivity analysis (section 8.7). The factors to be analyzed are: solar shading system, solar
chimney, building’s green roof, and the connectivity between the spaces. The effectiveness of

each element is assessed using the ASHRAE Standard 55 (2013) adaptive thermal comfort.
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7. METHODOLOGICAL FRAMEWORK FOR NATURAL
VENTILATION ASSESSMENT

It was observed a deficiency across the literature regarding the assessment of natural
ventilation in buildings. Normally, this subject is presented in an inconsistent and fragmented
way. This research tries to suppress that deficiency by introducing how the natural ventilation
should be systematically assessed in a building. Furthermore, the framework is developed
using the knowledge and the lessons learned during the assessment of natural ventilation in
the case study building. The development of the framework comes as an effort to answer
questions such as: how to develop a WBSM to support natural ventilation? What are the key
components in a WBSM of a naturally ventilated building? How to model these components
in the WBSM? How to calibrate/validate a WBSM for natural ventilation? How to assess
natural ventilation in an existing building? What tools and sensors are needed? Is it possible
(feasible) to monitor the building under these conditions? How intrusive the experiments
could be done in the building? In case of possible limitations in the monitoring plan, what are

the possible options?

There are usually two common paths usually taken when assess a naturally ventilated building
is necessary: simulation and field testing. The framework illustrated by figure 7.1 introduces
both processes and how they should interact in order to fully assess natural ventilation

considering the limitation and constrains normally found in real cases.
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[ Results and Analysis ]

Figure 7.1 —Framework of natural ventilation assessment

Subsequently in the thesis, each aspect (simulation in section 7.2, field testing in section 7.3,
study of building performance in section 7.4, and validation/calibration in section 7.5) is

further detailed with more depth.

7.1 Study of Design Intent of Natural Ventilation

The design intent serves as the benchmark against which the natural ventilation performance
is assessed. However, for practical reasons, the natural ventilation design intent is often not
materialized. Thus, the study of the design intent should strive to answer the following
questions: is the design intent properly documented in design reports? Are any changes to the
design intent documented? How do changes to the design intent affect building performance
under natural ventilation? If design documentation is not available, is it possible to interview
the designers? What lessons can be learned from the design and construction process that

could be improved in future designs?

7.2  WBSM Development for Natural Ventilation
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Six different elements that compose the WBSM were established as foundation of having an
optimal thermal/airflow model to support natural ventilation. They are: weather and climate,
site and terrain, geometry and building orientation, building construction, building internal
spaces, and connectivity. Between these factors, when dealing with natural ventilation
simulation, there are two key elements: the building spaces (section 7.2.5) and the
connectivity (section 7.2.6). For that reason, both factors are highlighted in figure 7.2. Figure
7.2 also illustrates how all elements interact and shows the ramifications and procedures to be

done for each one in the WBSM.

Location I Assess natural Simplified approach (CoolVent by MIT
(weather conditions) ventilation feasibility or NIST Climate Sustainability Tool)
»1 Site characteristics > Terrain
v
—>»| Topography
Building in the WBSM
e T . »| Microclimate
| v ! {
- : Building | Building p| Sourceof
Building 1 spaces 1 construction pollution
geometry and | I
orientation A ¢ L I — ,
l : Space function(s) & processes : A 4
| |
|
Well-define the || ¥ 2 ¥ | Set w the
building external | . ) | building
e | Determine Define occupancy, Determine i construction
surfaces (building |, . . o
. the indoor internal loads and ventilation ! elements and
aerodynamic) I . I |
1| requirements schedules strategy I openings
| |
~—— Freco- -
1 y :
! !
: > Connectivity I
|
L T __ 1
y y
Characterize the opening Define building
(i.e. windows and doors) topology apd
connectivity
|
v v v
Define the level of exposure Set the building type of openings (e.g. top hung, Detail the connection
type (i.e. wind pressure bottom hung, slide, casement and etc.), openable between the spaces (e.g.
coefficient, C,) of the area, angle of opening, dimension proportion (i.e. doors, grilles and etc.)
opening discharge coefficient, C,).

Figure 7.2 — WBSM flowchart development for natural ventilation
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Regarding preliminary analysis on the use of natural ventilation, simplified approaches such
as CoolVent (2017) and Climate Suitability Tool (2017) have been developed and are
available for building practitioners. Further explanation for each element presented in figure

7.2 is explained on the following sections of this chapter.

7.2.1 Weather and Climate

There are two types of weather data formats normally used in WBSM: Design Day Weather,
used for building loads calculations and equipment selection, and Hourly Weather Data, used
for whole year energy analysis. The first consists of a typical hot summer day and a typical
cold winter day and is referred to as design weather. The second consists of 8760 hours (365
days x 24 hours/day) of weather data for a full year. For whole year data, the source of
weather data for WBSM usually can be broken into two major classes: historical data and
typical weather years. Historical data is just “real” data measured from a particular location
for a given period of time. Typical years, normally called as Test Reference Year (TRY), are
artificial years assembled to match the long term data for a particular location using a
particular statistical measure. The TRY is composed of 12 separate months of data each
chosen to be the most average month from the collected data based on the last 30 previous
years. Each software uses a specific format and source of the weather data, so it is important
for the designer to be aware of the data that is being used. There are some weather files that
take into consideration the climate change (warmer summers) in order to estimate futuristic
weather data. Therefore, this might be a decision to be considered by the designers and
building owners in order to have an effective natural ventilated building in a climate change

scenario.

However, for the use of WBSM for existing naturally ventilated buildings, it is strongly
suggested to use local weather data in the simulation. Prior results by Zhai ef al. (2010)
indicated that simulated building performance is significantly impacted by the use of locally
measured weather, as compared to data available in the nearest weather station. The authors
recommend the use of local weather data if possible, particularly for buildings with high solar

gains. Belleri (2013) indicates that the wind speed profile is the main source of uncertainty for
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modelling natural ventilation. Notwithstanding, knowing the impact of the microclimate,
variability of wind speed and direction, and influence of the surrounding’s topography to the

natural ventilation effectiveness, it is recommended the use of an on-site weather station.

For cases where installing a local weather station is considered unfeasible or impractical, it is
recommended the use of weather data from a nearby weather station. This approach is not
ideal but is more appropriate than to use weather data from a station that does not represent
the building’s microclimate. It is not guaranteed that the data from a nearby weather station is
the best representation of the local weather conditions, but is possible infer that this data is

fairly more precise than the data from a distant weather station.

7.2.2 Site and Terrain

Naturally ventilated buildings are highly sensible to external conditions (i.e. obstructions and
topography), in specific to wind speeds and direction. For that reason, ASHRAE
Fundamentals (2009) suggests using topography, landscaping, and surrounding buildings to
redirect airflow and give maximum exposure to breezes to the building. Aware of the effect of
the surrounding structures and obstruction on the building airflow, it is important to consider
adjacent obstructions around the building simulation. However, it is necessary to observe if
this option is available in the WBSM. For some cases, the software considers the obstructions
and estimates how this factor influences the wind pressure coefficient (C,) on the building
surfaces. Notwithstanding, understanding the inner-works of the software is important in
order to correctly consider external structures. Taking IES-VE for example, the software
allows to model nearby structures and it takes this obstruction into consideration when
calculating the solar and thermal gains. Nonetheless, adjacent structures have no direct

influence on the wind characteristics across the building facade.

In summary, the site and terrain influence the simulation of natural ventilation and special
care should be taken if it is observed severe restrictions (obstructions) to the building airflow

openings and paths. However, if the building is localized in a flat area and its surrounding is
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composed by low-rise buildings with no significant obstruction to the airflow, the WBSM’s

surrounding could be modelled without the use of adjacent structures without major concerns.

7.2.3 Building Geometry and Orientation

The building geometries influence how the wind pressure coefficients (C,) are considered on
the building surfaces. The wind profile is critical to model to natural ventilation on WBSM
(see section 2.1.2 and 3.2.1). The walls proportion, geometry and inclinations are what define
the C, across the surfaces. Remembering that WBSM uses database to estimate the C, values
(Costola et al., 2009). The building orientation, on the other hand, has a special influence in
the solar gains calculations, which is important for the thermal comfort provide by natural
ventilation during summer usage. Along with the correct building orientation comes the

shading system applied to the WBSM.

7.2.4 Building Construction

Building construction refers to the construction materials and assemblies that form mainly the
envelope of the building, but also the interior floors and partition walls. They play a role in
natural ventilation effectiveness by reducing heat gains and loses into and from spaces, and
also in providing a thermal mass for reducing peak load gains in spaces and shifting peak
indoor temperatures to unoccupied periods of the day. Air tightness is also a characteristic of
building constructions; however, it is not expected to be a critical one because the air passing
through unintended air leaks is over-powered by the ventilation air. For naturally ventilated

building, the airtightness does not affect the precision of the WBSM (CIBSE AM10, 2005).

7.2.5 Building Spaces
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The characterization of internal spaces for natural ventilation needs to consider the following:
space function and processes, indoor environment requirements, internal loads, occupancy

and schedule, consider ventilation strategy and buoyancy.

7.2.5.1 Space Function & Processes

The function of a space determines its occupancy, shape, dimensions, location, character,
requirements, and the impact of the ventilation in the thermal environmental performance.

Therefore, the function of a space dictates its natural ventilation performance requirements.

7.2.5.1.1 Indoor environmental requirements

Four categories of, interacting and often conflicting, requirements are typically considered for
characterizing the acceptability of an indoor environment: indoor air quality (IAQ), thermal
environmental, acoustic, and visual quality (ASHRAE Guideline 10, 2016). Meeting and
exceeding those environmental requirements can lead to optimized environments that
maximize well-being and performance, such as to: help workers be productive, minimize
distractions, promote alertness, be suitable for learning, be pleasant, stimulate healing, etc.
However, these requirements are often conflicting. For example cross-ventilation requires air
circulation across open spaces, which often results in to noise and lack of privacy problems.
Also, opening windows for natural ventilation may bring outdoor noise and air pollution into
the building. Therefore, a careful assessment of these interactions between indoor

environmental requirements is needed for natural ventilation designs.

7.2.5.1.2 Occupancy, Internal Loads, and Schedules

By their own nature, naturally ventilated buildings are particularly sensitive to occupancy
dynamics and internal loads. As such, compared to mechanically ventilated buildings, extra-

effort needs to be devoted to quantify and predict the building internal gains and schedules. A
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particular challenge in building performance simulation is considering building occupants
because both their presence and behaviours affect the environment and are stochastic in
nature. Occupants can be considered in WBSM as: a) generators of thermal loads, b) receivers
and approvers of the indoor environment, and c¢) modifiers of the indoor environment. The
accuracy of these three considerations depends on the proper quantification of the occupancy
and the activities in the different spaces during typical days. However, consideration c¢) adds
another level of complexity and increased uncertainty. For natural ventilation in particular,
occupants operate portable fans, open windows, remove clothing, etc. All of which affect their
satisfaction with the thermal environment. Occupants’ behaviours/interactions with buildings
are an active area of research nowadays (IEA-EBC, 2017). Several occupant
behaviour/interaction algorithms have been proposed for window operation (Page, et al.,
2007; Tuohy et al., 2007; Rijal et al., 2014). However, these have not yet been incorporated in
WBSM.

7.2.5.1.3 Consider Ventilation Strategy for the Space

At the space (room) level, natural ventilation can be divided in three types: a) cross-
ventilation, b) buoyancy-driven ventilation, and c) single-sided ventilation. The ventilation
strategy dictates the types of models that can be used, and that can be supported by the
WBSM software. As discussed in the literature review, cross-ventilation is inherently
supported by AFN (section 3.2), single-sided ventilation relies on empirical models (section
3.4.1), and buoyancy-driven ventilation requires improved characterization of airflows within
a space, like zonal (section 3.3) or CFD model (section 3.5 and 3.5.2). Furthermore, the type
of model used in the spaces is coupled with the rest of the building using the space’s inter-

connectivity.

7.2.5.1.3.1 Buoyancy Forces

When dealing with buoyancy forces in natural ventilation modeling, answering the following

questions should be considered: are buoyancy forces an important component of the natural
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ventilation strategy for this building? In what spaces or zones should buoyancy forces be
considered? How does the available software support buoyancy modelling? Would zonal
modeling be sufficient to model the buoyancy forces? If not, CFD would be required? Does
the WBSM incorporate CFD modelling? If not, how can I determine the boundary conditions
for my CFD simulations? Is it possible to validate the CFD model by realizing field testing?

Furthermore, the importance of buoyancy in the design/operation of the building internal
spaces should also be considered in selecting the level of field testing presented by section

7.3.

7.2.6 Connectivity

Connectivity was the term chosen to describe the airflow path between spaces, including
internal and external air movement. The connectivity is divided in building topology (section

7.2.6.1) and characterization of the opening (section 7.2.6.2).

7.2.6.1 Building Topology

Apart from single-sided ventilation, the importance of the building topology is dependent of
the strategy used in the building (i.e. wind-driven and cross-ventilation, buoyancy-driven
stack ventilation, or the night ventilation). Furthermore, a number of times in the industry not
enough care is taken to proper define the elements responsible to connect the internal spaces,
such elements are composed by doors, grilles, louvers, ducts, holes, internal leakage area and
etc. Even if properly applied to the internal spaces, a proper characterization of these openings

is extremely important (section 7.2.6.2).

7.2.6.2 Characterization of the Openings

The literature review (see section 3.2.2) describes openings characterization and how WBSM

normally characterizes the openings (windows, doors, grilles and etc.). Modern WMBS are
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facilitating the characterization of the openings by calculating the airflow using empirical and
analytical models based on: the type of window, degree of opening, openings dimensions and
proportions, wind exposure level and etc. However, the literature review and the case study
building reveal that rigor is lacking in properly characterizing openings in WBSM for natural

ventilation.

7.3 Natural Ventilation Field Testing and Monitoring

The field testing and monitoring is divided in 5 different levels (see figure 7.4 and table 7.2).
This division is based on level of refinement in the analysis and in the level of intrusion that
the experiments impose to the building occupants. The first level uses the building’s building
automation system (BAS) as the main source of data. The second level is relative to localized
measurements made on-site, it consists of: pressure difference between spaces, measurements
of temperatures and air speeds inside spaces to assess thermal stratification, and localized
airflows. Third and fourth level correspond to building monitoring, but the level of
intervention, number and types of sensors are different. In particular, if buoyancy forces are
important, then microclimate monitoring (Level 4) is suggested. Level 5 analyzes the
microclimate of the interior space by conducting a comfort study. This comfort study is
composed by installing a microclimatic comfort station close to occupants (ASHRAE
Standard 55, 2013) and conducting thermal comfort surveys for the building occupants.
Independent of level of analysis, a local weather station positioned on-site provides the
necessary data to the assessment of natural ventilation. After all, the weather is the main

driving force in naturally ventilated building.
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Figure 7.4 — Field Testing and Monitoring Flowchart

Table 7.2 details, depending on the levels of analysis, the factors analyzed through the

building monitoring plan, and the outcomes of that data in relation with the modeling
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opportunities. The purpose of each level of analysis is also presented; it goes from model

calibration to full environment characterization depending on the level chosen.

Table 7.2 — Level analysis used to assess natural ventilation in an existing building

Measurement Indoor Outdoor
detail modeling modeling
- e
Level of Factors | 5] e = Purbose
Analysis analyzed | o | 8| E | § | o A _5 S| A P
e 3 i) N S | = SR= 79
o Q, o) = Q O < O @)
95} o) = = N v ‘a
= 2 = Q
= &3
Level 1: BAS RH; Temp.; N N N Calibrate models based on
data and CO, indoor space conditions
Level 2: Calibrate models based on
Localized ap spaces connectivity and
. Air speeds VA \ \ :
testing and improved room thermo-
temperature . ..
measurements fluid characterization
RH; Temp.;
COQ, .
. . Improve detail on data for
Level 3: Operative o
. v LA \ \ models calibration from
Monitoring 1 Temp.; and
. levels 1 and 2
Opening
state
. Enable thermal and airflow
Air speeds, .
Level 4: characterization at the
. temperature YRR SR \ \ . . .
Monitoring 2 microclimate and opening
and 4P
levels
Level 5: RH; Temp.; .
Comfortable COy; Enable full environment
sty Operative \ SR \ \ characterization at the
(ASHRAE 55) Tgmp.; and occupant level
Air speeds

Surveys in association with comfortable studies are the ultimate method to evaluate if natural
ventilation is delivering the proper thermal comfort for its occupants. However, as this is not

the focus of the research, this is not presented with the depth.

7.4 Study of the Performance Factors that may Affect Natural

Ventilation Effectiveness
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Buildings are complex and there are multiple interrelated factors that may impact natural
ventilation effectiveness. These factors may be caused by unintended design and operational
anomalies that may impact the year-round building performance; for example, changes in
occupancy or use of spaces, mechanical heating or cooling that operate in parallel with natural
ventilation, night-time ventilation, and etc. Furthermore, the impacts of these anomalies may
be “visible” during heating mode operation, due to heating energy impacts, but may also
impact natural ventilation effectiveness. Historic trend-log data from the building automation
system (BAS), along with utility bills are the main tools to study the actual building
performance and uncover apparent ‘“anomalies” that may impact natural ventilation
effectiveness. Last but not least, feedback from occupants may also leads into issues that may
otherwise remain unnoticed (e.g. excessive solar gains, localized air drafts, glare, lack of
control over the thermal environment, and etc.) but ultimately affect their satisfaction with a

space that may be deemed comfortable from simulations.

7.5 WBSM Calibration and Validation for Natural Ventilation

Given the lack of a methodology for calibrating WBSM for natural ventilation, this research
proposes a generic methodology. Further research is needed to develop a comprehensive
methodology to calibrate WBSM for natural ventilation. The proposed methodology is driven
by the considerations on the increased level of uncertainty involved in naturally ventilated
buildings. The methodology, and the accuracy of the calibration, depends on the quality of the
field testing data described in section 7.3. The methodology is applied to buildings that rely
entirely on natural ventilation for cooling. Therefore, mixed-mode ventilation buildings are
not included. The compounded sources of uncertainty in WBSM for natural ventilation is

presented in table 7.3, the table is derived from table 3.5 by Heo (2011).
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Table 7.3 — Compounded sources of uncertainty in WBSM for natural ventilation

Category

Factors

Example

1. Driving forces

Outdoor weather conditions

Stochastic nature wind as ventilation
forces

Human factors

Window's operation, personal fans,
internal blinds, and etc.

Building envelope properties

Assigning wrong envelope characteristics

Internal gains

Incorrectly applying the internal loads;

2. Building equipment and lighting
physical/operational
uncertainty HVAC systems Asmgnlng the wrong HVAC
characteristics, efficiency and etc.
Operation and control settings Operatlon and control of automated
windows
Modeling assumptions C.haracterlza.tlon of the openings; Single-
side ventilation
3. Model Simplification in the model Modelling connectivity; fully mixed air
inadequacy algorithm characterization

Ignored phenomena in the
algorithm

Granularity of room air characterization

4. Observation error

Metered data accuracy

Lack of indoor occupancy data, indoor
operative temperature, air speed and etc.

In table 7.3, the name “scenario uncertainty” in the first group has been changed to “driving

forces”. The reason for this change is that the driving forces for natural ventilation are

inherently different from those in mechanically ventilated buildings; these are: the outdoor

weather and the human factors, both directly affecting the building usage and operation.

Figure 7.5 illustrates, for mechanically conditioned buildings, that weather and human factors

have the greatest variability, and represent the lowest ability to influence the energy use.
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Therefore, weather and human factor need to be given careful consideration in WBSM
calibration, even more than for mechanically conditioned buildings. Furthermore, again,
unlike mechanically conditioned buildings, the measurement of these factors is crucial to

reduce the observation error/uncertainty (group 4 at table 7.3).

Thus, it is suggested the following calibration process for WBSM under natural ventilation:

e Use of year-round simulation data with heating/cooling energy consumption. This is
because cooling may be selectively used even in parallel natural ventilation, especially
in mixed-mode ventilated buildings. For purely natural ventilation cooling, the year-
round energy consumption makes it possible validate the internal loads applied to the
building.

e Use of field testing data described in section 7.3. Including internal spaces and
operative temperatures.

e Conduct occupant recurrent surveys to analyze how the occupants interact with the
building. Identifying how the occupants operate the windows, use personal fans, and
other thermal adaptive approaches.

e Realize an uncertainty model; similar to the one suggested by Coakley et al. (2014).
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Figure 7.6 illustrates the methodology suggested. The quality of data serves as the base for the
whole calibration process. The ultimate level of calibration is achieved through the use of the
uncertainty analysis. The year-round energy consumption is put in parallel with the building
data from the field testing (section 7.3). The survey complements both, and serves to complete

the necessary information to the uncertainty analysis.
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Figure 7.6 — Methodology for calibration of WBSM under natural ventilation
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8. VANDUSEN CASE STUDY

8.1 VanDusen Botanical Garden

The VanDusen Botanical Garden is a landmark building that is being used as a case study.
VanDusen’s design aimed to achieve net-zero energy through a variety of technologies
including solar hot water, photovoltaic panels, geothermal boreholes and natural ventilation.
The main motivation for using VanDusen as a relevant case study building to the assessment
of natural ventilation is that the building relies exclusively on natural ventilation to provide

thermal comfort for its occupants during the summer.

Figure 8.1 — VanDusen Botanical Garden (http://www.ledcor.com/our-
projects/environmental/sustainable-building/vandusen-botanical-gardens-visitor-centre)

According to VanDusen Gardens Sustainable Design Report (Cobalt, 2009), VanDusen’s
design followed an integrated passive design approach, focusing first on the climate and in the
passive behaviour of the architecture before considering any active mechanical features.
These architectures features incorporated in the natural ventilation design and are represented
in the building as: solar shading system, building’s thermal mass and green roof, and the solar

chimney.
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Figure 8.2 — Solar chimney in VanDusen (http://www.archdaily.com/215855/vandusen-
botanical-garden-visitor-centre-perkinswill)

VanDusen’s natural ventilation strategy relies on the combination of cross-ventilation and
buoyancy-driven ventilation. The buoyancy-driven ventilation is generated by the spaces’
high ceiling, plenum space at the top of the rooms, and a central atrium in association with a
solar chimney. VanDusen’s solar chimney (illustrated by figure 8.2) is designed to implement
a more reliable buoyancy-driven natural ventilation strategy than just wind-driven ventilation.
The solar chimney captures the solar radiation creating a pressure differential across the
atrium where the solar chimney is positioned. Then, the upper openings exhaust the air from
the atrium and other parts of the building, getting rid of the warmer air and letting the colder
outside air comes from the other openings across the building. Moreover, buoyancy forces are
especially evident in the atrium space, due to the association of the radiant floor (mechanical
system), solar chimney and the large height of the space itself. Considering natural
ventilation, Cobalt (2009) delineates the strategies utilized in VanDusen’s design as illustrated

in Figure 8.3.
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| Y
Figure 8.3 — Natural ventilation design intent for Van Dusen (Cobalt, 2009)

VanDusen is operated to rely on natural ventilation from, approximately, May 1% through
October 31% when the weather conditions are appropriate. According to the building control
system, the windows shall be opened when outdoor air temperatures are higher than 14 °C

and the space temperatures are higher than a predefined set point.

8.2 Study of the Design Intent of Natural Ventilation

In the case study, the building designers were not available for interview. However, an
extensive documentation of the building design was available, which allowed to identify the
initial natural ventilation intent. The VanDusen’s natural ventilation strategy is composed of a
number of design features, such as: solar chimney, green roof and high thermal mass, solar

shading system, internal grilles, and a plenum space.

However, some of these initial features were not implemented to the actual building. The
internal grilles and the plenum at the top of the internal spaces were not applied. The reason
behind this decision is because those features would likely impose acoustical problems to
some spaces. Hence, internal partitions were positioned separating key rooms such as the

rental spaces (great hall, flex 1 and 2), library, classroom and volunteer room. For the rest of
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the spaces (garden shop, atrium, arrival hall, and restaurant), there is no internal division over
a certain internal wall height. So, the plenum space is still partially present in the building. For
the same acoustical reason, the internal grilles would were not applied to the actual building.
The intent of these grilles was to connect these separated spaces with the rest of the building,
allowing the air to flow to the plenum and then to be exhausted by the solar chimney,

increasing the spaces connectivity.

The other design features (i.e. solar chimney, green roof and high thermal mass) that compose
the natural ventilation design were successfully applied to VanDusen. The influence of each

feature to the natural ventilation effectiveness is further analyzed (section 8.7 and 8.8).

8.3 'WBSM Development for the Case Study

This section describes how the flowchart, earlier descried at section 7.2, is used in the
development of the WBSM of the case of the study building. A previous whole building
simulation model was given to the authors of this research. This first model was developed by
Integral Group (2013) and it was used to obtain building loads to develop the net-zero
analysis to the building. Throughout this section, a comparison between this previous model
and the developed WBSM is made. With this comparison, it is traced a parallel between how
the industry normally deals with natural ventilation and how natural ventilation should be

addressed using WBSM.

The main effort in the development of the model was put in two factors represented in
WBSM’s flowchart (illustrated by figure 7.2) as the core of the natural ventilation simulation.
The factors were: the building internal spaces (section 8.3.5) and the connectivity (section
8.3.6). Rigor in describing these key factors is often missing by designers and modellers. For
the case study, a building that is relying in natural ventilation as the only source of cooling for
the spaces, the original model lacked a careful modeling of the internal spaces loads, and most
importantly, a detailed modelling of spaces’ connectivity. Considering connectivity, the

characterization of the openings was the feature that showed the biggest gap between the
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initial and the developed WBSM. It is hoped that this research demystifies the use of modern

WBSM in the proper the characterization of the openings.

Notwithstanding, it is important to highlight the meticulous effort invested in modeling the
building’s geometry and construction characteristics by the designers and modellers. This
shows the focus of the industry in the performance of the building envelope, which is
understandable and desirable for climates with cold/mild winters, such as the one in
Vancouver. Lastly, the section is divided similarly as the section 7.2, but one extra section is

added showing the mechanical system applied to the model.

8.3.1 Weather and Climate

The WBSM uses a standard TRY weather file for Vancouver. Figure 8.4 shows the
temperature for all the hours of the year. It is observed that the mild temperatures between
May and September are suitable for natural ventilation. From March to October the
temperature drops below 13 °C, which make makes natural ventilation for cooling impractical
for most cases. For these range of temperatures, mechanical or hybrid ventilation become a

more suitable option.
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Figure 8.4 — Vancouver whole-year hourly temperatures

To isolate the suitable temperatures for natural ventilation figure 8.5 is presented. In the
picture, the red points represent temperatures above 14 °C and the blue points temperatures
below 14°C. This specific threshold of was chosen because according to VanDusen’s controls

design the windows that provide natural ventilation for the internal spaces should be open
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only when outdoor temperatures are higher than 14 °C and the spaces temperatures are above

a certain specified setpoint.

OAT higher than 14C: [Wancouver BC_CWEC Fwt] - Hrs

Jan Feb bdar apr bl ay Jun Jul Aug Sep Oct Mo Dec

N CAT<14C M OAT > 14C

Figure 8.5 — Vancouver hourly temperatures above and below 14°C

During the whole year, 25.8% (2260 hours) of the total amount of hours the outdoor air
temperatures are higher than 14 °C. When only the occupied hours are analyzed (between
9AM and 9PM), 35.9% (1572 hours) of the time the temperatures are that range. Those

numbers show the potential of the use of natural ventilation for Vancouver’s climate.

According to Mora (2015), the wind patterns in Vancouver are often modified due to
“channelling” of winds by the local topography. The author claims that south-easterly winds
are dominant all year, but in summer months there is an increase in their frequency, together
with an increase in the winds from the west. The weather data used in the simulation endorses
that statement, by indicating that the prevailing wind during the summer comes from east.

Figure 8.6 illustrate distribution wind direction for the summer months.
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SOUTH

Figure 8.6 — Average wind speed and direction for VanDusen (June to August)

8.3.2 Site and Terrain

The case study building is surrounded mostly by green landscape: the botanical garden, trees,
a small lake, low-rise residential buildings, and a park. The building’s neighbourhood is not
composed by high-rise buildings or any major obstruction to the airflow paths. For that
reason, no obstruction or surrounding structure was positioned in the simulation space of the

WBSM. Figure 8.7 shows a satellite photo the building’s surrounding.
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Figure 8.7 — VanDusen’s site and terrain (Google Maps)

8.3.3 Geometry and Building Orientation

One of the main challenges in that specific simulation is the overall complexity of the
building geometry. No changes were done in this feature from the original WBSM. Initially,
the building geometry together with the shading system generated uncertainty in the process
to estimate the building external pressure coefficients (C,). One option earlier considered in
the research was to use CFD in order to characterize the external pressures across the building
surfaces. However, due to time and resource constrains it was chosen to use the standard
approach of using the C,s to calculate the wind pressure across the building surfaces and

openings. Figure 8.8 illustrates how the building is oriented in the WBSM.
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Figure 8.8 — VanDusen’s orientation

The design of the Van Dusen includes a well-planned solar shading system. As observed in
figure 8.9, b and c, special attention was given to south and east elevation in terms of high

shading area and lower window-to-wall ratio.

b) South elevation

ZEE N —

c) Eastelevation d) West elevation

Figure 8.9 — VanDusen’s elevations

8.3.4 Building Construction

Not differing from the building’s geometry, VanDusen’s envelope is complex; it uses a

number of different materials in different configurations. The envelope is composed of a
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green roof, concrete walls, a high performance fenestration system, and concrete floor slabs.
Apart from punctual small adjustments, the original WBSM properly represents the building
construction. Figure 8.10 shows all the constructions setting applied to the model. Appendix

A extensively details the envelope used at the WBSM.

Construction
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Figure 8.10 — Building constriction characteristics on the WBSM

The high thermal mass of the building is guaranteed by the presence of the building’s green
roof, external concrete and rammed earth walls, and the concrete floor slabs. This feature
makes part of one of the elements that enhance the natural ventilation effectiveness for the
building. In terms of airtightness, the WBSM followed the report by Integral Group (2013)
that estimates the building’s infiltration rate as 0.1 ACH (air changes per hour), a relative low
value that represent the building higher airtightness. However, as explained earlier, for natural
ventilation performance the airtightness does not have considerable influence on the final

results.

8.3.5 Building Spaces

8.3.5.1 Space Function & Processes

The case study building is a multi-purpose single story building. The building consists of
education and administration building comprising a library, visitors lounge, Garden shop,
flexible spaces that may be rented out for meetings, a classroom and volunteer room. Figure

8.11 illustrates the building internal layout configuration.
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Room Group
00} SPACE: Active storage

o1} SPACE: Atrium - First three floars

[[oz) SPACE: Classroom Lecture/ Training
[[J03) SPACE: Conference! Meeting/ Multipurpose
[[Joa) SPACE: Corridor! Transitian

[Ho5) 5PACE: Dining area

[[J06} SPACE: Dressing/ Locker/ Fitting room
W07} SPACE: Electricalf Mechanical

[Clos) SPACE: Food preparation

o9} SPACE: Library - Reading area

[ 10} SPACE: Lobby

[l 11} 5PACE: Office - Enclosed

[l 12} SPACE: Restraoms

[l 13} SPACE: Retail - Sales area

[ 14) SPACE: Void/Plenum

Figure 8.11 — Building internal spaces layout

Table 8.1 shows the function of each space according to the ASHRAE 90.1 (2010)

parameters.

Table 8.1 — VanDusen’s space functions

Room name Space function
Arrival hall, Flex 1 and 2, Great hall, Volunteer room, .
Interpretative centre Multipurpose
Atrium Atrium
Garden shop Retail
Garden shop office, Office, Library copy room Office
Library Library
Classroom Classroom

Classroom storage, Flex 1 and 2 storage, South corridor
storage, Main storage, Bike room, Shop storage,
Library storage, Volunteer room storage, Janitor, Office
storage, Locker

Active Storage

South corridor and North corridor

Corridor

Food service and Food preparation/servery

Food preparation

Men’s and Woman’s W/C

WwC

Electrical and Mechanical room

Mechanical or Electrical Room
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8.3.5.1.1 Occupancy, Internal Loads and Schedules

VanDusen’s occupants are composed by visitors, people who work at the building and use the
rental spaces. Due to limitations imposed by the building owners, no surveys were applied to
the building’s occupants. However, through informal conversation with the occupants, it is
possible to trace some previous observations on the how they interact with the building to
reach thermal comfort during the summer when natural ventilation is being used. Firstly, the
occupants claim some thermal discomfort during the hot season. During that period is normal
to find personal fans positioned across the building. As expected, the occupants also open the
doors to increase the airflow. However, the building occupants do not have control on the
mechanically operated windows. In general, a part of the building occupants are not fully able
to interact with the building to achieve the thermal comfort. This raises the question if the
adaptive thermal comfort model is the most suitable to analyse the thermal comfort for the
case study. Notwithstanding, the adaptive model is further used to evaluate the effectiveness
of natural ventilation in VanDusen because occupants still have some level of environmental
control by being able to maintain open the exterior doors of all main spaces when needed (as
intended for the summer), by being able to open some windows in the library, and by using

personal fans, as noticed in four spaces.

However, one alternative to the adaptive model, Fanger’s model is demonstrated by Beizaee
et al. (2012) to not accurately predict the thermal comfort in naturally ventilated buildings.
The authors concluded that the Fanger’s PMV is not accurate enough in predicting people’s
thermal sensation in naturally ventilated homes and offices in the UK during the summer and
in both homes and offices the PMV model under predicts the actual thermal comfort

conditions and consequently predicts higher neutral temperatures.

In terms of the equipment and lighting loads, the initial WBSM used predefined values
suggested by ASHRAE Fundamentals (2009) and ASHRAE 90.1 (2010), respectively.
Notwithstanding, the developed WBSM used equipment loads estimated by Integral Group
(2013) in their net-zero building analysis, and the lighting loads are based on the original
lighting design provided by Bridge Electric Corp. The tables with all data applied to the
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WBSM for equipment and lighting loads, for each space, are presented in the appendixes B

and C, respectively.

The schedules adopted in the WBSM follow table 8.2 and based on the report developed by

Integral Group (2013).

Table 8.2 — VanDusen’s operation hours (Integral Group, 2013)

Garden and Gift shop hours

January and February 10:00 AM to 4:00 PM
March 10:00 AM to 5:00 PM

April 10:00 AM to 6:00 PM

May 10:00 AM to 8:00 PM

June, July and August

10:00 AM to 9:00 PM

September 10:00 AM to 7:00 PM

October 10:00 AM to 5:00 PM

November and December 10:00 AM to 4:00 PM
Library Hours

Tuesday through Friday 10:00 AM to 3:00 PM

Wednesday evenings

7:00 PM to 9:00 PM

1:00 PM to 4:00 PM
Closed

Sunday
Monday and Saturday

8.3.5.1.2 Ventilation Strategy for the Space

At the space level, the initial design intent considered, for most of spaces, a buoyancy-driven
and cross-ventilation strategy. However, due to the modifications made in the building
(section 8.2), these ventilation strategies were not followed for the following spaces: great
hall, flex 1 and 2, classroom and volunteer room. For theses rooms, due to mainly acoustic
reasons, natural ventilation is mainly provided via single-sided ventilation. For the rest of
spaces the initial design strategy was applied in the real building. Notwithstanding, there were
rooms that even in the initial design intent did not explicitly have a natural ventilation strategy
applied, such as: the garden shop office and the library copy room. Table 8.3 summarizes the

design and applied natural ventilation strategy for the different spaces.
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Table 8.3 — Design and applied natural ventilation strategy for VanDusen

Room name

Design Natural Ventilation
Strategy

Applied Natural Ventilation
Strategy

Great Hall, Flex 1 and 2,
Classroom and Volunteer room

Buoyancy-Driven and Cross-
Ventilation

Single-Sided Ventilation

Atrium, Arrival Hall and
Interpretative centre

Buoyancy-Driven (Solar
Chimney) and Cross-Ventilation

Buoyancy-Driven (Solar
Chimney) and Cross-Ventilation

Garden Shop, Library

Buoyancy-Driven and Cross-
Ventilation

Buoyancy-Driven and Cross-
Ventilation

Garden shop office and Library
copy room

None

None

Food service and Food

Buoyancy-Driven and Cross-

Buoyancy-Driven and Cross-

preparation/servery Ventilation Ventilation
South corridor and North Buoyancy-Driven and Cross- Buoyancy-Driven and Cross-
corridor Ventilation Ventilation

VanDusen’s solar chimney is one of the main natural ventilation strategies applied to the
building (see table 2.2 for the main natural ventilation strategies). The following observations
can be made on the design of the solar chimney. Its height does not seem to be tall enough to
create a considerable temperature and pressure difference to allow a stable and constant
airflow. The solar chimney needs to have a considerable length and height to collect heat from
the sun in order to have an optimum performance. Moreover, it was observed that the atrium,
where the solar chimney is located, is directly connected to the arrival hall. Both spaces have
doors that are kept open during the summer. This creates cross-ventilation between these two
spaces that seem to bypass the rest of the building. Even if only the atrium door is maintained
open during the summer, the buoyancy current created by the solar chimney is likely to draw
air from this “least-effort-path” nearby door, instead of drawing it from the rest of the

building.

8.3.5.1.2.1 Buoyancy Forces

107



Regarding the buoyancy force, the initial WBSM divided each internal space in three zones
stacked vertically (see figure 8.12). No explanation in the design documentation was found on
the reason for such division of spaces. The main reasons for such configuration could be: a) to
handle the complexity of the roof shape, b) to account for buoyancy in each space, as all the
spaces have high ceilings. However, this approach successfully represents the buoyancy

forces in the spaces and end up working similarly as a zonal model.

p— 1°

1° space | o space

2° space o —} | 2° space
— n 3° space

3° space -

1° space
1° space —t 11 lﬂ ° sgace
2° space | 7 ' i 1]l l 3° space

3° space |

Figure 8.12 — Building internal spaces configuration

Similarly, especial attention was given to the buoyancy forces in the atrium in association
with the solar chimney. For that space, the approximated zonal approach was used. That space

was divided in four intermediate spaces, as illustrated by figure 8.13.

1° space

2° space

3° space

4° space A NI

Figure 8.13 — Atrium representation at the WBSM

108



8.3.6 Connectivity

8.3.6.1 Topology

The initial design intent for the building was to use a plenum space to capture the warm air
throughout the building and then exhaust it through the solar chimney (section 8.2). The
initial WBSM was modelled using that approach (see figure 8.14). However, in the developed
WBSM the plenum (in blue) was partitioned at: great hall, flex 1 and 2, classroom and

volunteer room.

Figure 8.14 — Plenum space at the WBSM

Moreover, the initial design intent also considers the presence of grilles between the spaces
that have of openings, generating the airflow paths that, in theory, would flow through both
corridors and then to be exhausted by the solar chimney. However, those grilles were not

installed in the building.

8.3.6.2 Characterization of the Openings

The initial WBSM did not characterize the openings with enough level of detail. Instead, it
only applied over-sized custom sharp edge orifices for all windows/doors, and did not specify
the type and degree of opening, dimensions, and etc. Regarding the real openings,
VanDusen’s openings are composed by top hung windows and side hung doors. The majority
of the windows are automatically open following certain control logic. But there are manually

operated windows positioned at the lower part of the library (4 windows) and at the office (2

109



windows), when the building occupants feel uncomfortable they have the freedom to change
and adapt the environment by opening those windows. The automatic windows are open when
the outside temperature is higher than 14 °C and the spaces temperatures are above a specific
setpoint. When these conditions are met, the windows are open providing cooling for the
spaces. However, if the internal spaces temperature drops below the setpoint (plus the dead
band) the windows are closed. When the outdoor air temperature goes below 14 °C the
windows should be closed, as well. In VanDusen’s WBSM types of openings were set up as

the following:

e Natural ventilation openings: describes the top hung windows;
e Oculus solar chimney openings: describes the windows at the solar chimney;
e Doors natural ventilation openings: describes the doors used for natural ventilation;

e Internal grilles: represents the grilles (not installed) connecting the internal spaces.

Apart from the internal grilles that are always open or close depending on the simulation, all
the openings used the same logic behind its operation: they open when outdoor air
temperatures are above 14°C and the internal space temperature is higher than 24°C. Figure
8.15 shows the position of all type of openings throughout the building. Each colour

represents a different opening type.

Opening Type

.XTHNOODO [External window opening (CLOSED)]
.XTHNOUDl [Matural Ventilation Opennings)
DHRNOUDS (Internal Grilles)

DHHNOODG (Doors_Natural Ventilation Opennings)
DHHNOUD? [Qculus Solar Chimney Opening)

Figure 8.15 — Opening types on the WBSM

Table 8.4 shows all the characteristics of the openings existing at the building and applied to
the WBSM.
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Table 8.4 — Opening characteristics on the WBSM
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Solar 8 | 600 | 350 | 1P |45 |021| 171 | Ta>24
Chimney Hung
No.réh 5 | 1000 | 500 HT°p 251050 | 2.00 | Ta>24
Windows corndor ung
(Automatic) To
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Hung
Top
Garden shop 2 1400 | 500 25 10.70 | 2.80 Ta>24
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Windows ung
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8.3.7 Mechanical System

The original model obtained from the designers did not have the mechanical system.
Therefore, the original WBSM was used to obtain the internal loads on the building, which
were used to estimate the building’s energy consumption through external calculation
methods. Even though modeling the mechanical system was not the main concern in this
research, the mechanical system was fully developed by the author of this thesis and later
used for the year-round model validation/calibration (section 8.6). The mechanical system is
composed by displacement ventilation system, radiant floor slabs, solar thermal panels,
ground source heat pump (GSHP), heat recovery ventilator (HRV), domestic hot water
(DHW), and etc. Figure 8.16 illustrates the mechanical system at the WBSM.

Hot Water Loop System

S
@)
‘ 4
o\ M
et ned il
o~ &
a) air side b) water side

Figure 8.16 — Mechanical system at VanDusen (IES-VE)

8.4 VanDusen Field Testing and Monitoring

According to the levels of analysis described in the previous section and from the project
constraints and the instrumentation available, VanDusen’s field testing and monitoring is
characterized as level 3. In this level, sensors are positioned in the building to monitor its
performance for a certain period of operation. The factors analyzed in the building monitoring

are: internal spaces air temperatures, relative humidity, CO, concentration rates, and
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open/close status of openings. In addition to that, in order to monitor the outdoor

environment, a weather station was positioned on the building’s roof.

Two kinds of sensors was positioned at the indoor, the first is a data logger (Hobo® MX1102
data logger) responsible to measure air temperature, relative humidity, and CO, concentration.
The time step adopted to measure those factors was every 5 minutes. The second sensor used
is a state sensor (E-348-UX90-001) responsible to record the opening and closed status of the
openings. Differently than the previous one, this sensor records any change that occurs in the
opening status, without the need to establish a fixed time step. To monitor the outdoor
environment, a weather station was installed on the building’s roof. Table 8.5 sums up all the

sensors used in the case study building.

Table 8.5 — Equipment used for monitoring VanDusen under natural ventilation

Sensor types Measurement s
Sensors
e dein (o Air temperature, relative humldlty and 1
CO, concentration
Sate sensor Open and close status of the openings 16

Outdoor air temperature, relative humidity,
Weather station solar radiation, rain precipitation, wind 1
speed and direction

Figure 8.17 illustrates the building’s layout and the position of each sensor throughout the

building.
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Figure 8.17 — Indoor monitoring plan for VanDusen under natural ventilation
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Table 8.6 presents the label used to identify each sensor across the building.

Table 8.6 — Sensors’ label and position [1]

Sensor types Location Label name Serial number
. ATRI1 10544884
Atrium
ATR2 10544885
) FOOD1 10458642
Food service
FOOD2 10492460
) AHALL 1 10529486
Arrival Hall
AHALL 2 10529487
GRHALLI1 20153629
State sensor Great hall GRHALL2 20153630
(open/close) GRHALLS3 (I) 20153631
FLX1-1 20153632
Flex 1
FLX1-2 (I) 20153633
FLX2-1 20153634
Flex 2 FLX2-2 20153635
FLX2-3 (I) 20153636
Library LIBR 20153637
Garden Shop GSHOP 20153628
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Table 8.6 — Sensors’ label and position [2]

Sensor types Location Label name Serial number
Atrium ATR 10889680
Volunteer Room VOL 10889681
Food Service FOOD 10889682
Garden shop office GSHOFF 10889683
Hobo data Arrival hall AHALL 10889684
logger (CO,, Great hall GRHALL 20083066
Temp., RH) Garden shop GSHOP 20083067
Flex 1 FLX-1 20083068
Flex 2 FLX-2 20083069
Library LIBR 20083070
Class CLASS 20083071

At first, the data loggers responsible to monitor the indoor spaces were strategically attached
directly on the internal walls (see figure 8.18, b). But for safety reasons, all the sensors were

repositioned on the top of stable surfaces, like is shown by figure 8.18, a.

|

a) Data logger at the Library b) Data logger at the Arrival Hall
Figure 8.18 — Position of the data loggers in VanDusen under natural ventilation

The state sensors were installed at the top corner of 16 doors. From these 16 doors, 4 were
internal and 12 were external. During the summer period, the external doors, besides the
entrance use, are kept open to allow fresh cooler air into the internal spaces. The internal
doors are also monitored in order to observe their influence in the overall natural ventilation
performance. After all, with the opening of the internal doors the connectivity between spaces
is enhanced, creating larger airflow paths across the building by magnifying the cross-

ventilation. The airflow through the solar chimney might also be increased due to the
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improvement in the internal connectivity. Figure 8.19, a and b illustrate the position of the

state sensors on external and internal door, respectively.

b) State sensor at internal door

Figure 8.19 — Position of the state sensors at VanDusen’s doors

The weather station positioned on the building roof is responsible to the record the outdoor air
temperature, relativity humidity, solar radiation, rain precipitation, and the wind speed and

direction. Figure 8.20 shows the weather station installed at VanDusen’s roof.

Figure 8.20 — Weather station at VanDusen

8.4.1 Field Testing Results and Discussion
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This section introduces the data gathered from the monitoring plan previously described. The
field testing was conducted from August 10" to August 25" The section is divided in:

outdoor environment, indoor environment and thermal comfort analysis.

8.4.1.1 Outdoor Environment

This section describes the results taken from the weather station positioned on the building’s
roof. Due to problem in the installation of the station, the data was recorded from August 16"
to August 25" of 2017. The experiments were done during the summer in Vancouver,
Canada. The maximum temperature recorded was 29.5 °C and the minimum was 11.9 °C,
during the night-time. During the monitoring, the average outdoor air temperature in the
occupied hours (from 10 AM to 9PM) was 21.8 °C. Figure 8.21 shows the air temperature
measured by the local weather station and also the weather data from the International Airport
(YVR) to corroborate the data recorded. It is possible to observe that both curves follow a
similar pattern except for a few days where VanDusen’s peak temperatures are few degrees

higher when compared with the data recorded by the weather station.
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Figure 8.21 — Outdoor air temperature recorded by the local weather station

In terms of solar gains, the recorded days presented considerable solar radiation. The peak

value was 909 W/m? at 2 PM on August 24", During the daily peak, solar radiation values
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were around 800 W/m?. Figure 8.22 illustrate both solar radiation and outdoor air temperature.
As expected, it is possible to observe a certain relation between these two factors, with an

increase of air temperature together with the solar incidence.
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Figure 8.22 — Solar radiation recorded by the local weather station

A key aspect to natural ventilation is the wind. It is not possible to say that the recorded wind
data is representative for the year-round wind behaviour on-site. Notwithstanding, this data
indicates wind speeds and direction during the monitoring. For the majority of time the wind
direction was south-east, but north-west wind occasionally occurred. Figure 8.23 illustrates

the wind frequency for the monitoring period.
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Figure 8.23 — Wind-rose frequency from August 16" to August 25"
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Regarding the wind speed, for the majority of time the wind speed were inexitent or below 0.5
m/s. Only 1% of the data reported wind speeds above 2 m/s. The local climate, terrain
condition, and height of the weather staton localized on the building’s roof may explain the
relatively lower wind speeds and limited wind direction. The whole wind speed distribution

recorded by the local weather data is illsuatrted by figure 8.24.
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Figure 8.24 — Wind speed distribution

8.4.1.2 Indoor Environment

All the data recorded inside the building is presented in this section. As a part of the indoor
environment, internal temperatures, CO, concentration rates, relative humidity, and windows
and doors status (open and closed) were recorded. The sensors and equipment used in the
monitoring are presented in section 8.4. No sensors were directly positioned on the windows
openings; instead, the data related to the window status was gathered from the building
automation system (BAS) during the experiments. However, some technical problems
happened in a few sensors. More specifically, both states sensor installed in the food service’s
door presented problems and did not record any data during the monitoring period. The sensor
positioned at the library stopped recording the CO, concentration after a certain time, and the

Garden shop state sensor recorded that door was kept open for the majority of monitoring
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time, probably indicating a sensor’s malfunction. The rest of the sensors functioned as

expected.

VanDusen is a multifunction building; therefore, each monitored space has its own specific

operation characteristics, usage and even schedule. In order to efficiently present the

experiments results, this section introduces the data for each room with its peculiarities.

Firstly, the atrium is a key space for the performance of the overall indoor environment, the

presence of the solar chimney and the external doors are crucial airflow paths within the

building. Figure 8.25 shows the atrium temperature, CO, concentration, and open and close

status of the windows (solar chimney) and doors during the experiments.
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With a similarly function as the atrium, the arrival hall indoor conditions

10/08/2017 12:00

11/08/2017 12:00

12/08/2017 12:00

16/08/2017 12:00
17/08/2017 12:00
18/08/2017 12:00
19/08/2017 12:00
20/08/2017 12:00
21/08/2017 12:00
22/08/2017 12:00

=
<
a
~
1=
Q
a
B
S
4
)

14/08/2017 12:00

Figure 8.25 — Atrium indoor environment characteristics
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are illustrated by

figure 8.26. Notwithstanding the temperatures at the arrival hall are higher than the one

recorded at the atrium.
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Figure 8.26 — Arrival Hall indoor environment characteristics

The classroom is located at the south part of the building. During the summer, this room is

usually used for activities from 10 AM to 7 PM. Figure 8.27 illustrates the data recorded in

that room.
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Figure 8.27 — Classroom indoor environment characteristics

The volunteer room is located at extreme north part of the building. That space has a function
and hours of operation similar as the classroom. However, the temperatures recorded in that
rooms were lower than the classroom. Both rooms have external doors, and during the
summer the occupants usually open them to provide natural ventilation to the rooms. Sensors
were not positioned in those doors due to limited number of sensors available for the

monitoring plan.
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Figure 8.28 — Volunteer Room indoor environment characteristics

VanDusen’s rental spaces are composed by 3 spaces, named Flex 1 and 2 and Great Hall.
Occasionally, these spaces are used in conjunction by opening movable internal walls that
separate those spaces if needed. Figure 8.29 illustrates the rental spaces and how these rooms

are used as one big space.

Figure 8.29 — Rental spaces (Flex 1, 2 and Great Hall)

During the monitoring, the CO, concentration in Flex 1 indicates that this space was used and
received a large amount of occupant, at least 7 times. That occupancy rate affected the
temperatures and is also reflected by the doors operation. It is also observed that the

occupants normally open both doors of the room at the same time.
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Figure 8.30 — Flex 1 indoor environment characteristics

Flex 2 is also a rental space and during the monitoring period followed a similar pattern than
the one showed in the Flex 1 and Great Hall, indicating that these spaces might have been
used in conjunction. The temperatures fluctuated between 23 and 28 °C and the CO,
concentration got to peak of more than 1000 ppm, indicating the space was highly occupied.

Figure 8.31 shows the Flex 2 temperature, CO, and door opening status.
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Figure 8.31 — Flex 2 indoor environment characteristics

Between all the rentals spaces, the Great Hall is the bigger one and is located closer to the

atrium space. The indoor environment at the Great Hall is illustrated by figure 8.32.
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Figure 8.32 — Great Hall indoor environment characteristics

To show the interaction between Flex 1, Flex 2 and Great hall, figure 8.33 illustrates all the
factors monitored in these rooms put in parallel. The doors usage also indicates that those

spaces are mostly used in conjunction as one larger space.
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Figure 8.33 — Rental spaces indoor environment characteristics

Regarding the food service, the sensor was positioned relatively close to the kitchen, next to
where the attendants work. The temperatures in that space reached 30°C at one point. The
heat generated by the kitchen equipment is the main reason for the high temperatures
recorded. Apart from the usage hours, there is a significant temperature drop when the kitchen
is not being used. That space has external two doors that are kept open for the most time
during the occupied hours. Two sensors were positioned at these doors, but due to technical

problems both of them did not register any relevant data during that period.

124



31

‘ ——Food Service Temperature mmmNorth Corridor Windows Open ——Food Service CO2 Concetration L 1400

30

FOOD /\

29 N.v\\ SERVICE / - 1200
. A 1 - -
) g
< A L1000 2

27 )
o A ARTERI s
2 2% W) g
: ’ i oW E
£ ”' =
£ W E
£ e Voo S .
p ! L ‘ 3
g » : )
2] o

22

21

e
E

11/08/2017 11:00
12/08/2017 11:00
13/08/2017 11:00
14/08/2017 11:00
15/08/2017 11:00
16/08/2017 11:00
17/08/2017 11:00
18/08/2017 11:00
19/08/2017 11:00
20/08/2017 11:00
21/08/2017 11:00
22/08/2017 11:00
23/08/2017 11:00
24/08/2017 11:00

Figure 8.34 — Food Service indoor environment characteristics

During the monitoring, portable fans were observed in the following rooms: the garden shop
(two fans), the garden shop office, the library, and the volunteer room. This kind of adaptive
approach shows that the spaces temperatures during that period gets to a point that make

occupants to feel uncomfortable. Figure 8.35 shows the fans installed at the Garden Shop.

Figure 8.35 — Fans used at the Garden Shop

During the monitoring, high temperatures were recorded at the Garden shop. The sensor
positioned at the door indicates the door was kept open all the time. This is likely to be untrue,

and product of some technical error in the sensor. However, the room has mechanically
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operated windows that periodically were open over that monitoring time. The Garden shop

indoor environment is illustrated by figure 8.36.
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Figure 8.36 — Garden Shop indoor environment characteristics
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The Garden shop has a small office at the back part (see figure 8.37). Initially, this room was

not considered to be monitored, but due to concerns that the space was not performing as

intended, a sensor was positioned in the room. The office is normally occupied by one

occupant and has a computer, printer and copy machine. There is no ventilation system

applied to the room, but a small personal fan used by the occupant. The door is kept open to

avoid even higher temperatures.

Figure 8.37 — Garden Shop Office at VanDusen
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During the monitoring period the temperature recorded were substantially high, fluctuating

above 26°C for most of the time and getting up to 29°C. The CO; levels, however, stayed at

reasonable lower levels. Figure 8.38 shows the indoor environment of that space.
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Figure 8.38 — Garden Shop Office indoor environment characteristics
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When comparing with all the rooms monitored, the library was the one with the lower

temperatures. This is explained by the amount of openings positioned in that the room in

association with the good solar shading, lower occupancy rates and low window-to-wall

ration. Remembering that the library have mechanically operating windows periodically open

around 4 AM and also manually operated windows, normally open during the occupied hours.

Figure 8.39 illustrates the indoor environment recorded at that space.
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Figure 8.39 — Library space indoor environment characteristics
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Table 8.7 summarizes the maximum, minimum and average temperatures recorded by the

field testing for the different spaces.

Table 8.7 — Recorded temperatures at the field testing

Maximum Minimum Average
Temperature | Temperature | Temperature

(°C) (°C) (°C)
Atrium 28.9 223 24.8
Arrival Hall 28.6 23.1 25.5
Classroom 28.4 23.7 25.4
Great Hall 27.4 22.9 24.4
Flex 1 28.1 233 24.8
Flex 2 28.1 23.1 24.7
Food Service 30.2 22.4 26.2
Garden Shop 28.3 23.1 25.4
Garden Shop Office 28.9 25.7 27.5
Library 27.2 23.4 24.9
Volunteer room 28.0 22.8 243

8.4.1.3 Adaptive Thermal Comfort Analysis

The metrics used to assess the thermal comfort are the aforementioned adaptive thermal
comfort suggested by ASHRAE Standard 55 (2013) in association with the exceedance hours,
also presented by the same standard. The exceedance hours method (EH method) allows the
quantification of the number of hours in which environmental conditions are outside the
comfort zone requirements during the occupied hours in the period of interest. To this end, the

calculation of the EH follows equation 8.1

EH = Z(H>upper + Hojower) Equation 8.1

where,
H-ypper = 1 1f t,p>1,pper and 0 otherwise;

H<jower = 1 1f t5)<tjower and 0 otherwise;
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tupper: Upper comfort range;
tower- lower comfort range.

H-pper and H<jo,er are discomfort hours outside the zone boundaries and the units are in
hours. Although, the method proposed on the standard only quantify the total of discomfort
hours, which were separated in cold discomfort hours and hot discomfort hours by the author.
The reason behind that choice is that since natural ventilation is being evaluated in providing
cooling for the spaces, the analysis of hot discomfort range exclusively is more suitable for
that application. So, with that approach is possible to isolate the H-,,.. factor to serve as a

comparative factor later to be used.

The prevailing mean outside temperature was calculated using a linear average of the last 15
days temperatures, following the directions proposed by ASHRAE Standard 55 (2013). As the
time steps used in the monitoring was every 5 minutes, for each time step minutes there is a
dot (reading) representing the space temperature for a given prevailing outside temperature in
the graph. Evidently, the data used in the analysis is only related to the building occupied
hours, which is from 10 AM to 9 PM at summer time. The same concept applies to the EH
calculation. Differently from what is recommended by ASHARE 55 (2013), which uses the
operative temperatures (%) in the adaptive thermal comfort approach, the spaces air

temperatures were used in the analysis instead.
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Figure 8.40 — Adaptive thermal comfort analysis for VanDusen
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Figure 8.40 shows that for most of the time the temperatures are within the thermal comfort
range. However, there are points outside the comfort range. To see what is happening in each
space, the data illustrated in 8.40 is broken down to show the comfort analysis for each

individual room. The spaces are grouped based on their similarity and space function.

Figure 8.41 shows the adaptive thermal comfort applied to the atrium and arrival hall. Both
spaces have transient characteristics in terms occupancy and a similar usage. For the atrium,
during 6% of the time the space is not under comfort temperature, according the adaptive
thermal comfort. In the arrival hall, 10% of exceedance hours (EH) were observed during the
experiments. The higher thermal discomfort of the arrival hall is possibly explained by the
higher solar gains by the south face envelope, the doors located at the space are not always
kept open, like both doors in the atrium. Moreover, the atrium also has the presence of the

solar chimney.
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Figure 8.41 — Adaptive thermal comfort applied to the Atrium and Arrival Hall

The adaptive thermal comfort applied to the rental spaces are illustrated by figure 8.42. For
most of the time, the spaces are on the comfortable range of temperatures. The great hall
shows the better performance in terms of thermal comfort in comparison with the other
spaces. The 1% of EH in the great hall and the 3% in the flex 1 and 2, is relative to only 1 and
5 hours, respectively. For that time, based on the CO, readings, there were no events

happening on those spaces. Then, it is possible to assume that the rental spaces had
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comfortable temperatures during all the events

monitoring.
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Figure 8.42 — Thermal comfort analysis for the rental spaces

Regarding the food service, figure 8.43 shows the adaptive thermal comfort applied for that

space. Differently from the previous spaces, the food service presented uncomfortable

temperatures for a substantial period of time, with £H of 23%. This numbers are resulted from

the high thermal gains generated by the kitchen.

131



32

80% acceptability

G 3] Food EH=23%
< 55 | Service
5]

o

B 26

[

5 o

3

3 22 -

=

8 20 -

[}

=3

wn

18 -
90% acceptability

16 T T T . T : :
15 16 17 18 19 20 21 22 23
Prevailling Mean Outdoor Temperature (°C)

Figure 8.43 — Adaptive thermal comfort applied for the Food Service

Figure 8.44 illustrates the adaptive thermal comfort applied for both Garden shop and its
office. The Garden Shop presents a reasonable EH value of 7%, but the garden shop office
shows a EH of 62%. The high value of the thermal discomfort at the office is caused by the

lack of proper ventilation and ways to extract the heat from that space.
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Figure 8.44 — Adaptive thermal comfort applied for the Garden Shop and Office

Both volunteer and classroom are spaces with similar usage, but they are positioned at
opposite sides in the building. Volunteer room is located at the south part of the building, and
the classroom in the north part. The more exposure to the solar radiation in the south fagade of
the classroom may explain the higher thermal discomfort of that space in comparison with the
volunteer room. The value of EH was 12% for the classroom and 3% for the volunteer room.

Figure 8.45 shows the final results for both spaces.
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Figure 8.45 — Adaptive thermal comfort applied for the Volunteer Rom and Classroom

During the monitoring, the library was the most comfortable space in the building. During the

occupied time, the space temperatures were always within the comfortable temperature range.

Figure 8.46 illustrates the final results for the adaptive comfort for the library.
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Figure 8.46 — Adaptive thermal comfort applied for the Library

Table 8.8 summarizes the exceedance hours (EH) for the different spaces analyzed.
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Table 8.8 — Exceedance hours (EH) recorded at the field testing

Exceedance Hours, IS g
EH (%) Exceedance Hours,
EH (hrs)

Atrium 59 11
Arrival Hall 9.8 18
Classroom 11.7 21
Great Hall 0.8

Flex 1 2.9 5
Flex 2 3.0 5
Food Service 229 41
Garden Shop 7.4 13
Garden Shop Office 62.1 111
Library 0.0 0
Volunteer room 2.8 5
Average Space Temperature 5.8 10

Apart from a couple of rooms that are clearly are overheating in the summer, such as the food
service and the office at the garden shop, it is possible to say that the natural ventilation is
effectively delivering a thermal comfort for the indoor environment for the period when the
monitoring was realized. Notwithstanding, the thermal comfort is sensible to the building

anomalies further presented in section 8.5.

8.5 Study of Performance Factors that may Affect Natural

Ventilation Effectiveness

During the field testing (section 8.4.1.2), it is observed a sensible decrease in the internal
temperature when the windows or doors were open. The mechanically operated windows
were open at 4 AM, before the building opening hours. From that moment, it is possible to
notice a gradual decrease in temperature, especially if that one space is directly connected
with those openings. A more drastic temperature drop is observed when the building opens
and the occupants manually open the doors. The temperatures keep dropping until 10 AM
when they start to rise, throughout most of spaces, together with the outdoor temperature.

From then, the temperatures keep rising until the building closure, around 9 PM. The
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windows are closed at 10 PM, and from that moment the room temperatures are usually at the
highest level. The temperatures start to drop only when the windows are open again at 4 AM.
To illustrate a normal operational day, figure 8.47 shows the temperature, CO, levels and the

solar chimney openings status for the atrium space during a day.
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Figure 8.47 — Usual daily operation of the atrium

Persistently, the space’s temperatures at unoccupied hour are higher than the temperature at
occupied hours. This undesirable behaviour seems mainly caused by the lack of proper
ventilation during the nigh-time. This anomaly is observed through the building’s BAS during
the field testing. Accordingly, the building’s thermal mass is trapping the heat accumulated
through the whole day and does not dissipate that heat by the use of mechanical or natural
ventilation. If the intention behind this apparent anomaly was to save energy, the night-time

natural ventilation would achieve the same effect without the use of any energy.

A mechanical design anomaly was identified related to the water to air heat pump, named
HP4, which provides cooling for the electrical room exclusively for the whole year (the only
room in the building that uses mechanical cooling). The heat pump is connected to the
hydronic water loop, where it dumps the heat extracted from the electrical room. In other
words, the heat pump uses the radiant slabs to dissipate heat year round. That configuration
might be useful in winter operation but it is counterproductive with natural ventilation.

However, the heat pump has total cooling capacity of 8 kW, an expected leaving water
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temperature of 35.5 °C, and a design water flow of 0.5 I/s. Therefore, it is expected that this
anomaly is not able to substantially influence the overall radiant slab temperatures and

consequently the operative temperatures.

After the examination of the mechanical system in the BAS during the monitoring, a
mechanical operational anomaly was found. The anomaly is related with the geo-source heat
pump (GSHP), the main source of heat for the whole building. The GSHP are responsible to
warm up the water distributed to the radiant floor slabs. The GSHP was enabled, in heating
mode, every day during the building monitoring, usually from 10 AM to 2 PM. This operation
is clearly an operational anomaly. The access to the real building controls logic is not
available, so it is not possible to assertively point out the reason behind that anomaly.
However, initially, it is possible to trace a parallel between the building internal temperatures
and the GSHP operation. The GSHP is turned on around the time when the building
temperatures reached the lowest points throughout the day. Figure 8.48 illustrates the

temperature average of measured internal spaces in combination with the solar chimney and
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Figure 8.48 — Internal spaces average temperatures and GSHP operation

When the BAS is analyzed, it is traced some conclusions regarding the GSHP’s supply water
temperatures and operation hours. On the operation hours, the daily longest use of the GSHP
was 118 minutes, and the lowest use was 78 minutes. On the supply water temperatures, when

the GSHP is turned on is observed an increase in 2°C in comparison with when the GSHP is
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disabled and only recirculating the water. If the GSHP is enabled, the supply water
temperature is around 32°C and 30°C when the GSHP is disabled. Therefore, knowing that
small temperature increase when the GSHP is turned on, and the complexity of VanDusen’s
radiant floor system in association with the thermal mass of the concrete floor where this
system is positioned, it is expected that this operation anomaly does not substantially affect

the indoor environment and consequently the whole building natural ventilation effectiveness.

Even with the presented anomalies, after observing the temperature curves in parallel with the
windows and doors opening status, it is possible to conclude that natural ventilation is
providing a big source of cooling to the indoor environment. Even without the adjustments on
the building operation, it is possible to infer that if the natural ventilation strategy was
extended to the use of night ventilation the thermal comfort of the building occupants would
increase substantially. The solutions for the anomalies involve adjusting the operation of the

GSHP, and adding a by-pass to the HP4 water side, to be used exclusively during the summer.

8.6 Calibration and Validation of VanDusen’s WBSM

Following the concepts previously presented in section 7.5, this section shows the calibration
and validation performed on VanDusen’s WBSM. The lack of historical data from the BAS
made it necessary to position sensors inside the building (see section 8.4 for the whole field
testing adopted). The outdoor environment was recorded by a local weather station positioned
on the building’s roof. The main drawback to the validation process is regarding the lower
quality of energy data. The energy consumption available is inconsistent and presents a
number of gaps. An extra obstacle in the case study was due to anomalies in the operation of
the mechanical system, earlier presented in section 8.5. The calibration/validation was done
using the spaces temperature and year-round energy data. No surveys and uncertainty analysis
were performed. Figure 8.49 shows the level of calibration achieved in the case study, which
is based on the monitoring realized on the case study (section 8.4) and the year-round energy

consumption data.
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Figure 8.49 — Level of calibration achieved in the case study

Figure 8.50 illustrates the comparison between the measured and simulated energy

consumption throughout the year. The values of CVRMSE and NMBE are higher than
expected for monthly data. ASHRAE Guideline (2014) suggests that the values of CVRMSE

and NMBE should be below 15% and 5%, respectively, for monthly energy consumption.

However, the lower quality of energy data compromises the reliability of the energy data.

Notwithstanding, the values or measured and simulated energy data fairly correlate.
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Figure 8.50 — Comparison between measured and simulated energy consumption [1]
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Figure 8.50 — Comparison between measured and simulated energy consumption [2]

Furthermore, the on-site weather data is not directly applied to the simulation. Instead, the
weather data is used to compare real with simulation weather data. By comparing the
simulation and real weather data, days with similar weather profile are compared. Then, the
daily internal spaces temperatures for each space are compared. This approach is used
extensively throughout different days. Not just one, but 10 days are analyzed and compared
with the simulated data. Appendix D shows the daily results of CVRMSE and NMBE for all
days and spaces analyzed; the NMBE and CVRMSE are calculated for each space.

The anomalies previously presented in section 8.5 involve the lack of night-time ventilation
and the design and operational anomalies of the mechanical heating system. From the analysis
of these anomalies and simulations with night-time ventilation (Appendix F) it appears that
ventilation overpowers the mechanical anomalies. In other words, as long as there is some

sort of ventilation, the effect of the mechanical anomalies seems negligible.

Thus, in order to validate the WBSM and accurately represent the actual indoor conditions,
the lack of ventilation during the nigh-time, as is in the real building, is applied to the model.

However, as explained in section 8.5, the heating system anomalies (i.e. HP4 and GSHP
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operation) are not considered to have a substantial influence in the indoor temperatures during
the building operation hours. Therefore, these anomalies were not applied to the calibration of
the WBSM. Figure 8.51 illustrates one typical day used in the validation of the VanDusen’s
WBSM.

30 30
~
8 28 = [Local Weather Station 28 ARRIVAL HALL
o Simulation Weather Data ]
2 26 o 26
= e e aaiha WU
T 24 £ 24
5 =
E. 22 8 22
3
) =3
& 20 g 20
St )
518 = 18 CVRMSE = 24.1%
4 NMBE = 3.9%
§ 16 \ y 4 i 16 b
g 14 SN/~ n 14 Arrival Hall Temperature
S 12 12 Simulated Arrival Hall Temperature
10 10
oS O o O o O o o o o o <o <o S O O O ©O o o o o o o <o <
o O O O o O o o o o o o o o O O O O O o o o o o o <o
S S S S S IS SIS SS S S S S S S S S SIS S SIS SS
2L Lo eeeeee 2L e Lo
(=3 < X © AN T O X O A S A T © X O A T O 0 O A O
S O O O O = — = —~ —~ o O o S O © O O - = = —~ — o O o
a) Comparison between simulation and real weather . .
) P data b) Arrival Hall real and simulated data
30 30
28 ATRIUM S 28 CLASSROOM
~~
O 26 < 2 o~
N’
P 24 .r«——'/'-‘\ g 24 \——"—-—/
; A -
£E» g »
g 2
D
g 20 & 2
g 18 CVRMSE =24.2% = 18
& NMBE - 2900 - CVRMSE = 18.5%
g 16 e g 16 NMBE = 2.3%
g 14 : A 14
% = Atrium Temperature ) Classroom Temperature
12 Simulated Atrium Temperature 12 Simulated Calssroom Tempearture
10 10
oS O o O o O o o o o o <o <o S O O O O o o o o o o <o <
o O O O o O o o o o o o o o O O O O O o o o o o o <o
S S S S S S SIS S S S S S S S S S S S SIS S SIS SS
2L L e oeeeeeeee L e
S A T O X O AT O v O A <o S A T O X O A T O 0 O A O
S O O O O = = = —~ —~ o O o S O © O O - = = —~ — o O o
¢) Atrium real and simulated data d) Classroom real and simulated data

Figure 8.51 — Comparison of simulated and real data for a typical day [1]
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Figure 8.51 — Comparison of simulated and real data for a typical day [2]
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Figure 8.51 — Comparison of simulated and real data for a typical day [3]

Figure 8.51 shows an unusual flat temperature pattern for all spaces. The main suspects for
this unusual pattern are: 1) a lack of night-time ventilation, 2) the HP4 mechanical design
anomaly that for cooling-down the electrical room dissipates heat into the radiant slabs.
Appendix F demonstrates that night-time ventilation lowers-down temperatures at night and
produces a more typical almost sinusoidal daily indoor temperature pattern. As explained in
section 8.5, the mechanical anomalies were not included in the model calibration. In
particular, given its small capacity, the amount of heat produced by HP4 is not expected to
produce a big impact on the space temperatures of such a large and massive building,
particularly at night when the need for cooling of the electrical room is significantly

decreased.

Table 8.9 summarizes the values of CVRMSE and NMBE for all the 10 days used in WBSM

validation, and presents the values for all the spaces used in the validation.
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Table 8.9 — Final results on the WBSM validation

CVRMSE (%) NMBE (%)
Atrium 33.1 1.8
Classroom 38.0 6.0
Arrival Hall 38.9 4.8
Flex 1 24.6 2.9
Flex 2 26.2 35
Food Service 493 7.6
Great Hall 23.9 2.1
Garden Shop Office 60.8 11.1
Garden Shop 36.3 5.7
Library 36.6 6.1
Volunteer 23.5 2.3

From figure 8.51 and table 8.9, it is possible observe that the simulation is fairly
representative. The values of the CVRMSE and NMBE are equal or below 30% and 15%,
respectively, for most spaces. However, two spaces are not in that range of accuracy of
CVRMSE: the garden shop office and food service. These slightly inaccuracies are explained

by the position of the sensors at those spaces.

The data logger positioned at the food service was near the kitchen and the heat gains
generated in that space. Thus, the measured temperatures in that space are normally higher
than the simulated data, generating the inaccuracies observed in the validation process. The
garden shop office sensor was positioned in a shelf, not well representing the room
temperature, which affected the accuracy of the validation for that space. For the rest of the
spaces the values are within the expected level of accuracy, thus it is considered that the

WBSM is accurately representing the building.

8.7 VanDusen’s Natural Ventilation Sensitivity Analysis

This section uses the WBSM of the Van Dusen and conducts a sensitivity analysis on key

design features that compose the natural ventilation strategy. The chosen design features are:
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solar shading system, internal spaces connectivity, green roof, and solar chimney. The
analyses consist of a baseline simulation, which represents the optimum design for natural
ventilation, in comparison with the simulation that has a modification on a specific design

feature that composes the natural ventilation strategy.

Two metrics were used to evaluate those factors, the exceedance hours method (EH method),
previously presented in section 8.4.1.3, and an extended version of the EH method. The
extended version uses the number of EFH in conjunction with the temperature difference
between the operative temperature and the upper temperature limit (EHAT). This factor
introduces not only the amount of hours where a space is in thermal discomfort, but it gives
relevance to the actual space temperature in comparison with the thermal comfort threshold.
For example, if the operative temperature of a space is 27°C for 2 hours, and say that number
is above the comfort threshold, the EH is equal to 2. If the temperature was 30°C for the same
2 hour, the values would be the same EH = 2. By introducing the EH-AT factor is possible to

avoid distortions like that in the analysis.

The analysis uses only operative temperatures, as suggested by ASHRAE Standard 55 (2013).
The EH is calculated for operative temperatures that are higher than the upper limit threshold.
Temperatures below the lower limit of thermal discomfort are not considered in the analysis.
In other words, when the room is colder than the adaptive thermal comfort suggests, that
value was not considered in the final £H calculation. After all, the natural ventilation is being
evaluated in its capacity to provide cooling for the spaces. The simulations were all relative to

the months of July and August, the warmest period in Vancouver.

The baseline model is a representation of the optimum design for natural ventilation, with all
the features that could be considered as good design practices, in theory. In that optimum
design the building has an improved spaces connectivity, solar shading system, green roof,
and solar chimney. The alternative simulation is a model with a certain feature removed. The
current building has all the design strategies applied apart from the improved spaces

connectivity. Table 8.10 summarizes the how the simulations are distributed.
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Table 8.10 — Sensitivity analysis simulations

Factor Analyzed Baseline Alternative Simulation
Solar Shading Optimum Design No Shading System
. . . Actual Building (Poor
Spaces Connectivity Optimum Design Connectivity)
. . No Green Roof (Roof from
Green Roof Optimum Design ASHRAE 90.1)
Solar Chimney Optimum Design No Solar Chimney

For the each design features analyzed, appendix E presents a comparison between the internal

temperatures for the baseline and alternative simulation during the hottest day in the model.

8.7.1 Solar Shading System

VanDusen has a robust solar shading system applied to its envelope. In the sensitivity

analysis, the baseline model represents the current status of the building and the other

simulation represents the building with no shading system at all. Figure 8.52 and 8.53

illustrate the values found for percentage of EH and EH-AT, respectively.

10.0%

Percentage of Exceedance Hours (%)

9.0% -
8.0% -
7.0% -
6.0% -
5.0% -
4.0% -
3.0% -
2.0% -
1.0% -
0.0% -

Food
Service

=
2
<

Classroom

Library
Flex 1

Arrival Hall

Baseline

B No Shading System

Flex 2
Great Hall
Interpretive
Centre
Volunteer
Room
Garden
Shop

Figure 8.52 — Sensitivity analysis on the VanDusen’s solar shading system (£H method)
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Figure 8.53 — Sensitivity analysis on the VanDusen’s solar shading system (EH 4T method)

As expected, the spaces exposed to the south, like the arrival hall and the classroom, were the
one with the drastic drop in the thermal comfort. The arrival hall was the space with the
highest £H, but when considering the temperatures the classroom was the more sensible to the
presence of the solar shading system. Considering the whole building, the baseline simulation

has a EH of 2.39% and the simulation without the solar shading has 3.82%.

8.7.2 Internal Space Connectivity

Regards the internal spaces connectivity, the baseline WBSM presented the optimum
configuration, with internal grilles connecting the spaces that have openings to the north and
south corridors, and the walls limited to certain height, above that height the rooms are all
connected in a great plenum space that allows the warm air to flow across the building until
being exhausted by the solar chimney. In the other simulation, which represents the current
building, the key spaces (great hall, flex 1 and 2, classroom and volunteer room) have no

connection between each other. There are no grilles or flow paths that allow the air to flow
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from these spaces to the rest of the building and then to the solar chimney. Figure 8.54 and
8.55 shows the values found for percentage of EH and EH AT, respectively.
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Figure 8.54 — Sensitivity analysis on the VanDusen’s internal spaces connectivity (EH

method)
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Figure 8.55 — Sensitivity analysis on the VanDusen’s internal spaces connectivity (EH-AT

method)
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The spaces that still are connected with the plenum space at the core of the building, like the
arrival hall, the atrium, the interpretative centre and the food service did not suffer big impacts
with that modification. As expected, the more sensible spaces were the classroom and the
rental spaces (flex 1 and great hall). The classroom is a south facing room, and receives more
solar radiation than the volunteer room. This explains why its connectivity has a greater
impact on room temperature variations, since dissipates the heat through the rest of the
building more effectively than the single-sided ventilation. For the overall building, the EH is

2.63% for the model with reduced spaces connectivity and 2.39% for the baseline has.

8.7.3 Green Roof

The baseline WBSM presents the building with the green roof. The simulation with no green
roof uses a standard roof assembly as suggested by ASHRAE 90.1 (2010) for Vancouver’s
climate zone 5. This roof assembly’s thermal performance and thermal mass are lower than

those of the original green roof. Figure 8.56 and 8.57 shows the percentage of EH and EHAT,

respectively.
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Figure 8.56 — Sensitivity analysis on the VanDusen’s green roof (EH method)

148



70
65 - Baseline
60
~ 5 ® No Green Roof
$ 50 -
2 45
z ]
~
X 35 4
= 30 -
25 A
20 A
15 -
10 A
5,
0,
< 7 =3 3 < =E 5§ EE 22 o7
O G} E >

Figure 8.57 — Sensitivity analysis on the VanDusen’s green roof (EH 4T method)

Except for the interpretive centre, the influence of the green roof is similar independent of the
space. Given that the interpretive centre is at the core of the building and has no windows;
from first principles, the construction performance has a higher impact on a space that is not
properly ventilated. For all the other spaces the green roof slightly improves the natural
ventilation effectiveness in the same degree. For the whole building, the EH 1s 2.39% for the

baseline and 2.80% for the simulation without the green roof.

8.7.4 Solar Chimney

VanDusen’s solar chimney is claimed to be one on the main features in the building’s natural
ventilation strategy and this sensitivity analysis might be able to endorse that claim. So, the
baseline simulation shows the normal building with the solar chimney. In the other simulation
there was no solar chimney at the building’s roof, just a flat continuity of the building’s roof.

Figure 8.58 and 8.59 illustrates the percentage of EH and EH-AT, respectively
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The presence of the solar chimney improves the natural ventilation effectiveness for most of
spaces. In the overall building, the EH was 2.39% for the baseline and 2.71% for the
simulation without the solar chimney. Interestingly, the spaces directly connected with solar
chimney (i.e. atrium) showed a lower impact to the solar chimney in comparison with the rest

of spaces, like the classroom and rental spaces. The reason behind that is because the cross-
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ventilation (by opening the doors of the atrium and the arrival hall) is successfully delivering
thermal comfort for the atrium. Moreover, in the simulation without the solar chimney, the
warm air is trapped at the plenum (figure 8.60, b), affecting the spaces’ thermal performance
by decreasing the buoyancy-driven ventilation from the other spaces. Figure 8.60 illustrates

the flow paths for the simulation with and without the solar chimney.

al
===

b) WBSM without solar chimney
Figure 8.60 — Airflow paths for the simulation with and without solar chimney

Figure 8.61 illustrates the air temperatures for the atrium a solar chimney for a sunny and a
cloudy day. It is observed that the sun is the main driving force to the spaces temperatures to
the atrium and solar chimney. As expected, during sunny days with higher temperatures the
solar chimney presents higher temperatures than the atrium. That temperature difference
indicates that the solar chimney is successfully exhausting the air through its openings. This is
observed by the constant exhaust airflow throughout the whole operation day. However, for
cloudy days with mild temperatures, it is shown that the temperatures at the solar chimney are
lower than the atrium, with the temperatures decreasing with the height. Furthermore, when
the exhaust airflow is analyzed, it is detected that the solar chimney is successfully exhausting
the airflow through its openings during the mornings and afternoon, but in the beginning of
the evening the solar chimney, instead of exhaust the air, allows a small of air to flow into the

building.
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Figure 8.61 — Solar chimney and atrium temperatures

Thus, it is possible to conclude that the optimum operation for the solar chimney is during
sunny days. In these conditions, the exhaust airflow assumes stable and constant values
throughout the whole day. For cloudy days, it is observed that airflow though the openings are
more dynamic and unstable, even allowing inward airflow to the building. Regarding the solar

chimney performance, further analysis is let for future research.

8.7.5 Sensitivity Analysis Results and Comparison

In summary, the results of the sensitivity analysis are presented in this section. Firstly, as
expected, all the design features analyzed improve the natural ventilation effectiveness by
cooling the spaces. Between the factors analysed, the more effective strategy is VanDusen’s

solar shading system. The second more effective factor is green roof, followed by the
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building’s solar chimney in third and by the internal spaces connectivity in forth. However,

the differences between the green roof, solar chimney and the internal connectivity are

minimal. Differently from the shading system that showed substantially better results than the

other features. Table 8.11 presents a summary for the results calculated in the analysis.

Table 8.11 — Final results on the sensitivity analysis

B (°g§[{§1§s) (Hifllrs)
Baseline 2.39 155.9 212
Reduced Internal Spaces Connection | 2.63 173.8 233
No Solar Chimney 2.71 183.4 240
No Green Roof 2.80 189.5 248
No Solar Shading 3.82 271.3 339

Figure 8.60 illustrates the final results of the sensitivity analysis. The simulation with the

current building design is added to this final analysis. With that, it is possible to observe the

performance of the current building design in comparison with the other design

configurations.
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The results show the complexity of the natural ventilation strategy, which is composed by a
number of different features. Besides the internal spaced connectively, all the other features
are key architectural elements, which not necessarily is responsibility of the building designer.
This endorses the idea of having a cooperative team working together in order to have

efficient building, especially when involving a naturally ventilated building.

8.8 Comparison between Baseline (Optimum Design) and Current

Building Performance under Natural Ventilation

Using the calibrated WBSM, this section presents a comparison between the improved and
the current building performance for natural ventilation. The improved performance (baseline)
is composed by all the features already presented in VanDusen but with the improved spaces
connectivity and the mechanical ventilation throughout the night-time. Currently, the case
study building does not have any type of ventilation during the night and there is no
connection between key spaces, such as the great hall, Flex 1 and 2, classroom and volunteer
room. To be able to have a fair comparison between the two models, the windows/doors
operation for both simulations follow the same logic based on the building’s opening hours,
similar to the actual building performance. So, apart from the improved spaces connectivity
and night-time mechanic ventilation, both building have the same features and windows
operation. Figure 8.62 illustrates the percentage of EH for the internal spaces for the baseline

and actual building performance.
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Figure 8.62 — Percentage of EH for baseline and actual building performance

As expected, the simulation of the actual building performance shows more hours of thermal
discomfort than the optimum model. However, the difference between them is not significant.
In terms of the overall building’s thermal comfort, the baseline simulation has a EH of 2.10%
and 2.42% for the actual building performance. The building’s thermal mass plays a small
role in keeping the operative temperatures lower during the occupied hours, consequently
improving the building’s thermal comfort. The improved connectivity between spaces has a
small significance as well, as observed in section 8.7.2. In summary, the current building
natural ventilation performance could be slightly improved with a better connectivity and
night-time ventilation. However, no extreme enhancement in thermal comfort is expected

with this improvement.
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9. CONCLUSIONS

After studying the challenges and limitations for assessing natural ventilation using the Whole
Building Simulation Model (WBSM), the thesis has presented a systematic methodological
framework to assist the natural ventilation assessment. The framework has been successfully

applied to an existing real landmark building in Vancouver.

The framework developed for WBSM (section 7.2) recognizes the key elements that compose
the natural ventilation simulation, and provides the necessary feedback to the building
designer in order to have a representative model. The flowchart for the field testing and
monitoring is developed (section 7.3); it considers different levels of analysis and access to
the building. In parallel, a methodology for the validation and calibration is suggested (section
7.5). In summary, the proposed framework gives the building designers the tools and methods

needed in order to perform a systematic natural ventilation assessment.

Given the scarcity in the research literature in this specific topic, the proposed framework is a
first step in the development of a systematic natural ventilation assessment. Further work is
needed to develop a more comprehensive methodology. However, it is expected that the

proposed framework serves as foundation for future work in the natural ventilation field.

The main challenges faced in the case study were the low quality of energy data, and the
operational anomalies found in the building. These challenges are reflected in the level
calibration achieved in the case study WBSM. Better quality data is needed in order to
achieve a higher level of calibration following the proposed methodology for calibration
(section 7.5). VanDusen is a particularly challenging building to model for natural ventilation
because in addition to its unique shape, all its spaces have high ceilings, and this challenges
the AFN fully-mixed room air principle. So, a software workaround was needed in order to
address this limitation: representing each zone as a zonal model with spaces stacked vertically

on top of each other.

Regarding the field testing performed in VanDusen from the August 10" to August 25™ it

was shown that for the most spaces the temperature were in the comfort rage according to the
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ASHRAE Standard 55 (2013) adaptive thermal comfort. The most comfortable space in
VanDusen is the building’s library, followed by the rental spaces (great hall, flex 1 and 2) and
volunteer room. The atrium, garden shop, arrival hall and classroom presented temperatures
outside the thermal comfort range for fair amount of time, with EH varying from 6 to 12% of
the occupied hours. For two spaces, however, the amount of time that the spaces are outside
the comfort range is too drastic and adjustments need to be considered. The food service
showed a EH of 23% and the garden shop office a EH of 62%. It is possible to assume that the
data sample was not significant for the whole summer operation but it indicates that the
alternative measures need to be taken in order to provide comfort for these spaces during the
summer. Moreover, the measured data was directly influenced by the anomalies found in the
building operation (section 8.5). It is expected, after the adjustment in anomalies that the

building performance under natural ventilation will likely to be improved.

On the strategies that compose the natural ventilation in the case study building (section 8.7),
it is shown that the more effective strategy in delivering thermal comfort is provided by the
solar shading system. Alongside that element, the internal spaces connectivity, solar chimney
and green roof, come in that order of importance. The influence of the solar shading in the
thermal comfort is perceived in all the spaces but is more evident in spaces that have exposure
to solar radiation, in special rooms with south face fenestration. The influence of the spaces
connectivity was more evident to the classroom and rental spaces, showing the dependence of
those rooms to the others space connectivity. On the green roof influence, this feature affects
all the spaces in a minor amount; for only a core room that does not have any purposely
natural ventilation the green roof has a substantial influence in maintaining it cool. The solar
chimney showed an influence in the overall thermal comfort provided by natural ventilation.
Its influence was not observed in the spaces directly connected with the chimney, showing
that the solar chimney is effectively drawing the warmer air from all different spaces and

exhausting it through its openings.

The current natural ventilation operation was compared with an improved natural ventilation
operation (section 8.8). The improvements include enhanced spaces connectivity in
association with a plenum space and proper ventilation at night-time. Notwithstanding, these

improvements did not drastically impact in the natural ventilation effectiveness in the
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building. Furthermore, the current single-sided ventilation strategy applied to several spaces
(great hall, flex 1 and 2, classroom and volunteer room), though less effective than other
strategies (i.e. buoyancy-driven and cross ventilation), is able to deliver thermal comfort for

the occupants.

In conclusion, the effectiveness of natural ventilation is affected by the architectural design;
but from the case study building, for Vancouver’s mild summer season, there is no drastic
influence of any specific design feature on the overall effectiveness of natural ventilation. For
this case study, the major design feature was the solar shading system. However, it is
important to put the results of this study in its climate context. Therefore, it can be
hypothesized that the results from the sensitivity analyses would have been more dramatic in
hot humid climate. Testing this hypothesis is left for future research. In summary, the
effectiveness of natural ventilation is a result of an integrated effort of a number of design

features. There is no silver bullet to improve the natural ventilation effectiveness.

Last but not least, the assessment of thermal comfort in naturally ventilated buildings need to
consider a systematic feedback from occupants. Simulations and measurements indicate that
occupants should in general be thermally satisfied in the building. However, informal surveys
with staff indicated some level of dissatisfaction mainly due to a lack of control over the
indoor thermal environment. They felt that the indoor environmental conditions were imposed
on them, i.e. lack of perceived control on the environment, which is one of the bases of the
adaptive model. This raises the question: is the adaptive thermal comfort model appropriate
for all naturally ventilated buildings? Would a model that considers the level of control be

more appropriate? Answering these questions is left for future research.
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10. FURTHER WORK

Further work is recommended in the two aspects: 1) the natural ventilation assessment of the

VanDusen case study; and 2) in research to support the assessment of natural ventilation:

1) Further work in the natural ventilation assessment of the VanDusen case study:

Evaluation of different natural ventilation operational strategies to VanDusen. Using
the case study’s WBSM, the effectiveness of each operational strategy should be
analyzed. To name a few operational strategies: night-ventilation, internal doors
operation, occupant’s behaviour, and etc. Furthermore, it is possible to propose an
intelligent window control based on the WBSM to maximize the natural ventilation
effectiveness.

Improve the quality of the energy data used in the whole year calibration of the
WBSM. Until the present time, there are few data available and a number of gaps in
the energy data available to the authors of this research.

The use of surveys to obtain feedback on occupants’ satisfaction and behaviours
during the building usage, and the development of an uncertainty analysis will allow
us to achieve the highest level of calibration suggested by section 7.3.

Measure the thermal stratification on the case study building. The high ceiling of the
building spaces are a source of uncertainty to modelling the airflow through the
spaces. By measuring the thermal stratification in the spaces a better characterization
of the actual building airflow patterns is possible. This data could serve to a finer
characterization of the airflow in the WBSM (zonal model) or in a CFD simulation.
Development of CFD analysis of several internal building spaces. In special, the
building’s solar chimney could be modelled using CFD. After all, it was observed,
from the sensitivity analysis, an important influence of the solar chimney in the overall
building performance. The initial step would be mapping the temperatures at the
atrium and at the top part of the solar chimney in order to serve as boundary
conditions.

Evaluate the use of PPD (Predicted Percentage of Dissatisfied) and PMV (Predicted

Mean Vote) as metric to evaluate the natural ventilation effectiveness. Even though
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2)

these factors are design to determine the thermal comfort in mechanically ventilated
buildings, as natural ventilation was imposed for most of the building’s occupants and
they normally do not have the option to interact with the building to achieve thermal
comfort (i.e. lack of perceived control on the indoor environment), the use of Fanger
model might be considered valid to evaluate the thermal comfort for provided.

The use of C, calculated by CFD simulation. Addressing the uncertainty inherent from
the wind forces driving natural ventilation. In addition, a comparison between C,
generated by CFD simulation and the values adopted by the WBSM could be made.
After all, the complexity in the building geometry is likely to be generating a
discrepancy between real and simulated C, values.

Further research work to support natural ventilation assessment:

The use of the AFN mixed-model assumption to predict thermal comfort for naturally
ventilated spaces. Natural ventilation imposes unstable and non-uniform airflows,
possibly creating drafts, stagnant areas, and thermal stratification for the spaces, which
may create thermal discomfort for some occupants. This is not taken into account by
AFN, and the results of the simulation do not indicate those complexities.

A rigorous climate and outdoor micro-climate analysis was out of the scope of this
research. However, the outdoor climate and micro-climate is the main boundary
condition for natural ventilation and deserves close study. There are existing tools to
support climate analysis to some degree; however, these tools need to be tested, and
models and methods for a comprehensive climate and site micro-climate analysis need
to be integrated into the proposed methodology.

As discussed in this thesis, the coupling of outdoor climate and indoor airflows in
naturally ventilated buildings is still in need for research; particularly, as function of
the type of openings in a building.

Addressing uncertainty in natural ventilation design and assessment is another
important topic that was out of the scope of this research. A rigorous study of the
available literature needs to be conducted and a proper method be developed to
address the uncertainty, due to the two main factors affecting natural ventilation: the

wind, and the occupants’ needs and behaviors.
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Analysis of the impact of occupants’ behaviors on building performance, including the
development of algorithms to simulate various occupants’ behaviors. Results from the
literature need to be studied and assessed their applicability to support the assessment
of naturally ventilated buildings.

Develop better approaches for the field assessment and measurement of naturally
ventilated buildings and integrate its results in WBSM. In particular, integrate the
complexities originate from the difficulty to measure air pressure differentials and air

flows in the field; as well as integrating surveys’ data into the assessments.
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APPENDIX A -
SETTINGS

VANDUSEN

Table A.1 shows the envelope construction applied to the WBSM.

Table A.1 — VanDusen’s envelope construction characteristics [1]

ENVELOPE CONSRTRUCITION

Envelope
description

Materials used on the
Envelope (from internal
to external surfaces)

Thermal
resistance -
m’K/W
(h.ft2.°F/Btu)

Baseline
for climate
zone 5
Vancouver,
BC
(ASHRAE
90.1)

Cross section

Roof Construction

Roof Type 1 (R1)

Typical
timber
framing
roof
condition

Green roof system C/W
drainage mat, root
barrier, protection

board, roofing
membrane, protection

board, vapour barrier, 2
layers of plywood,

wood joists with splay
insulation (R-40),
GWRB, acoustic batt
insulation, fabric liner,
fir plywood in steel
framing support system

7.91
(R-45)

Roof Type 3 (R3)

Petal B/F
roofing

Stone ballast, filter
fabric, protection board,
roofing membrane,
overlay board, vapour
barrier, 2 layer of
plywood, wood joist
with spray insulation
(R-40), GWD, acoustic
batt insulation, fabric
liner, fir plywood in
steel framing support
system

7.91
(R-45)

Roof Type 4 (R4)

Typical
concrete
roof
condition

Green roof system C/W
drainage mat, filter
fabric, root barrier,

protection board,
roofing membrane,

overlay board, 150 mm

rigid insulation, vapour

barrier, concrete roof,
drywall ceiling in some
location

7.74
(R-44)

3.66
(R-21)
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Table A.1 — VanDusen’s envelope construction characteristics [2]

Baseline
Materials used on Thermal forzstlllénsa te
Envelope the Envelope (from | resistance - .
. ; Vancouver, Cross section
description internal to external m?K/W BC
surfaces) (h.ft>.°F/Btu) (ASHRAE
90.1)
< Blackfill, gravel, . : :
% drainage mat, 150 o JaE
& Concrete vyall ~ mm rigid 334 274 58
& at mechanical insulation, below (R-19) (R-15) L I
= rooms grade damp :j !
= proofing, concrete S
= wall 0
o Concrete wall with
o
E & | Concrete wall Yiﬁﬁﬁzf 0.08
— % below grade . ’ (R-0.5)
= drainage along
= outside of wall
= ‘ 7
o S Tvoical Rammed earth 7 |\
% o ramrﬁd carth wall, 150 mm rigid 5.03 T 7
= E wall insulation, rammed (R-28) i 77
@ = earth wall
g = 7 7
°| = 7 /'
§ —
§ 2.74 3
et Typical Concrete wall, 150 (R-15)
< P mm rigid 5.25
concrete . . ,
g, . insulation, concrete (R-30) -
= sandwich wall
[ wall
=
=
< 16 mm drywall,
= 2x4 studs, 155mm —
> | Externalclad | £9P; 2X6studs, 421 :
& all spray insulation, 13 (R-24)
~ W mm external wall )
= board, 1x1" batt,
= wood siding
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Table A.1 — VanDusen’s envelope construction characteristics [3]

Typical Concrete slab with
f}ilcj)or radiant piping, underslab 2.73 4.67
condition vapour barrier, rigid (R-15) (R-27)
insulation, structural fill =1 |¥ﬂg‘ | :ﬂ%
e =11
External "o . H
2SSG 6" painted aluminum, 0.5 (U-2.0 0.4 (U-2.6
. low-e glazing W/m?K) W/m?K)
glazing

174



APPENDIX B — VANDUSEN EQUIPMENT LOADS

Table B.1 presents the list of the applied equipment loads.

Table B.1 — VanDusen’s equipment loads (Integral Group, 2013)

ASHRAE Equipment Estimated
R ASHRAE Space | Area | Equipment | ASHRAE | typeinthe | Estimated Load per Estimated equipment
Type (n?) Density | Load (W) | space (see | Load (W) hour operating hours
(W/m?) table B.2) (kWh/hour)

Arrival Hall Multipurpose 118.0 10.76 1271 9 550 0.55 1 hour per day
Atrium Atrium 162.8 5.38 876 1,1,8,8,9 900 0.9 Building operating hours*
Garden Shop Retail 129.6 538 697 Ll 200 02

9 550 0.55 Building operating hours*
Shop Office Office 9.3 10.76 100 1 100 0.1 Building operating hours*
Shop Storage Active Storage 20.4 2.15 44 - - - -
Library Library 1399 | 1615 258 1 1% 01 Libray Operating Hours™

9 550 0.55 1 hour per day

1,2,3,49 1605 4815

Classroom Classroom 90.9 10.76 978 1 hour per day
Flex 1 Multipurpose 72.6 10.76 781 1,2,3,49 1605 4815 1 hour per day
Flex 2 Multipurpose 75.5 10.76 812 1,2,349 1605 4815 1 hour per day
Great Hall Multipurpose 146.6 10.76 1578 1,2,3,49 1605 4.815 1 hour per day
Classroom Storage Active Storage 17.8 2.15 38 - - - -
Flex 2 Storage Active Storage 4.7 2.15 10 - - - -
South Corridor Storage Active Storage 1.9 2.15 4 - - - -
South Corridor Corridor 58.2 2.15 125 9 550 0.55 1 hour per day
Food Service Food preparation | 132.7 16.15 2143 9 550 0.55 1 hour per day
Volunteer Multipurpose 88.7 10.76 955 1,4,9 1450 435 1 hour per day
Food Prep/Servery Food preparation | 39.0 16.15 630 - - - -
North Corridor Corridor 68.5 2.15 148 9 550 0.55 -
Interpetative Centre Multipurpose 55.5 10.76 597 1,3,8,8 320 0.32 1 hour per day
Men's W/C WC 34.8 5.38 187 6,9 1950 5.85 -
Woman's W/C WC 47.0 5.38 253 6,9 1950 5.85 -
Water Mech/Elec 11.9 2.15 26 - - - -
Electrical Room Mech/Elec 14.5 2.15 31 - - - -
Mechanical Mech/Elec 81.6 2.15 176 - - - -
Main Storage Active Storage 21.7 2.15 47 1,10 700 0.7 Building operating hours*
Access W/C wWC 8.6 5.38 46 6,9 1950 5.85 1 hour per day
Office Office 30.0 10.76 323 11,1 100 0.3 1 hour per day
Bike Room Active Storage 13.8 2.15 30 - - - -
Vestibule ( from Bike
room to Corridor to Corridor 52 2.15 11 9 550 0.55 1 hour per day
mechanical)
Corridor (to mechanical) Corridor 26.6 2.15 57 9 550 0.55 1 hour per day
Flex 1 Storage Active Storage 4.7 2.15 10 - - - -
Library Storage Active Storage 8.7 2.15 19 - - - -
Vol Storage Active Storage 134 2.15 29 - - - -
Library Copy Office 6.5 10.76 70 55,5 90 0.27 1 hour per day
Janitor Active Storage 5.4 2.15 12 - - - -
Locker Active Storage 4.9 2.15 11 - - - -
Office Storage Active Storage 7.2 2.15 15 - - - -
Vestibule Corridor 6.2 2.15 13 - - - -

*NOTE: Building Operating hours are shown in table B.3
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The equipment applied to the WBSM is presented by table B.2.

Table B.2 ~Equipment applied to the WBSM (Integral Group, 2013)

Equipment Equipment load

Type Tag | Types of equipment Load (W)
1 Computer 100
2 Audio system 85
3 Video projector 70
4 Coffee Maker 800
5 Printer 90
6 Hand dryer 1400
7 Microwave 800
8 Monitors 75
9 Vacuum cleaner 550
10 Server 250

The building operation hours is presented by table B.3.

Table B.3 — VanDusen’s operation hours (Integral Group, 2013)

Garden and Gift shop hours
January and February 10 a.m. to 4 p.m.
March 11 am. to 5 p.m.
April 12 a.m. to 6 p.m.
May 13 a.m. to 8 p.m.
September 15 am.to 7 p.m.
October 16 am. to 5 p.m.
November and December 17 am. to 4 p.m.
Library Hours

Tuesday through Friday 10 a.m. to 3 p.m.
Wednesday evenings 7 am.to 9 p.m.
Sunday 1 am. to 4 p.m.

Monday and Saturday Closed
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APPENDIX C — VANDUSEN LIGHTING LOADS

The lighting loads applied to the WBSM are presented by table C.1.

Table C.1 — VanDusen’s lighting loads (Integral Group, 2013)

Lighting Load (W)
Arrival Hall 1200
Atrium 1384
Garden Shop 1120
Garden Shop Office 33
Garden Shop Storage 29
Library 1305
Classroom 1088
Flex 1 1193
Flex 1 Storage 29
Flex 2 1193
Flex 2 Storage 29
Great Hall 1288
Classroom Storage 33
South Corridor 852
North Corridor 732
Food Service 855
Volunteer Room 1362
Volunteer Room Storage 33
Food Preparation 190
Interpretative Centre 276
Men's WC 689
Women's WC 1169
Service Corridor 257
Mechanical Room 605
Access WC 52
Office 99
Office Storage 33
Office Vestibule 52
Bike Room 112
Janitor's Closet 55
Locker Room 56
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APPENDIX D - WBSM VALIDATION

The values for the CVRMSE and NMBE used to validate the WBSM are presented by table

D.1.

Table D.1 — Values of CVRMSE and NMBE used to validate the WBSM [1]

3
=
g = 8 = 5 § 5
= S| B | — | « 2| £ o | @ 2| 2
2 g1 = % x|l S = | 2 = g =
5 % > 2 2 < 73 3} S E
@) Z S ] % S
<
)
_ CVRMSE (%) | 244|185 |24.1| 163 | 157|453 | 155|421 |19.8|12.6 | 150
g
NMBE (%) 221231391108 )| 84 ]-03]| 81|40 20 |-1.0
~ CVRMSE (%) | 38.1 | 27.1 | 382 | 23.1 | 19.3 | 44.0 | 22.7 | 68.0 | 30.8 | 32.7 | 22.5
>
a
NMBE (%) 06 | 45|28 | 18 |22 |60 | 13 |13.1| 44 | 64 | -0.1
- CVRMSE (%) | 30.8 | 28.6 | 35.8 | 22.2 | 19.7 | 429 | 21.7 | 55.8 | 29.5 | 26.7 | 12.3
g
NMBE (%) 03 | 48 | 31 20|27 |63 | 10 |104] 41 | 42 | 0.8
- CVRMSE (%) | 329|275 |37.6 249 |21.0 452 |23.8|64.2]30.0|295] 14.6
g
NMBE (%) -03 | 4.1 2.2 1.5 123 |58 |03 [11.8] 3.6 | 56 | 0.5
- CVRMSE (%) | 31.7 | 43.3 | 37.1 | 28.1 | 29.5 | 46.8 | 28.5 | 65.8 | 36.2 | 35.6 | 17.7
g
NMBE (%) 22 | 77 | 40 | 4.1 47 1 70 | 0.7 | 124] 6.0 | 64 | 2.4
© CVRMSE (%) | 38.9 | 51.9 | 46.2 | 29.6 | 33.9 | 56.0 | 29.4 | 64.0 | 45.8 | 44.8 | 29.1
g
NMBE (%) 55194 | 68 |49 | 60 | 72 | 55 |11.8] 7.8 | 85 | 53
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Table D.1 — Values of CVRMSE and NMBE used to validate the WBSM [2]
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APPENDIX E -

DURING A HOT DAY

COMPARISON BETWEEN STRATEGIES

Figure E.1 shows the comparison between the temperatures of the baseline and the model

with no solar shading system, during the hottest day of the simulation.
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Figure E.1 — Comparison of temperatures during a hot day for the solar shading simulation [1]
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Figure E.1 — Comparison of temperatures during a hot day for the solar shading simulation [2]

181



30
29
28

26
25
24
23

Operative Temperature (°C)

INTER.
5; . CENTRE

2 \/
21

20

19 - Baseline Interpretive Centre

18 No Shading System Inter. Centre
17

00:00
02:00:00
00:00

00:
04:

6:00:00
8:00:00

0
0

10:00:00
12:00:00

1

4:00:00

16:00:00
18:00:00
20:00:00

2

2:00:00
00:00:00

1) Interpretative Centre’s hot days analysis
Figure E.1 — Comparison of temperatures during a hot day for the solar shading simulation [3]

Figure E.2 shows the comparison between the temperatures of the baseline and the model

with reduced spaces connectivity, during the hottest day of the simulation.
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h) Food service’s hot days analysis
simulation [2]

g) Library’s hot days analysis
Figure E.2 — Comparison of temperatures during a hot day for the reduced space connectivity
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1) Interpretative Centre’s hot days analysis

Figure E.2 — Comparison of temperatures during a hot day for the reduced space connectivity

simulation [3]

Figure e.3 shows the comparison between the temperatures of the baseline and the model with

no green roof, during the hottest day of the simulation.
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f) Garden shop’s hot days analysis

e) Great hall’s hot days analysis
Figure E.3 — Comparison of temperatures during a hot day for the green roof simulation [1]
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Figure E.3 — Comparison of temperatures during a hot day for the green roof simulation [2]

Figure E.4 shows the comparison between the temperatures of the baseline and the model

with no solar chimney, during the hottest day of the simulation.
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f) Garden shop’s hot days analysis

e) Great hall’s hot days analysis

Figure E.4 — Comparison of temperatures during a hot day for solar chimney simulation [1]

187



00:00:00 —1 00:00-:00
\ g - 8 .00: v
- 2 00:00:¢C @ m g 00:00-CC -
2+ 000007 2, 2 2 00000z =
el ] (=
5 50 00008t £ 8 % ovoosl &
EE S El| gnnoor 2
nm mvw 00:00:91 W,. W nlm 00:00:91 ..nM,.
2 E- 000041 o L 000071 2
rm MHL A = = ° . o
> = 00:00:CI © 2 @A+ 00:00:CI =
£ = < g o iz
S & 00:00:01 m A Z 1 00:00:01 g
) |}
.- 1M Z :00:80 .9 K 0080 2
. < 00:00:80 3 E m N 00-00:80 o 00:00:00
[ 00:00:90 & W o) 00:00:90 & 5 o
o5 2 =2 3 21 00:00:2T
O 00:00:70 = o 00:00:70 o o 5 .
o o) ~ g £ C- 00100102
n 00:00:20 rm 00:00:20 5 3 5 -
= s el 00:00-81
00-:00-00 ‘o 00:00-:00 __ z .
OSRNXS OV TFTN AN —~ O 0 O NXSOVOWV TN AN~ DO 0 4 £ o) 00:00:91
= EL 00:00:41
(Do) danyeaddud I, danerddQ (Do) damyeaddwa ], danerddQ =5
/ > 5 00:00-C1
N\, S 2+ 0010001
s ©
:00: - & 7 00:00:80
00:00:00 00:00:00 m
~ e o & 00:00:90
2~ 00:00:TT £ 00°00:TC = = 000040
= ) N .
== 00:00:0T o 70 0000:0T % Z &
A = > 00:00:20
_ B 00:00:81 3 = O 00000181 5
g E B Szl a2 00:00:00
5 27| 00:00:91 & 2 £ 000091 ® o oot~ O o 0~
50 < m.m W432222222222111
= :00: 122] S = :00:
m = oo.oo.i [ O “ oo.oo.i I (Do) damyeaddwa ], sanerddQ
2 @~ 00:00:CT © £ = 00:00:C1 +
2 2 3 ER: 2
00:00:01 .m = B% M 00:00-01 -
o 00:00:80 M S _ 00:00:80 &
1)
> 00:0090 & - & / 00:00:90 &
= owooso S | 2 , 00:0040 %
— . . . p— N .
= — L \ =
00:00:20 0 © f 00:00:20 O
\ ~~
00:00:00 00:00:00 "
SN OISOV T NN — O N 0~ S ARV I-IO N T NN — O N 0 >~
N A AN AN AN ANAAANANANA AN AN AN AN AN AN
(Do) dumerddwd |, daner_dQo (Do) damerdduwd I, danerddQ

188

1) Interpretative Centre’s hot days analysis
Figure E.4 — Comparison of temperatures during a hot day for solar chimney simulation [2]



APPENDIX F — NIGHT-TIME VENTILATION ANALYSIS

Figure F.1 illustrates the comparison between the baseline simulation, with night-time
ventilation, and the simulation with no night-time ventilation. This first analysis includes the
radiant floor system operation. The current slab setpoint temperature in the simulation is

21°C.
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Figure F.1 — Percentage of EH for baseline and simulation with no night-time ventilation
(radiant floor system on)

As expected, it is observed a decrease in thermal comfort in the simulation with no night-time
ventilation. For the whole building, the baseline simulation has a EH of 2.10% and the
simulation with no night-time ventilation has a EH of 2.31%. Moreover, it is detected that for
the simulation with night-time ventilation (i.e. baseline model) the radiant floor slab operation
is slightly affecting the natural ventilation effectiveness. Because of the lower temperatures at
nigh-time, the radiant floor system is activated, slightly compromising the natural ventilation
effectiveness for the baseline simulation. With that, the space does not use the full potential of
the night-cooling in association with the space’s thermal mass to avoid thermal discomfort in
the next day. For the simulation with no night-time ventilation, on the other hand, the

temperatures are higher at unoccupied hours and the radiant floor slab is not activated.
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To analyse the radiant floor system, figure F.2 shows the comparison between the baseline

and the simulation with no night-time ventilation, both with the radiant system turned off.
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Figure F.2 — Percentage of EH for baseline and simulation with no night-time ventilation
(radiant floor system of¥)

With the radiant floor off, the EH for the baseline is 1.52% and the simulation with no night-
time ventilation has EH of 2.14%. Thus, comparing the baseline simulations with and without
the radiant system, it is detected a slightly improvement in the natural ventilation
effectiveness when the radiant slab is turned off. The baseline with radiant floor slab has a EH
of 2.10% and with no radiant floor slab a EH of 1.52%. For the simulations with no night-
time ventilation, it is also shown a little improvement in the natural ventilation effectiveness
when the radiant floor is turned off, with a EH of 2.31% for the simulation with the radiant
slab on and a EH of 2.14% when the radiant slab is off.

The daily temperatures are presented by figure F.3 to F.6. They are divided in mild and warm
day temperatures, and with and without radiant floor system. It is observed that the night-time
ventilation is more effective in cooling down the space during days with relative mild
temperature, especially when the radiant slab is turned off. During the hot days, the nigh-time

ventilation does not drastic change the indoor temperatures.

Figure F.3 illustrates the internal temperatures during a day with mild temperatures and with

the radiant slab turned on.
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Figure F.3 — Daily temperatures for the simulation with radiant floor during a day with mild
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Figure F.4 illustrates the internal temperatures during a day with warm temperatures and with

the radiant slab turned on.
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Figure F.4 — Daily temperatures for the simulation with radiant floor on during a day with
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Figure F.4 — Daily temperatures for the simulation with radiant floor on during a day with
warm temperatures [3]

Figure F.5 illustrates the internal temperatures during a day with mild temperatures and with

the radiant slab turned off.
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Figure F.6 illustrates the internal temperatures during a day with warm temperatures and with

the radiant slab turned off.
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