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Abstract

The global increase in energy usage and greenhouse gas (GHG) emissions is largely due to
the ascending trend of energy consumption in buildings. To address the negative impacts of
this trend, designing energy-efficient buildings is crucial. As a potential solution, thermal
energy storage (TES) systems, specifically using active TES in buildings’ mass have been
proposed. This thesis focuses on reducing thermal loads (i.e., space cooling and heating loads)
in cold-climate buildings by investigating the implementation of two methods of active TES in
walls: the use of domestic cold water (DCW) for space cooling and ventilated concrete block
wall (VBW) with supply air to zone (SAZ).

DCW can be circulated through thermally massive walls before regular household
consumption (e.g., shower) (herein “DCW-wall”) to provide free cooling without wasting
DCW. The study evaluated the cooling potentials of DCW-wall system through 3D transient
thermal simulations and revealed that the system is effective in providing cooling energy to the
zone. With low inlet DCW temperatures, the system was able to deliver a significant amount
of cooling energy per day, which could contribute to a substantial portion of the annual energy
demand for space cooling in cities with cold climates like Toronto.

In VBW system air is circulated between a zone and the voided cores of a VBW, where the
air exchanges heat with the wall before returning to the zone. To evaluate the system's
performance, typical-day and annual energy analyses were conducted under various boundary
conditions and air circulation speeds. The study found that a VBW with a 2 m/s air circulation
speed throughout the day can lead to 67% more thermal energy storage when compared to
having no air circulation. The annual analysis compared the energy performance between a
VBW and a traditional wood-frame wall in different cold climates. In addition, an annual

energy analysis showed that substituting a traditional wood-frame wall with a VBW can yield
il



a total assisting heating and cooling of 35 kWh/m? (wall area) for Edmonton, Canada
throughout the year.

Overall, this thesis presents two methods that can potentially reduce space thermal loads in
cold-climate buildings through active TES solutions in wall system. The results of this research
can provide valuable insights for building design and energy management in order to create

more energy-efficient buildings.
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Preface

This thesis includes original research conducted by Mohammad Rezvanpour and is divided
into four Chapters, with Chapters 1 and 4 serving as the introduction and conclusion, and
Chapters 2 and 3 presenting the research in the form of journal papers.

Chapter 2 provides an overview of the research focused on evaluating the energy potential
of the domestic cold water (DCW)-wall system for space cooling. The chapter covers the
methodology, model validation, results, and discussion. It concludes with a summary of the
main points and has been submitted for publication as “Space Cooling Energy Potential of
Domestic Cold Water Before Household Consumption in Cold-Climate Regions” to the
Buildings journal. In addition, some of the results have been published in the "Proceedings of
5" International Conference On Building Energy and Environment (COBEE 2022)".

Chapter 3 presents research on the generalizable thermal performance of a ventilated
concrete block wall and the energy implications of its substitution for a traditional wood-frame
wall in cold-climate buildings. The chapter covers the introduction, physical system,
methodology, model validation, results, and discussion. It concludes by highlighting the key
points and has been submitted for publication as “Generalizable Thermal Performance of a
Ventilated Concrete Block Wall and the Energy Implication of Its Substitution for a Wood-
Frame Wall in Cold-Climate Buildings” to the Buildings journal.

Both chapters are authored and communicated as “Mohammad Rezvanpour, Dr. Carlos
Cruz-Noguez, and Dr. Yuxiang Chen”, with Rezvanpour being responsible for developing the
methodology and numerical model, and analyzing the data, while Dr. Chen and Dr. Cruz-

Noguez contributed through conceptualization, supervision, and manuscript revisions.
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Chapter 1 Introduction

Mitigating the negative impacts of climate change and global warming requires immediate
attention and action. Despite the urgency of the situation, total world energy use and the
resulting greenhouse gas (GHG) emissions are on the rise [1]. Energy expenditure in the
building sector, specifically, has steadily increased by 1.1% per year since 2000 to account for
30-40% of the global energy use [2-4]. This increase has been the result of climate change and
global warming, population growth, changes in building design, and increased demands for
comfort [5-7]. Investigations by Levesque et al. [8, 9] revealed that the energy consumption of
buildings will continue to rise unless strict policies are implemented and energy-efficient
technologies are adopted.

The design of energy-efficient buildings is one of the proven ways to mitigate the adverse
effect of the ascending trend of energy consumption in buildings. One of the promising
approaches toward improving the energy efficiency of a building is implementing thermal
energy storage (TES) systems [10]. TES systems can improve efficiency by compensating for
mismatches between energy supply and demand, utilizing renewable energy sources,
stabilizing zone temperatures, shifting peak loads, reducing heat losses, and enhancing the
thermal comfort of occupants [10-13]. As an example, excess heat inside the zone can be stored
in the storage medium during the day and then released at night. Therefore, the cooling demand
during the day as well as the heating demand during the night can be reduced. Figure 1.1 shows

the common forms of TES in buildings.



Thermally activated with water

Building’s envelope

Thermally activated with air

HVAC systems

in buildings

Sensible storage

Building’s envelope

Thermal Energy Storage (TES)

!

Latent storage

Figure 1.1 Common forms of TES in buildings

As shown in Figure 1.1, TES in buildings is generally classified into two categories:
passive and active. Passive TES does not require any mechanical equipment to store heat in a
building's envelope. In this type of TES, heat is transferred between the storage medium and
the zone as a result of a temperature gradient. For example, direct or indirect storage of solar
energy is an effective passive sensible TES. The integration of phase change materials (PCMs)
in a building's envelope is an example of latent TES. In contrast, in active TES, mechanical
equipment (e.g., a fan or a pump) is employed in order to deliberately provide cool/warm heat
transfer fluid (HTF) to thermal mass. For instance, common methods for actively charging
thermal mass are using pipe-embedded hydronic (i.e., water-based) or ventilated (i.e., air-
based) systems in building envelopes.

A key factor in the high performance of TES systems is choosing a storage medium with
good thermal capacity, density, and thermal conductivity [12]. Storage materials are generally
divided into two categories of liquid and solid. In low temperature systems, water is the best

option to be used both as the storage medium and HTF due to its low cost, availability, and
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high thermal capacity. On the other hand, most solid storage materials have a lower thermal
capacity than liquids but a higher density. Masonry, concrete, and brick are among the solids
that are widely used in the building's envelope and can serve as thermal storage materials.

Building envelopes with significant thermal mass are capable of absorbing, storing, and
gradually releasing heat based on the temperature difference between the mass and its
surrounding zone. In light of that, the rate at which thermal mass gains or loses heat is known
as thermal inertia. A material with high thermal inertia has a delayed reaction to rapid changes
in the surrounding temperature. The delayed response results in a time lag between the
maximum outdoor and indoor temperatures, which could be desirable. By taking advantage of
this time lag, the building’ mass can store energy during the day and gradually reject the heat
at night or in the early hours of the following morning. Therefore, a building with a high
thermal mass can offset temperature swings, improve thermal comfort, and reduce energy
demand [14, 15]. However, when intense heat gain and loss occur, such as on very cold days
with strong solar heat gain, thermal mass may not effectively regulate indoor temperature
through passive storage and release [16]. In this case, the heat exchange between the mass and
its zone can be improved by circulating the zone air through the thermal mass and returning it
zone after exchanging heat with the core. This air flow into the zone not only provides
ventilation but also results in faster and higher heat exchange rate. An example of this type of
system is ventilated concrete block walls with air flow to the zone.

This thesis focuses on reducing thermal loads in cold-climate buildings through the use of
active TES in walls by employing two methods. In these methods, water and air were chosen
as the heat transfer fluid (HTF) to store heat in the wall system. The following subsection

provides a brief explanation of these methods and their goals.



1.1. Thesis rationale and objectives

This thesis considers two active TES methods to reduce the space heating and cooling
loads in cold-climate residential buildings. In its focus on the integration of active TES
solutions in wall systems to reduce the thermal loads of buildings, this thesis attempts to bridge
the current gaps in the relevant literature.

Due to the fact that cooling seasons are shorter than heating seasons in the cold regions,
most of the studies in the area of space cooling are mainly focused on the regions with
temperate and hot climates. However, climate change and global warming are changing the
equations. For example, Canada, as one of the coldest countries on earth, has experienced
longer heatwaves and higher summer temperatures during the past few years. Therefore,
additional research with a focus on free space cooling approaches toward reducing the space
cooling demand in countries with cold climate appears necessary.

Moreover, VBWs are able to provide dual functionality, acting as both structural support
and thermal mass, storing excess thermal energy and buffer zone temperature fluctuation.
VBWs enhance building performance through strong thermal coupling with the surrounding
spaces and exposing more mass area for heat transfer, promoting effective thermal storage and
release. Furthermore, VBWs’ simplicity in design and minimal reliance on mechanical
equipment make them a cost-effective option for improving the buildings’ energy efficiency.
Additionally, there is a scarcity of research on the use of VBWs in cold-climate buildings. The
increased thermal energy storage and release of VBWs contribute to their enhanced efficiency.
To maximize this benefit, substantial fluctuations in zone temperature are necessary. Cold-
climate buildings experience significant zone temperature fluctuations during spring and fall,
allowing the VBWs to demonstrate their full potential in maintaining thermal comfort and

energy efficiency.



This thesis aims to close the above-mentioned gaps in the literature by introducing two
active TES approaches, that have not been explored in the literature. To achieve this, the
thermal mass of the wall will be actively charged using two independent systems, as follows:

a) Domestic cold water (DCW)-wall system

b) Ventilated concrete block wall (VBW) with supply air to zone (SAZ)

The fundamentals, working principles and processes of the two studied systems are presented

in the next section.

1.2. Fundamentals, working principles and processes

Thermally activated building systems (TABS) refer to building components (e.g., concrete
walls and floor) that are actively utilized in both heat transfer and storage. TABS mainly
involve the incorporation of water pipes or air ducts into the building's elements to function as
heat exchangers, effectively transferring heat to the surrounding zones and storing thermal
energy within the structure. By storing the excess heat and releasing it later when needed,
TABS with high thermal mass can smoothen the temperature fluctuation within the zone.
Therefore, the workload of chillers or boilers can be reduced, resulting in energy and cost
savings.

TABS with embedded water pipes exchange heat with the surrounding area only through
the surface via convection and radiation mechanisms. Conversely, when air is used as HTF,
heat exchange occurs through the surface via convection and radiation as well as through the
supply air to the zone via advection (i.e., advection is a type of convection heat transfer resulted
from the intensive bulk movement of air into each other). In the latter case, the circulating air
exchanges heat with the building element before being supplied to the zone, thereby enhancing

thermal coupling or heat exchange between the mass and the zone.



This thesis is a comprehensive study on the effectiveness of two types of thermally
activated wall systems in reducing the space heating and cooling loads of cold-climate
buildings. Specifically, the focus is on DCW-wall and VBW with SAZ systems, which were
individually modeled and analyzed. In the following subsections, the working principles and
processes of each system will be presented and discussed.

1.2.1. DCW-wall system

Cooling energy recovery from DCW prior to regular household consumption can offer a
substantial amount of free cooling (herein as “DCW-based cooling”) in cold region countries
such as Canada where the ground temperature is significantly lower than other climate regions.
One of the DCW-based cooling approaches involves circulating DCW through pipes embedded
in the middle layer of a thermally massive wall before it is dispensed by occupants for regular
domestic usages such as shower and regular washing (herein as “DCW-wall”).

In this study, the pipe is made of copper and the wall is considered an exterior wall with
one side exposed to zone air and the other side assumed to be adiabatic due to heavy insulation
in cold-climate buildings and therefore negligible heat loss during a cooling season. The DCW-
wall system aims to utilize the same amount of daily water consumption of households for
space cooling, thereby preventing any wastage of DCW resulting from its implementation.

Figure 1.2 shows how the DCW-wall system works.
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Figure 1.2 DCW-wall system

As illustrated in Figure 1.2, the DCW is pumped into pipes that are embedded within the
thermally massive wall from the DCW supply. DCW circulates through the embedded pipes
and the outlet water is directed to the dispensers for regular household use. Circulating DCW
(which is typically colder than the zone air temperature) can absorb excess heat through the
wall surface, thereby cooling the space before regular household activities, such as taking a
shower.

Using thermally massive walls to recover cooling energy from DCW and assist space
cooling does not require complex construction. A diverter valve can be installed to allow DCW
to bypass the massive walls in the heating season. Therefore, DCW-walls could potentially
reduce the capital and operating costs compared with other space cooling technologies, due to

lower installation costs, down-sizing and potential elimination of mechanical cooling systems



and their maintenance requirements [17-19]. In cold regions like Canada, where the ground
temperature is relatively lower than other regions, more cooling energy can be recovered. In
addition, the outlet temperature of DCW will be warmed by room air to become more suitable
for domestic usages (e.g., less mixing with domestic hot water in showers).

The second Chapter of the thesis aims to investigate the cooling potentials (i.e., cooling
capacity and delivered cooling energy) of the DCW-wall system. In addition, parametric
analysis is carried out to ascertain the impact of different influential factors on the performance
of the system. The study examined the influence of four factors - pipe spacing, zone air
temperature, DCW temperature, and three distinct piping patterns - on the thermal performance
of the DCW-wall system.

1.2.2. VBW with SAZ system
Another type of TABS is VBW with SAZ (simply referred to VBW from now on) which
can be constructed by stacking hollow concrete blocks on top of each other. Figure 1.3 shows

the VBW system.
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Figure 1.3 A schematic of VBW

As shown in Figure 1.3, by placing hollow blocks on top of each other, an air pathway
can be created by connecting the voids within each block, enabling the free flow of air through
the wall. Using a fan, zone air is drawn into each air channel from the bottom of the wall and
moves upward in the wall height through the conduits, exchanges heat with the wall and returns
to the zone from the top of the wall through a duct (i.e., supply air to zone).

In this process, the zone air carries the excess heat inside the zone and exchanges it with
the wall (i.e., wall stores the heat) while moving upward through the air channel. Circulating
air through these air channels can accelerate the heat transfer process in materials with slow
rate of storage and release properties (e.g., concrete). This heat storage process buffers the
temperature fluctuation within the zone and reduces the heating and cooling loads. The stored
heat in the wall can be either released to the zone through the wall surface, through SAZ by the

use of a fan, or a combination of both. When air moves up through the air channel, it releases



the zone excess heat to the wall. This heat is then stored by the wall, which helps to regulate
temperature fluctuations within the zone, leading to a decrease in both heating and cooling
loads. Furthermore, in this particular case, VBWs can significantly enhance the heat exchange
rate between the wall and its surrounding zone compared to walls without SAZ. The increased
heat exchange can reduce cooling and heating loads, improve thermal performance, and save
money and space.

In the third chapter of the thesis, Similar to the DCW-wall system, a parametric study of
the influential parameters is conducted. To that end, the thermal performance of one VBW strip
(i.e., wall height of 2.47 m and one block width as shown in Figure 1.3) is investigated in a
typical day (i.e., typical-day performance) and for an entire year (i.e., annual analysis). For the
typical-day performance, two boundary conditions (i.e., exterior, and interior walls) with the
adiabatic boundary conditions for the exterior wall (adiabatic boundary for the back of the wall
strip shown in Figure 1.3), various zone air temperature profiles, different air speeds, and three
interior surface finishing were investigated. The back surface of the interior wall is exposed to
the same zone as the front surface. For annual energy analysis, a comparison was made between
the thermal performance of an exterior VBW and a wood-frame wall in three different
Canadian cities. In this analysis, the back surface of the wall strip is exposed to the real outdoor
conditions.

1.3. Thesis organization
The thesis is structured into four chapters, with the research presented in Chapters 2 and 3 in a
journal paper format. Chapter 4 concludes the thesis with a summary of key points and

proposals for future work.

The remaining chapters of the thesis are arranged as follows:
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Chapter 2 - Space Cooling Energy Potential of Domestic Cold Water Before Household

Consumption in Cold-Climate Regions

This chapter aims to investigate the cooling potentials of a DCW-wall system during

heatwaves in Canada, with a focus on the typical daily DCW usage in residential buildings.
The chapter begins with an introduction and is followed by a description of the methodology
used in the study. The methodology section consists of:
a) a description of the physical system, b) the variable DCW flow, c¢) the numerical model,
and d) model validation. Then, a parametric analysis of influential factors such as pipe
configuration, pipe spacing, wall thickness, and water supply temperature is carried out. For
different operation scenarios, the following attributes are explored:

a) water outlet temperature and average wall surface temperature;

b) temperature uniformity on the wall and condensation prevention;

c) cooling capacity of the DCW-wall system;

d) delivered cooling energy of the DCW-wall system;

e) The effect of wall surface area on delivered cooling energy.

The chapter concludes with a summary of its key findings in the conclusion section.

Chapter 3 - Generalizable Thermal Performance of a Ventilated Concrete Block Wall and the

Energy Implication of Its Substitution for a Wood-Frame Wall in Cold-Climate Buildings

The main objective of this chapter is to evaluate the typical-day and annual thermal
performance of a VBW. It begins with an introduction and is followed by a description of the
physical system. Then, the methodology subsection begins with an overview of the two typical-

day and annual performances. Following that, the methodology is divided into four
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subsections: a) Overview; b) the development of the numerical model; c¢) finding the optimum
air speed; and d) model validation.

The results and discussion section consists of two general parts: a typical-day thermal
performance of the VBW, and an annual energy analysis of an exterior VBW and an exterior
wood-frame wall. The results of the typical-day performance are further divided into the
exterior and interior walls, and they analyze average wall surface temperature, heat flux
density, and total net energy exchange with varying air speed and zone temperature profile.
The annual energy analysis compares the energy performance of an exterior VBW and an
exterior wood-frame wall in three Canadian cities and investigates the assisting heating and
cooling potential of using VBWs instead of wood-frame walls.

Chapter 4 — Conclusion
Key findings from the results and discussion sections of both chapters 2 and 3 are summarized.

Following that, potential future work is discussed.
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Chapter 2 Space Cooling Energy Potential of Domestic Cold Water Before

Household Consumption in Cold-Climate Regions

2.1. Introduction

Buildings account for 30-40% of the world's total energy expenditure as well as 20-30% of
the total global greenhouse gas (GHG) emissions [2, 20]. The European Union (EU-28) saw
an average annual increase of 6.3% in space cooling energy consumption from 2000 to 2015
[21]. Adopting energy-efficient measures, including free cooling techniques, can reduce a
building's energy consumption. [22-24]. One such technique is ventilative cooling, which
utilizes ambient air for space cooling [25, 26]. Although using ventilative cooling can reduce
energy consumption, its overall effectiveness may be hampered by certain limitations. For
example, during heat waves, outdoor temperatures may not be cool enough [27].

Cooling energy recovery from cold water can offer a substantial amount of free cooling. A
10°C change in water temperature and a daily water consumption of 1000 liters can produce
approximately 42 MJ of free cooling energy. A recent application is the cooling of subway
stations and shelters during heat waves [28]. Furthermore, some studies have examined the
effect of cold recovery from domestic cold water (DCW) on GHG emissions, financial
considerations, and water quality [29-31].

To recover cooling energy from DCW, DCW can be circulated through pipes embedded in
a thermally massive wall before it is dispensed by occupants for regular domestic usage.
Thermally massive building components, such as concrete walls and floors, have been widely
used in providing hydronic panel heating and cooling [32]. They are often referred to as
thermally activated building systems (TABS). TABS can reduce space heating/cooling energy
consumption and mechanical system capacities through thermal energy storage (TES) [33-36].

TES stabilizes the cooling heat flux density (i.e., cooling capacity) fluctuations and sudden
13



changes in the wall surface temperature, preventing the surface temperature from falling too
quickly to extremely low values. To that end, massive walls are preferable to metal panels for
utilizing relatively low water inlet temperatures since the former can store higher amounts of
thermal energy and delay the time the wall surface takes to reach its minimum temperature.
TABS also enhance thermal comfort by creating a gradual change in indoor air temperature
and evenly distributing heat flux density.

Several research studies have been conducted to identify the key parameters that affect the
cooling performance of TABS. In a parametric study, Antonopoulos et al. [37] determined that
water inlet temperature, pipe spacing, pipe depth, and zone air temperature had significant
effects on thermal performance, while other parameters had negligible impact. These
observations have been confirmed by similar studies [38-40]. In hydronic pipe-embedded
systems, the water inlet temperature greatly affects the cooling capacity (i.e., water and wall
surface). Antonopoulos et al. [37] discovered that the lowering supply water temperature from
15°C to 5°C resulted in an increase in cooling heat flux density from 45 W/m? to 120 W/m>.
Furthermore, different studies have also investigated the use of relatively high-temperature
water (18°C to 25°C) for space cooling in an effort to reduce energy consumption. Simko et al.
[41] conducted an experiment to determine the maximum cooling capacity for a 16°C to 25°C
water inlet temperature range. Similar studies [42-44] carried out experiments with a supply
water temperature range of 18°C to 21°C. An increase in water supply temperatures would
decrease energy consumption for space cooling, but it would also significantly decrease the
cooling capacity of the system. Moreover, some studies [38, 43, 45] have demonstrated that
pipe spacing significantly affects cooling capacity. They found that decreasing the pipe spacing
in the same area would result in greater cooling capacity, due to an increase in heat transfer

area. Changes in influential parameters affect the performance of TABS.

14



Using thermally massive walls to recover cooling energy from DCW (herein as “DCW-
wall”’) and assist space cooling does not require complex construction. A diverter valve can be
installed to allow DCW to bypass the massive walls in the heating season. Therefore, DCW-
walls could potentially reduce the capital and operating costs compared with other space
cooling technologies due to lower installation costs, downsizing and the potential elimination
of mechanical cooling systems and their maintenance requirements [17-19]. In cold regions
like Canada, where the ground temperature is relatively lower than other regions, more cooling
energy can be recovered. In addition, the outlet temperature of DCW will be warmed by room
air to become more suitable for domestic usage (e.g., less mixing with domestic hot water in
showers). However, to the best of the authors' knowledge, there is a lack of study on the cooling
energy potential of DCW-walls in residential buildings for cold-climate regions. Therefore, the
present paper provides such a study with a focus on thermal performance - cooling capacity
and recoverable cooling energy. Findings from the extant literature indicate that it is essential
to consider a reasonable range of values for influential parameters when evaluating
performance. In light of this, the current study investigates not only different recommended
values for influential parameters but also the effect of various piping patterns on DCW-walls’
cooling potentials.

In terms of the paper’s organization, the research methodology is discussed first, followed
by the development and validation of the numerical model. Then, the following results and
discussion section has six subsections discussing water outlet temperature, average wall
temperature, temperature uniformity, condensation prevention, cooling capacity, delivered
(recovered) cooling energy (DCE), the performance difference of three piping configurations,

and the influence of wall surface area on total DCE.
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2.2. Methodology

A zone temperature is the main boundary parameter that influences the cooling performance
of a DCW-wall if direct solar radiation on the wall is not present. Running whole building
thermal simulations can provide such a zone temperature profile and the corresponding DCW-
wall performance; however, this approach will only provide the performance for the chosen
specific building characteristics (e.g., physical construction, room temperature settings, and
location of the DCW-wall) and climate conditions. This study aims to generalize the
performance of DCW-walls by providing a performance envelope for DCW-walls through a
parametric analysis. Zone temperature is included as one of the parameters, thereby avoiding
the time-consuming and not very meaningful whole-building thermal simulations. By
estimating the performance of a DCW-wall based on a range of zone temperatures, the
performance can be interpreted for a broader range of zone conditions. The following sections
describe the physical system, the selected DCW flow pattern, and the numerical model and its

configurations used for parameter analysis.

2.2.1. Description of the physical system

In this system, DCW is routed through copper pipes embedded in the middle layer of a wall
to cool the zone by exchanging heat with the warm indoor environment. The wall is considered
an exterior wall, with one side exposed to zone air. For the parametric analysis, wall thicknesses
of 5 cm and 10 cm were chosen. Figure 2.1 shows copper pipes embedded in the middle layer

of a wall in three different patterns: spiral, serpentine, and parallel.
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Figure 2.1 Piping patterns

The length of pipe required for each configuration varies based on the spacing (M) of the pipes
and the dimensions of the wall. The ASHRAE Handbook: HVAC Systems and Equipment [46],
recommends pipe spacing for radiant heating and cooling systems to be between 10 cm and 30
cm. A pipe spacing of 10 cm is recommended by [39, 42] in order to maximize the cooling
capacity of the system. This was supported by a study [38], in which they compared the cooling
capacity of the system at two different pipe spacings of 10 cm and 30 cm. The present study
demonstrated that using a pipe spacing of 10 cm in a 2m x 3m wall, the total length of pipe
required for spiral, serpentine, and parallel patterns were 56 m, 58 m, and 57 m, respectively.
Similarly, when using a pipe spacing of 30 cm, the total length of pipe used in spiral, serpentine,

and parallel patterns was 22 m, 23 m, and 18 m, respectively.

2.2.2. Variable DCW flow
Households have a relatively similar daily pattern of water consumption, regardless of the total
amount of water consumption [47]. Figure 2.2 shows a typical daily pattern of average hourly

water consumption for residential buildings in Australia [48, 49].
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Figure 2.2 Daily pattern of average hourly water consumption for residential buildings

The hourly values correspond to the average values of families of four, for a total of 1200 liters
of water flowing per day [31]. The maximum flow rate is 0.03 L/s at 7 a.m. Two peak hours
can be observed, one in the morning and the other in the evening. The flow rate gradually
decreased from 5 p.m. to 3 a.m. the following day, eventually reaching near zero. The thermal
models presented in this paper use this variable DCW flow and assume it is steady periodic

with a cycle of 24 hours.

2.2.3. Numerical model
The following configurations were incorporated into the thermal models:

e In cold-climate regions, such as Canada, municipal domestic water lines are buried
around 1.5 to 2 meters deep in the ground. Therefore, the temperature of domestic water
entering households is similar to the ground temperature at these depths. Two water
inlet temperatures (7sv) of 12°C & 15°C were selected based on the mean monthly
ground temperatures for the summer months (June to August) in Toronto, Canada [50].

Two fixed zone temperatures (74i-) of 25°C and 30°C are used for thermal simulations.
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The temperature of 26°C is considered a safe threshold for an indoor environment [51].
In this context, an increase in emergency medical calls and premature mortality rates
were associated with indoor temperatures above 26°C [52]. In addition, heat warnings
are usually issued when maximum daily temperatures reach 30°C in Canada [52]. Zone
temperature is likely to reach 30°C in the heat warning periods without mechanical
cooling. Therefore, in this study, zone temperatures (Tair) of 25°C and 30°C are used
as the lower and higher limits of the zone temperatures during cooling seasons. The
results obtained based on these two fixed zone temperatures represent the performance
envelope of the DCW-walls. It offers a range for the cooling potentials of the DCW-
wall for zone temperatures between 25°C and 30°C.

The dimensions of the modelled wall are 2 m in height and 3 m in width. The impact

of different wall areas on total DCE will be discussed in subsection 2.3.6. Furthermore,

the simulations were conducted with two wall thicknesses of 5 cm and 10 cm to assess
the impact of TES on cooling potentials and wall temperature.

The exterior side of the DCW-wall is assumed to be adiabatic because of the thick
thermal insulation used in cold-climate buildings, and the temperature difference
between the wall and the exterior is not significant during a cooling season.

As discussed above, pipe spacings of 10 cm and 30 cm are used to determine the cooling
potentials of the DCW-wall system. In this paper, the results are presented for both the
top and bottom of the optimal spacing range. The pipe is placed in the middle layer of
the wall.

The temperature of each control volume of water or wall is assumed to be uniform.
Temperature nodes were placed at the center of each control volume.

The convective thermal resistance between the water and the pipe (fwaer) Was

considered in all thermal models.
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e Under a steady-periodic daily water flow pattern and constant boundary conditions,
transient thermal simulations were conducted. When the temperature profiles stabilized
(i.e., the temperatures of all control volumes converged), the results of the last 24-hour

period were used for analysis.
Using the method of rectangular control volumes [53], a 3D numerical model was developed
to analyze the cooling potentials of using DCW as a cooling medium in a thermally activated
wall system in cold-climate residential buildings. Figure 2.3 depicts a 3D schematic of the wall
that includes temperature nodes, control volumes (CVs), and the thermal transmittances

between a water node and its adjacent wall node.
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Figure 2.3 Schematic of the wall and thermal transmittances between a water node and its
adjacent wall node

As shown in Figure 2.3, X-Step, Y-Step, and Z-Step refer to the distances between the two
nodes in the x, y, and z directions, respectively. The X-Step and Y-Step were set at 5 cm, but

the Z-Step can be equal or unequal for different layers along the thickness depending on the
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objectives or required accuracy for the thermal simulations or model validation. For this study,
the number of layers for the 5 cm- and 10 cm-thick walls were one and three, respectively, with
unequal Z-Step used in the latter.

2.2.3.1. Water nodes

Water temperature can be obtained using Eq. (2.1) [53], which can be discretized into a

finite difference equation and solved explicitly [54].

(PCp)water (”Djiz X Lf) % =Up (T\:/(leli - vavater) - mcpwater(Tv{/ater - val_a%er) (2.1)
f =123 ., Npipe

where pyater and Cpyater are the density and specific heat capacity of the water, respectively.
D; and Ly denote the inside diameter of the pipe and the length of the CV that correspond to
node f on the pipe in the direction of water flow, respectively. Indices i, j, k and f represent the
node counter for the wall in three directions and pipe in the direction of water flow. In Eq.
(2.1), i,j, k are the node coordinates of the wall CV that is in contact with the node f of the
pipe. Tyan> Twater» M, and U, denote the wall temperature and water temperature in their
respective CVs, the water mass flow rate, and the total thermal transmittance between the water

node and adjacent wall node, respectively. Eq. (2.2) can be used to calculate the U,.

1
U, =
T 1 1
L1 (2.2)
UP1 UPZ UP3

As illustrated in Figure 2.3; Up,, which is the total thermal transmittance between water and
the pipe; Up,, which is the total thermal transmittance between the inner and outer surfaces of
the pipe, and; Up; which is the total thermal transmittance between the cylindrical pipe's
surface and the adjacent wall node. Up; considers the shape factor for an accurate calculation

of heat energy exchange between a circular cylinder (i.e., pipe) centered in a solid square (i.e.,
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control volumes) [54]. More details on calculating the thermal transmittances of Up,, Up,, and
Upsz can be found in Appendix A.

2.2.3.2. Wall nodes

The wall temperature at any given location (i.e., node) can be determined using Eq.
(2.3).

. Ljk .. . ..
(PCPIwanViysiy 22 = QUL + Qo e + Qb 23)

wall  g4¢ w2w surface conduction

where V,,,;; 1s the volume of each CV, Q,,,,, denotes the heat flux between water and wall
which is positive, Qs rqce TEPresents the heat flux from zone towards the wall nodes which is
positive at the stated direction, and Q.. 4uction 1S the conduction heat transfer between the wall

nodes, which can be calculated using Eq.

Q.4).

AZAY  iv1jk . oie1jk ik
Ax (T\lA/all] + Toal _ZT;fall)
AZAX /_iiv1k

Ay (T;fall

AYAX ikl . mijik—1 ik
Az (Tll/l{all + Toa _2Twall)

- (2.4)
Ql’J'k = Awan X { +

conduction

4 =Lk _ pplik )

wall wall

where Ax, Ay, Az stands for x-direction, y-direction, and z-direction length of each

CV, respectively.
Table 2.1 shows the value of Q2w Qsurfaces and Vy,qy for the layers along the wall thickness.
A wall with a thickness of 10 cm consists of 3 layers, while a wall with a thickness of 5 cm has
only one layer.

Table 2.1 Values for some parameters in three layers of the DCW-wall

Wall ijk
thickness Layer Qw2w qurface Vwall
10cm  Front 0 Uint(Tair — T2 Az X Ax X Ay
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(Az X Ax X Ay) —

4
Back 0 0 Az X Ax X Ay
5 Lk P ik (Az X Ax X Ay) —
¢m - UP (Twall - Twater) Uine (Tair - Twall (T[DTg % Lf)

where U;,; is the total thermal transmittance between the wall surface and the zone air. Uy,
can be obtained using Eq. (2.5).

Uint = Reotar X Ay X Ax 2.5)

hiotar 18 the combined heat transfer film coefficient between the wall surface and the zone air.
A constant value of 9.09 W/m? K was used for h;,.q; in the model because the air speed inside

the zone was assumed to be low. As a result, h;,4; Was not subjected to substantial variation

[46, 55].

2.2.4. Model validation

Merabtine et al. [56] conducted an experimental study on the thermal characteristics of a floor
heating system. The floor in that study has a configuration similar to the wall modelled here.
From top to bottom, the floor consisted of anhydrite concrete screed (4 cm), polyethylene at
raised temperature resistance (PE-RT) pipes embedded in the screed in a spiral pattern, and
polyurethane insulation (5.6 cm). All specifications mentioned in the experimental study were
taken into account by modifying the numerical model parameters using those proposed in the
experiment. Among these specifications were transient water inlet and zone temperatures;
water flow rate; pipe material; pipe spacing; piping pattern; floor dimensions; floor thickness;
and the precise location of the pipes embedded in the floor. The average floor surface
temperature was measured every 10 minutes for 5 hours. Figure 2.4 illustrates the changes in

measured and simulated average floor surface temperatures. The coefficient of variation of the
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root-mean square error (CV-RMSE) statistical measure was chosen to represent the error
between the simulated and the measured values. The CV-RMSE is calculated by dividing the
root mean square error by the average of the measured data. The CV-RMSE can be determined

using Eq. (2.6) [57].

n . — )2
\/Zpl(y;l 7) 26)
CV — RMSE =

y

where n is the number of data points; y; is the measured value; ¥, is the simulated value; and

y is the average of all measured values.
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Figure 2.4 Measured and simulated average floor surface temperatures

Table 2.2 compares the CV-RMSE of measured and simulated data for floor average surface

temperatures between the present study and Merabtine et al.'s.

Table 2.2 CV-RMSE of measured and simulated values in the present study and Merabtine et

al.'s
Simulated Simulated
CV-RMSE (%) Measured . H.nu e Measured rmuate
(original study) (present study)
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53 1.5

As shown in Table 2.2 CV-RMSE values proved that the model presented in this study is

reliable for transient simulation of similar thermally activated wall systems.

2.3. Results and discussion

This section presents the main results and associated analyses of spiral configuration in
four subsections: water outlet and average wall temperatures; wall surface temperature
uniformity; a general guideline for preventing condensation on the wall; and cooling potentials
(i.e., cooling heat flux density and delivered cooling energy) based on the following

parameters:

e Supply water temperature (7y)
e Zone temperatures (7uir)
e Wall thickness (S),

e Pipe spacing (M)

At the end of this section, the performance of the three configurations is compared. The
descriptions and figures in the following subsections present the results for the temperature
scenario of T = 12°C, Tuir = 25°C, and S = 5 cm for two pipe spacings. The results for the
other temperature scenarios, wall thickness, and pipe spacing are tabulated in the last
subsection.
2.3.1. Water outlet and average wall temperatures

Depending on the configuration of the system, the wall surface temperature behaves
differently. Calculating the surface temperature of the wall is crucial as the cooling capacity of
the system is directly related to the temperature difference between the wall surface and the

zone. In addition, calculating the minimum wall temperature is critical to knowing the
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minimum allowable humidity level of the zone air to avoid condensation on the wall surface.
Condensation also reduces the effectiveness of radiant cooling systems [58]. Moreover, thermal
comfort can be impacted by the uniformity of the surface temperature. Figure 2.5 shows the

average surface temperature fluctuations for a spiral configuration over a 24-hour period.

Spiral counterflow
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Figure 2.5 Average wall surface temperature over the 24-hour period (75w = 12°C, Tuir =
25°C,S=5cm)

The average wall surface temperature reaches its low values approximately 2 to 3 hours after
the water flow rate reaches its high values, as shown in Figure 2.5. The average surface
temperature dropped to 19°C and 20.6°C at 19:00 for spacings M = 10 cm and M = 30 cm,
respectively. The 10 cm-thick wall is 1°C less than the 5 cm-thick wall in this situation. As the
flow rate approached zero, the surface temperature was close to the zone temperature due to
insignificant heat rejection from the wall to the pipe. At the same time, the wall absorbed a
significant amount of heat from the zone. On the other hand, as the flow rate increased, the

wall surface temperature decreased due to a higher heat flux from the wall to the water. This
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results in a rise in the water outlet temperature. The temperature range for the water outlet in
both spacings of the spiral configuration varied between 16.8°C and 24.2°C.
2.3.2. Temperature uniformity and condensation prevention

Temperature distribution on the wall surface is crucial not only for the comfort of the
occupants, but also for reducing the risk of condensation [59, 60]. Figure 2.6 plots the wall
surface temperature along the water flow path versus its distance from the water inlet and time

for the spiral configuration over the 24-hour period.
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Figure 2.6 Wall surface temperature versus the distance from the inlet over the 24-hour
period (Tsw = 12°C, Tuir = 25°C, § =5 cm)

Figure 2.6 shows a maximum surface temperature difference of 3.5°C across the wall at the
pipe spacing of 10 cm and a difference of 3°C at 30 cm. To avoid condensation, the minimum
wall surface temperature should be higher than the dewpoint temperature of the air inside the
zone. To establish a conservative yet simple guideline, two minimum wall surface temperatures

of all operation scenarios were used as dewpoint temperatures. Thereby, the corresponding RH
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is found from a psychrometric chart based on the zone air temperature, as shown in Table 2.3
Allowable indoor RH to prevent condensation in spiral configuration. To avoid condensation
on the wall surface, indoor RH should not exceed 53.8% and 44.2% when the zone temperature
is 25°C and 30°C, respectively. These findings are in agreement with the ideal indoor RH,
which is between 30% and 50% [61].

Table 2.3 Allowable indoor RH to prevent condensation in spiral configuration

Ty e/ Toy
wall.min / lair Allowable RH (%)
(°C)
15/25 =538
16.5/30 =442

2.3.3. Cooling heat flux density

In this study, the amount of heat absorbed by the wall surface from the zone per square meter
of wall (W/m?) is referred to as cooling heat flux density (i.e., cooling capacity). Cholewa et
al. [62, 63] argued that due to heat loss towards the backside of the cooled/heated walls,
calculations of cooling capacity based on water temperature and flow rate do not always
accurately represent the heat flux towards the zone. Cooling capacity can be obtained using Eq.
(2.7). According to this equation, the cooling capacity (q) is always positive when cooling is
being delivered to the zone air (i.e., the zone air temperature is higher than the average wall

surface temperature).

q = heotat(Tair — Twan) 2.7)

The combined heat transfer coefficient (h;,:q;) between zone and wall surface was set to 9.09
W/m? K [46]. Figure 2.7 shows the changes in cooling capacity for the spiral configuration

over the 24-hour period.
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Figure 2.7 Cooling capacity over the 24-hour period (75w = 12°C, Tuir = 25°C, S =15 cm)
As shown in Figure 2.7, the cooling capacity peaked at 50 W/m? for M = 10 cm and 35 W/m?

for M =30 cm. With M = 10 cm, the cooling capacity was significantly greater than that of M
= 30 cm. This is due to the longer pipe length (i.e., greater heat transfer area) and a more

uniform surface temperature (fewer hot spots). For both spacings, the minimum cooling

capacity was around 10 W/m? when the flow rate was almost zero.

2.3.4. Delivered cooling energy

The delivered cooling energy (DCE) in this study is defined as the amount of cooling energy

from the water delivered to the room and the wall (i.e., heat loss from the water flow) and can

be calculated using Eq. (2.8).

DCE = mcpwater (Toutlet water () — Tintet water)At

where At is the simulation timestep (i.e., 60 sec).
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Delivered cooling energy (MJ)
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Figure 2.8 illustrates the cumulative DCE (“Total DCE”), the portion of DCE that goes to the
room (“DCE to room”), and the amount of energy stored in the wall (“Energy stored in wall”)
during a 24-hour period. DCE to room equals to the amount of heat transferred between the
room and the surface of the wall. Furthermore, the energy stored in the wall is calculated based
on the difference between the total DCE and the DCE to room, which can either be heat storage
(i.e., wall temperature increases, negative values in Figure 2.8) or cold storage (i.e., the wall
temperature decreases, positive values in Figure 2.8). As shown in Figure 2.8, in the first five
hours, the accumulated energy stored in wall (“Energy stored in wall”) is negative (i.e., wall
became warmer) because the heat gain from the room is greater than the heat loss to the water
due to the low water flow rate. According to Figure 2.8, the total DCE for M = 10 cm increased
throughout the day to a value of 20 MJ at the end of the day. For M = 30 cm, the total DCE

reached 15 MJ after 24 hours.

Spiral -M =10 cm Spiral -M =30 cm

Figure 2.8 Cumulative DCE over the 24-hour period (7. = 12°C, T, = 25°C, S=5 cm)

In order to evaluate the significance of the cooling energy that DCW-wall can provide, the

cooling energy is compared to the space energy demand of Toronto, Ontario, Canada as a
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benchmark city for the cold climate. To determine the space cooling energy demand in Toronto,
calculations were performed using the average space cooling energy consumption of
households in the province of Ontario. According to Natural Resources Canada and Statistics
Canada [64, 65], the average energy consumption per household for space cooling in Ontario
was 1.9 GJ in 2019. To calculate the energy demand for space cooling, an energy efficiency
rating for cooling equipment is necessary.

The efficiency of cooling devices is commonly determined using the Seasonal Energy
Efficiency Ratio (SEER) [66]. The SEER is calculated by dividing the amount of heat removed
from the air in British Thermal Units (BTUs) by the total energy consumed in watt-hours (Wh).
SEER is similar to the Coefficient of Performance (COP), which is a unitless measurement.
[66]. With a SEER of 10 BTU/Wh (equivalent to a COP of 2.9) [67], the energy demand for
space cooling can be calculated as 5.6 GJ (i.e., 2.9x1.9). Toronto experienced 23 days with
mean ambient temperatures above 25°C [68]. If a DCW-wall in the abovementioned
configuration was operated in these 23 days, it can provide 0.026 GJ cooling energy per day,
and ~0.6 GJ for 23 days. This is approximately 11% of the space cooling energy demand for
the entire cooling season in Toronto. More cooling energy can be provided if the wall is
operated in the other days of the summer. In other words, DCW-wall system would be credited
with a higher contribution percentage if only the cooling demand during heat waves was
considered. In this context, the proposed DCW-wall could even eliminate the need for
mechanical cooling systems in cities with fewer days of heat waves, such as Edmonton,
Alberta, Canada.

2.3.5. Comparison of three configurations on the basis of model results

This subsection compares the three configurations with respect to water outlet temperature,

average wall surface temperature, wall surface temperature distribution, permissible indoor RH

to avoid condensation, and cooling potentials.
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2.3.5.1. Water outlet and average wall temperatures

Figure 2.9 depicts the changes in average wall temperature for the three configurations during

the 24-hour period.
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Figure 2.9 Average wall surface temperature for all configurations over the period of 24

hours (Tsw = 12°C, Tuir =25°C, S =15 cm)

When the cooling capacity was at its maximum and the pipe spacing was 10 cm, the

average temperature of the wall surface decreased to 19°C, 18.6°C, and 18.8°C for spiral,

serpentine, and parallel configurations, respectively. In addition, when the pipe spacing was 30

cm, the spiral and serpentine configurations experienced the same minimum surface
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temperature of 20.6°C, while the parallel configuration had a minimum temperature of 21.2°C.
When the cooling capacity reached its maximum value, the surface temperature of a 10 cm-
thick wall was 1°C warmer than that of a 5 cm-thick wall. Also, as the wall thickness was
increased from 5 cm to 10 cm, a slower decrease rate of the wall surface temperature and a
delay in reaching the minimum temperature by one hour were observed. These changes have a
continuous effect on the temperature of the outlet water as well. The water outlet temperature
for all operation scenarios varied between 16.5°C and 29°C. When the flow rate is low, the

outlet temperatures approach the zone temperatures.

2.3.5.2. Temperature uniformity and a condensation prevention

Figure 2.10 illustrates the wall surface temperature contours for all configurations throughout

the day.
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Figure 2.10 Wall surface temperature versus the distance from the inlet for all configurations
over the 24-hour period (T = 12°C, Tuir = 25°C, S =5 cm)

As depicted in Figure 2.10, the spiral configuration had a more evenly distributed
temperature, with a maximum difference of 4°C across the wall, when compared to the
serpentine and parallel configurations, which had maximum temperature differences of 6.5°C
and 6.7°C, respectively. The variation in temperature uniformity between configurations is
caused by the arrangement of pipes in the wall. In a spiral configuration, the cool supply water
and less cool return water are in parallel and therefore provide a more uniform cooling flux
density to the wall. This difference in pipe layout also affects the minimum wall surface

temperature, which is crucial for determining the permissible indoor RH.
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Table 2.4 provides a guide to determining the allowable indoor RH to minimize the risk of
condensation on the wall surface, based on all temperature scenarios for the three piping

configurations.

Table 2.4 Allowable indoor RH to prevent condensation in all configurations

Configuration Twai,/ Tair (°C) Allowable RH (%)
spiral 15/25 <53.8
P 16.5/30 <442
. 14.5/25 <52.1

serpentine

15.6/30 <41.7
arallel 14.37/25 <51.7
P 15.25/30 <408

In zone with temperatures between 25°C and 30°C, the spiral configuration permits a higher
indoor humidity level compared to the other configurations. While the serpentine configuration

allows for a 1% higher humidity level than the parallel configuration.

2.3.5.3. Cooling heat flux density

Figure 2.11 shows the variation of cooling capacity in all modelled configurations for 24 hours

For all configurations,
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Figure 2.11 Cooling capacity for all configurations during the 24-hour period (7, = 12°C, Tair = 25°C,
S=5cm)

As shown in Figure 2.11, the peak cooling capacity was reached approximately two hours
after the water flow rate reached its maximum. For a spacing of M = 10 cm, the serpentine
configuration had the highest cooling capacity, followed by the parallel and spiral
configurations. Additionally, the difference in cooling capacity between the two spacings (i.e.,
the maximum distance between the two curves in Figure 2.11) was greater for the parallel
configuration compared to the other two configurations. Similar to M = 10 cm, the serpentine

configuration delivered the highest cooling capacity for M = 30 cm, followed by the spiral and
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parallel configurations. Table 2.5 presents the maximum cooling capacity for all scenarios

simulated in this study.

Table 2.5 Maximum cooling capacity (W/m?) for all scenarios

serpentine parallel spiral

Temperature S*=5 S=10 S=5 S=10 S=5 S=10

scenarios M* M= M= = M= M= M= = M= M= M= =

=10 30 10 30 10 30 10 30 10 30 10 30

Tsw =12°C

54 36 46.1 339 53.8 319 45.8 30 50 35 41.2 32.6
Tair =25°C
Tsw =12°C

80 535 68 49.7 79.1 46.8 67.6 44 .4 73.9 519 60.8 48
Tair =30°C
Tsw =15°C

40.5 27 345 25.2 40.2 249 343 22.7 37.5 26.4 31 24.4
Tair =25°C
Tsw =15°C

65 439 55.8 40.8 64.8 38.5 554 36.5 60.8 42.7 49.9 393
Tair =30°C

* Wall thickness in cm

** Pipe spacing in cm

Based on Table 2.5, the greatest decrease in maximum cooling capacity occurred at S =5 cm
when the pipe spacing was changed from 10 cm to 30 cm. As a result of increased spacing, the
cooling capacity for the serpentine configuration decreased by 33% for S =5 cm and 27% for
S =10 cm. Additionally, for both S =5 cm and S = 10 cm, the reductions in cooling capacity
were 40% and 34% for the parallel configuration, and 30% and 21% for the spiral configuration
when the pipe spacing was increased from 10 cm to 30 cm. The results indicated that the

maximum cooling capacity is more affected by the pipe spacing than by the wall thickness.
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Delivered cooling energy (MJ)

2.3.5.4. Delivered cooling energy

Figure 2.12 shows the changes in the cumulative total DCE, DCE to room, and energy stored

in the wall over a 24-hour period for all configurations.
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Figure 2.12 Cumulative DCE for all configurations over the 24-hour period

(Tsw = IZOC, Tair = 250C, S = 5 Cm)
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The cumulative DCE trends depicted in Figure 2.12 exhibit a similar behavior for all

configurations and are discussed in subsection 2.3.4. In this context, although thermal mass did

not significantly contribute to heat/cold storage, it could stabilize the wall surface temperature
and cooling capacity throughout the day. Table 2.6 presents the total DCE values for all
scenarios. Similar to cooling capacity, the serpentine configuration showed the highest cooling

energy delivered by the system in all temperature scenarios.

Table 2.6 Total DCE (MJ) per day for all scenarios

serpentine parallel spiral
Temperature S=5 S=10 S=5 S=10 S=5 S=10
scenarios M= M= M= M= M= M= M= M= M= M= M= M=
10 30 10 30 10 30 10 30 10 30 10 30
Tew =12°C
22 16 21 16 21 14 20 14 20 15 19 15
Tair =25°C
Tsw =12°C
30 23 29 22 29 20 28 20 26 22 26 22
Tair =30°C
Tew =15°C
17 13 16 12 15 11 15 10 16 12 14 12
Tair =25°C
Tsw =15°C
25 18 24 18 24 16 23 16 23 18 22 18
Tair =30°C

2.3.6. Influence of wall surface area on total DCE

In addition to the previously mentioned influential parameters, changes in wall dimensions
affect the total DCE due to the change in pipe length and therefore the area of heat transfer.
For the temperature scenario of Ty, = 12°C and 7= 25°C with a wall thickness of 5 cm, Table
2.7 shows the simulation results of the total DCE for all configurations with respect to changes

in wall surface area (wall height was fixed at 2 m, but length was subjected to change).
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Table 2.7 Total DCE (MJ) per day for different wall surface areas

Wall surface area (m?)

4 6 8 10 12
Configuration
M= M= M= M= M= M= M= M= M= M=
10 30 10 30 10 30 10 30 10 30
spiral 16 12 21 16 22 18 24 20 25 22
serpentine 18 11 22 15 25 18 27 20 28 22
parallel 17 11 22 15 24 17 26 19 28 21

As shown in Table 2.7, on average, expanding the wall surface area from 4 m? to 6 m?
resulted in a 21% increase in total DCE for pipe spacing of M = 10 cm and a 29% increase for
M =30 cm. Furthermore, when the wall surface area was increased from 6 m? to 8 m?, 8 m” to
10 m?, and 10 m? to 12 m?, the total DCE increased by 10%, 7.2%, and 4.4%, respectively, for
M =10 cm. For M = 30 cm, the values are 11.1%, 10%, and 8.9%, respectively. Table 2.7
reveals that while both an increase in wall surface area and a decrease in pipe spacing lead to
an increase in total DCE, the impact of the latter is more pronounced.

2.4. Conclusion

The primary objectives of this Chapter were to evaluate the cooling potentials of a DCW-
wall system and establish a general guideline for preventing condensation on the wall surface.
This paper used a 3D transient thermal model that was validated using transient experimental
data from a similar study. A typical DCW flow rate pattern was incorporated to calculate the
maximum cooling capacity, DCE, water outlet temperature, and average wall surface
temperature for different operation and boundary scenarios.

Results showed that smaller pipe spacing, lower water inlet temperature, and thinner walls
all contributed to higher cooling capacity and total DCE. With a maximum cooling capacity of

80 W/m? and a total DCE of 30 MJ/day, the serpentine configuration offered the highest cooling
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potentials. The free cooling energy provided by the DCW-wall system can effectively reduce
or even eliminate the reliance on mechanical cooling systems during a cooling season in cold-
climate residential buildings without wasting DCW resources. Findings revealed that the
DCW-wall system with spiral configuration supplied almost 11% of the energy demand for
space cooling during the cooling season in Toronto, Canada. In addition, the three
configurations demonstrated the lowest average wall surface temperature, ranging from 18.6°C
to 21.2°C across all operation and boundary scenarios. At peak cooling capacity, the surface
temperature of a 10 cm-thick wall was found to be 1°C higher than a 5 cm-thick wall.
Furthermore, the spiral counterflow configuration displayed the most uniform temperature on
the wall surface, which is essential for thermal comfort and condensation prevention. Based on
this, a conservative yet simple guideline was proposed to prevent condensation. Maintaining
indoor RH levels between 40.8% and 53.8% would minimize the likelihood of condensation

regardless of the operation and boundary scenario.
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Chapter 3 Generalizable Thermal Performance of a Ventilated Concrete
Block Wall and the Energy Implication of Its Substitution for a Wood-

Frame Wall in Cold-Climate Buildings

3.1. Introduction

Buildings account for approximately 40% of global energy use and 30% of greenhouse gas
(GHG) emissions [69]. Unless strict policies are implemented and energy-efficient
technologies are adopted, the energy consumption of buildings will continue to increase, posing
a serious threat to the global environment and economy [8, 9]. Using thermal energy storage
(TES) is a cost-effective approach to enhance the energy efficiency of buildings. TES in
buildings can improve the thermal performance by balancing energy supply and demand, using
renewable energy sources, smoothing zone temperature fluctuations, and improving thermal
comfort for occupants [10-13]. Particularly, using building envelope (i.e., walls, floor, ceiling)
for TES is one of the promising methods to reduce the space heating and cooling demands.
Reduction in heating and cooling demands can be achieved by storing and releasing significant
amounts of thermal energy through the thermal mass of the envelope. Storing excess thermal
energy in the envelope can buffer zone temperature fluctuations and reduce space heating and
cooling loads. The stored heat can be used later to warm the zone when indoor temperature
drops, such as at night and early in the morning. The process of storing and releasing heat can
be passive, active, or a combination of both strategies. Passive strategies rely on the natural
convection through the surfaces of a building's envelope, while active strategies use mechanical
equipment like pumps or fans to circulate heat transfer fluids (HTFs) like water or air through
pipes or conduits embedded in the envelope to facilitate the exchange of heat. Active TES
systems offer several advantages over passive TES systems, including greater control and

improved responsiveness. With more precise control over the storage and release of thermal
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energy, active systems enable better management of energy supply and demand, while their
ability to quickly respond to varying environmental conditions and occupant’s needs ensures
optimal thermal comfort. This improved control and responsiveness lead to higher energy
efficiency in buildings, reducing energy consumption and associated costs. Furthermore,
enhanced thermal comfort results from active TES systems maintaining more consistent indoor
temperatures. In addition, active TES systems can be more easily integrated with other energy-
efficient technologies, such as renewable energy sources, creating a comprehensive energy
management system that further improves building performance.

The use of active TES as a means of reducing the thermal loads of buildings has received
significant attention in recent years. In particular, researchers have been studying the use of
ventilated block walls (VBW) as an active TES solution in building envelope [16, 70-73]. In
these types of walls, the hollow cores of the blocks are aligned to create air channels.
Circulating air through these channels can accelerate the heat transfer and therefore thermal
energy storage and release. By actively moving air through the channel, the heat transfer
coefficient between the thermal mass and air is increased, allowing for increased heat transfer
rate and thus greater storage and release of thermal energy. This increased rate of heat transfer
enables the wall to store thermal energy more effectively during periods of high temperature
and release it more rapidly during cooler periods, improving the overall thermal performance
of the building. The stored thermal energy in the wall can be released to the zone through the
wall surface, through supply air to zone by the use of a fan (i.e., the air is drawn into the channel
where it exchanges heat with the wall before being returned back into the zone), or a
combination of both. Sources for air ventilation include ambient air, exhaust air from an air
conditioning system, and zone air [ 16, 72]. In the last case, zone air is drawn into the air channel
within the wall, exchanges heat with the mass, and then returns to the zone. In this particular

case, air circulation can significantly enhance the heat exchange rate between the wall and its
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surrounding zone compared to walls without air circulation [16, 71]. The majority of research
on using active TES in buildings’ mass has focused on ventilated concrete floor and ceiling
slabs [74-79]. However, a few studies were conducted to assess the thermal performance of
VBWs without supplying air to the zones.

Huang et al. [71] examined the thermal performance of an exterior VBW without supply
air to zone in a hot region in China. The exhaust air from the ventilation system passes through
the air channel , therefore, it was assumed that the temperature of the circulated air would be
the same as the indoor temperature. Air circulation enables the wall to store the indoor excess
thermal energy during warm period and release when the indoor temperature drops. Their
findings showed that the impact of air speed on the thermal storage performance is much higher
than the impact of airflow temperature for a given cavity size.

Moreover, VBWs can also serve as an interior wall. The thermal performance of an interior
VBW without SAZ was examined in a few studies [72, 73, 80]. Yu et al. [73] investigated the
dynamic thermal performance of an interior VBW. Authors placed and stacked hollow concrete
blocks in a way to create serpentine air channel. Then, they charged the wall with heated air at
a constant temperature and speed. The constructed wall was placed in the middle of two
identical rooms. The maximum total heat flux of 112.9 W/m? between the wall surface and
zone was achieved when the air speed was 2.9 m/s, supply air temperature was 40°C, and zone
air temperature was fixed at 17°C.

The benefits of using VBWs without SAZ in reducing thermal loads of buildings have been
presented in literature. However, a review of extant literature has shown that there are no
studies that have evaluated the performance of VBW with air circulating between the VBW
and its associated zones (simply referred to as VBW from now on ). VBWs are able to provide
dual functionality, acting as both structural support and thermal mass, storing excess thermal

energy and buffer zone temperature fluctuation. VBWs enhance building performance through
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strong thermal coupling with the surrounding spaces and exposing more mass area for heat
transfer, promoting effective thermal storage and release. Furthermore, VBWs’ simplicity in
design and minimal reliance on mechanical equipment make them a cost-effective option for
improving the buildings’ energy efficiency. Additionally, there is a scarcity of research on the
use of VBWs in cold-climate buildings. The increased thermal energy storage and release of
VBWs contribute to their enhanced efficiency. To maximize this benefit, substantial
fluctuations in zone temperature are necessary. Cold-climate buildings experience significant
zone temperature fluctuations during spring and fall, allowing the VBWs to demonstrate their
full potential in maintaining thermal comfort and energy efficiency. Therefore, this study aims
to evaluate the typical-day and annual thermal performance of a VBW in a cold region.
Evaluating the performance of a VBW on a typical day involves investigating the heat flux
density and total net energy exchange between the VBW (exterior and interior) and the
associated zone over a 24-hour period. By analyzing different zone temperature profiles, air
speeds, and interior finishes, this parametric analysis enables a comprehensive understanding
of the VBW's performance under various conditions, ensuring its effectiveness in diverse
situations. Additionally, the study of annual thermal performance aims to quantify the annual
total assisting heating and cooling loads in Canadian residential buildings by replacing
traditional wood-frame walls with VBWs. To achieve this, three Canadian cities of Edmonton,
Vancouver, and Toronto have been selected for the simulations.
3.2. Description of the physical system

Figure 3.1 shows a schematic of the VBW configuration studied in this thesis. One column
of blocks is shown in this schematic, but more columns can be connected in parallel or series.
This study is focused on the thermal performance of one column VBW, the height of which

equals a typical floor-to-ceiling height of approximately 2.5 meters. The performance of
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multiple columns in parallel will be approximately equal to the one-column performance

multiplied by the number of columns.

Supply

RSI-3.1 thermal insulation

Hollow concrete block —

12.7 mm cement plaster —

Figure 3.1 A schematic of the VBW

As illustrated in Figure 3.1, a wall of ~2.5 meters in height is constructed by stacking 13
hollow concrete blocks on top of each other [81]. By stacking hollow blocks on top of each
other, two air channels are created by connecting the hollow cores . Using a fan, zone air is
drawn into each air channel from the bottom and moves upward in the wall height, exchanges
heat with the wall, and returns to the zone from the top through a duct.

As shown in Figure 3.1, the modelled VBW consists of a cement plaster finishing on the
interior side, hollow concrete blocks, and RSI-3.1 thermal insulation on the exterior side. The
choice of RSI-3.1 was made to meet the minimum standard requirement of RSI-3.5 for exterior

walls when combined in series with hollow concrete blocks and cement plaster. In this study,
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the RSI value for exterior walls was chosen based on the minimum requirement set by the
National Energy Code of Canada for Buildings (NECB) in 2020 [82]. The RSI value is a
measure of a material's thermal resistance in metric units, with higher values indicating better
insulation.

Table 3.1 presents the thermal properties of all layers of the VBW.

Table 3.1 Thermal properties of the materials used in VBW

Thermal properties

Materials Thermal conductivity Density Specific heat capacity Ref.
coefficient (W/m.K) (kg/m?) (J/kg.K)

Cement plaster 0.72 1860 840 [83]
Concrete 1.5 2240 840 [83]
Thermal

0.038 25 1400 [84]
insulation

The system depicted in Figure 3.1 is designed to effectively exchange heat with its associate
zones and store it to prevent space over heating and cooling, thereby reducing space heating
and cooling loads. Throughout the day, as the indoor temperature rises primarily due to the
direct and indirect solar heat gain, zone air is directed into the VBW where it exchanges heat
with the block mass. The process allows the wall to store excess thermal energy and to cool the
air before it is supplied to the zone. This cooled air helps maintain a comfortable temperature
and reduces the need for additional cooling. At night and in the early morning, as the indoor

temperature drops mainly due to lower outdoor temperature, the zone air takes the stored heat
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and returns it to the zone. The continuous process of storing and releasing heat ensures a stable
indoor temperature and leads to reduction in space thermal loads.
3.3. Methodology

This section elaborates on the research methodology, beginning with an overview of the
types of performance evaluations. It continues with an explanation of the boundary conditions
used to evaluate thermal performance. The next part of the section describes the heat transfer
equations and the air speeds for evaluating thermal performance. The section concludes with a
discussion of the model's validation.

3.3.1. Overview

Two types of thermal performance are evaluated: a) a typical-day thermal performance of
an interior and an exterior VBW, and b) the annual energy analysis of an exterior VBW and an
exterior wood-frame wall.

The typical-day approach can evaluate the VBW performance across different zone
temperature profiles, air speeds, and interior wall finishes. By accounting for the common
indoor temperature variations, this approach can generalize the findings and enables the
application of results to a broader range of circumstances and building structures. Without it,
determining the outdoor boundary conditions becomes challenging due to the numerous
potential outdoor conditions. Focusing on cold-climate buildings in Canada, the annual energy
analysis aims to investigate the yearly performance of the VBW and a traditional wood-frame
wall, considering close-to-actual zone temperature and actual outdoor conditions in three
Canadian cities of Edmonton, Vancouver, and Toronto.

3.3.1.1. Typical-day performance

This approach examines the thermal performance of an interior and an exterior VBW over
the course of a typical day. The performance consists of determining the average wall surface

temperature, heat flux density, and energy exchange. In this analysis, the zone temperature is
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assumed to follow a steady-periodic operation, which involves maintaining a consistent zone
temperature and air speed for several days. Transient simulations were conducted for a
sufficiently long period (i.e., several days) until the wall surface temperature converged. The
results of the last 24-hour period are used for the typical-day performance.
3.3.1.1.1 Boundary conditions

In typical-day analysis, interior and exterior VBWs are exposed to different boundary
conditions. An interior VBW exchanges heat with the zone on both sides. In contrast, one side
of an exterior VBW is exposed to the outdoor environmental conditions. Because of the wide
range of outdoor temperatures and varying overall thermal resistances, it can be challenging to
cover all possible boundary conditions or select suitable ones to produce generalizable
performance evaluation when it comes to exterior walls.

a) Exterior wall

This study assumed an adiabatic boundary condition for the exterior wall. The assumption
of adiabatic boundary condition can be considered accurate in summer due to the thick
insulation of exterior walls in cold-climate buildings and insignificant temperature difference
between indoors and outdoors. In the case of outdoor temperatures dropping below freezing,
there would be significant heat loss through the exterior walls which cannot be ignored. This
is because indoor temperatures are typically kept relatively mild, around 21°C, thus creating a
large temperature difference between indoors and outdoors during cold winter months. To
account for the heat loss, the typical-day analysis includes the a “heat loss percentage” factor
when calculating the total energy exchange values. The “total energy exchange” represents a
single number and is defined as the cumulative absolute amount of heating and cooling energy
that can be supplied to the zone (or absolute variation of thermal energy stored in the VBW)

by the VBW during a 24-hour period.
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In cold climates, buildings can experience significant heat loss through their exterior walls
when the outdoor temperature drops far below freezing. Therefore, accurately determining the
heat loss is crucial when evaluating the thermal performance of a VBW. The ‘“heat loss
percentage” was determined using a conservative method that accounts for the coldest outdoor
temperatures while maintaining a constant indoor temperature. The heat loss values for an
exterior VBW with no insulation and an RSI value of 3.5 are shown in Figure 3.2. The values
are simulated with the transient thermal model developed in this study, to be described in detail

in the following “Numerical model” section.
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Figure 3.2 Heat loss values for VBW

As shown in Figure 3.2, utilizing extremely low outdoor temperature, and maintaining a
constant indoor temperature of 21°C maximize the heat loss. It can be observed that, at any
given point during the day, the heat loss for an uninsulated wall is nearly 90% greater than that
for an insulated one. In other words, by meeting the minimum overall thermal resistance

recommended by NECB, 90% of heat loss can be saved. This means that the exterior insulated
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VBW loses only 10% of the heat in the zone, which refers to the “heat loss percentage” in this
study. When evaluating typical-day performance in thermal models, it is assumed that the back
of the VBW is adiabatic and a heat loss percentage (i.e., 10%) is applied to the total energy
exchange results. However, for annual energy analysis, the exterior wall is not assumed to be
adiabatic, and its behavior is influenced by outdoor temperature fluctuations.

The calculated heat loss percentage factor of 10% in the typical-day performance analysis
is notably conservative, resulting in the lowest wall performance observed throughout the day.
This conservative estimate is primarily due to the consideration of an exceptionally low outdoor
temperature range for a day, as illustrated in Figure 3.2. By adopting such an approach, the
study aims to provide a comprehensive understanding of wall performance under extreme
conditions, thereby offering a more rigorous evaluation of the wall systems' potential in cold-
climate buildings throughout the year without considering numerous scenarios for outdoor
conditions.

b) Interior wall

As an interior wall, VBW is exposed to the same temperature on both sides throughout the
day. Similar to exterior wall, air speeds of 0 m/s, 1 m/s, and 2 m/s and; minimum zone
temperature of 20°C and peak zone temperatures of 22°C, 24°C, and 26°C (as shown in Figure

3.3) were selected for the sensitivity analysis.

3.3.1.1.2 Zone temperature profiles

The thermal performance of a VBW is greatly impacted by its zone temperature profile. To
provide a satisfactory level of thermal comfort, various organizations have established
minimum and maximum zone temperatures for residential buildings. For this study, Canada
was selected as the benchmark country and the temperature range for the zone was set to be

between 20°C and 26°C [51, 52, 85-87]. A sensitivity analysis of VBW performance was
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conducted to assess the impact of diverse zone temperature profiles, utilizing the typical-day
methodology. This sensitivity analysis incorporated a minimum zone temperature of 20°C,
with peak temperatures set at 22°C, 24°C, and 26°C, respectively. A sensitivity analysis can
reveal how well VBW performs in terms of reducing the space thermal loads in different ranges
of indoor temperature and air speeds. Variations in outdoor temperature are primarily
responsible for indoor temperature swings. Figure 3.3 illustrates the setup of indoor
temperature swings according to the typical fluctuation in outdoor temperature throughout the
day. The outdoor temperature is generally lower in the late hours of the night until early
morning than during the rest of the day. In addition, as a result of solar radiation, the outdoor
temperature usually rises from late morning until evening. Therefore, the sensitivity analysis
evaluated three indoor temperature profiles to determine the impact of temperature variations

within the set limits.

Zone temperature profiles
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Figure 3.3 Zone temperature profiles for typical-day performance (a cyclic temperature
profile with a 24-hr cycle)
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3.3.1.2 Annual energy analysis

The annual energy analysis aims to quantify and compare the yearly impacts of VBW and
traditional wood-frame walls on space heating and cooling loads over the course of a year. In
order to evaluate the thermal performance of a VBW versus a traditional wood-frame wall, two
indicators of performance were introduced: assisting heating and assisting cooling. These
measures refer to the amount of thermal energy stored in each wall that contributes to reduced
space heating and cooling needed over the course of a year. Appendix B provides more details
about the modelled wood-frame wall.

The yearly performance of the two wall systems is simulated under a close-to-actual zone
temperature profile and actual outdoor environmental conditions. Table 3.2 outlines the criteria
utilized to determine the assisting heating and cooling energy (kWh/m? of the wall) for both
walls. Notably, one scenario was considered for assisting heating, while two scenarios were
used for assisting cooling.

Table 3.2 Criteria used for calculating the assisting heating and cooling energy

Scenario Criteria

Toutside < Tair
Heating (H)
Twall > Tair

Toutside > Tair
Cooling — scenario 1 (C #1)
Twall < Tair

Toutside > Tair

Twall < Tair
Cooling — scenario 2 (C #2)

20 < Toutside < Tair

Twall < Tair
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For outdoor environmental conditions, three Canadian cities - Edmonton, Vancouver, and
Toronto - were selected to consider the variations in conditions across different climate regions
in Canada. The annual energy analysis employs typical meteorological year (TMY) data from
1996 to 2015. TMY is a compilation of selected meteorological data for a specific location
over the course of one year.

Zone temperature greatly affects the thermal behavior of wall systems. The zone
temperature at any time depends on the zone temperature at the preceding time. In addition to
zone temperature, outdoor temperature and solar radiation have a continuous influence on the
temperature of a zone. Conducting whole building thermal simulations can yield zone
temperature profiles and related wall performance data. However, this approach is limited to
the specific building characteristics chosen (e.g., physical construction, room temperature
settings, and wall placement) as well as the prevailing climate conditions. To overcome this
limitation, this study aims to establish a performance envelope for VBW and wood-frame walls
using a parametric analysis. By incorporating zone temperature as one of the parameters, the
study bypasses the need for time-consuming whole-building thermal simulations. Estimating
wall performance across a spectrum of outdoor and zone temperatures allows for interpretation
and application to a wider array of zone conditions. To obtain a close-to-actual zone
temperature profile under varying outdoor conditions, the measured outdoor temperature and
GHI data for the EcoTerra house (located in Eastman, QC, Canada) [88] were used to develop

a prediction function Eq. (3.1) for zone temperature.

T = (0.72 % TEY) + (0.03 T L ..) + (0.0005 * GHIT™1) (3.1

+(0.01 * TLgiqe) + (0.0004 x GHIY) + 6.4 ; 20 < T, <26
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where TZ,, is the zone temperature in the current timestep (10 minutes in this study) in °C,
TL:1 denotes the zone temperature in the past timestep, GHI® and GHI*™! stand for the global
horizontal irradiance in the current and past timesteps in W/m?, respectively, and TS,;¢;4, and
Tt Lige i the outdoor temperature in the current and past timesteps in °C, respectively.

Based on Eq. (3.1), the indoor temperature data in the current timestep were chosen as the
dependent variable, while the indoor temperature in the past timestep, outdoor temperature in
the current and past timestep, and also GHI in the current and past timestep, were considered
as independent variables. Moreover, the impact of outdoor temperature and solar radiation in
the current timestep has been considered in order to minimize the response delay in the
predicted temperature.

The goodness of fit was assessed by calculating the R-square parameter, which indicates
how well independent variables explain variations in dependent variable. An R-square of 0.952
was obtained for the comparison between the measured (from EcoTerra house) and predicted
indoor temperature, implicating that the proposed function can predict the indoor temperature
with an acceptable level of accuracy. The comparison between the predicted indoor
temperatures and the actual indoor measurements at EcoTerra house for selected days is shown
in Appendix C.

This prediction function is used to predict the temperature of a zone located in the three
chosen climates/cities with corresponding meteorological data. EcoTerra serves as an
exemplary case study due to its combination of heavy thermal mass and wood-frame walls
within the same structure. This coexistence of both wall systems allows for a direct comparison
of their performance under the same conditions, making the analysis more accurate and
reliable. Using actual data from the EcoTerra house enhances the accuracy of predicted zone

temperature at any given time, which not only increases the reliability of the performance
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analysis but also bolsters the robustness and relevance of our study in understanding the real-
world implications of these wall systems.
3.3.2. Numerical model

As shown in Figure 3.1, thermal models are developed for a wall strip (i.e., one block width
with a 2.47 m height) using the following assumptions and considerations for boundary
conditions and heat transfer equations.

3.3.2.1. Heat transfer equations

Figure 3.4 illustrates a schematic cross-section of the air channel, displaying all of the involved
heat transfer mechanisms. As depicted in Figure 3.4, heat is transferred between the air inside
the channel and the surrounding wall via convection. Heat is also transferred between the wall
nodes facing each other in the channel through radiation. Additionally, the air returning to the
zone exchanges heat with the zone air through advection. Advection is a type of convection
heat transfer mechanism resulting from the intensive bulk movement of air. The zone also

conducts heat transfer with the wall surface through both convection and radiation.
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Figure 3.4 Heat transfer mechanisms in VBW

3.3.2.1.1. Heat transfer inside the air channel

The temperature of air inside the channel can be determined by solving Eq. (3.2).

arf.

(PCP)air(AacAy) “2€ =Bm(hair L7*By (T — Thc)) — 1Cpaie(Tic — Tic") (3.2

F=123, ..,

In Eq. (3.2), p.ir and Cp,j, represent the density and specific heat capacity of the air inside the

channel, respectively. A4 and Ay are the cross-sectional area of the air channel and the height
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of each control volume (CV) that corresponds to node f, respectively. The indices i, j, k and f
denote the node counters for the wall in three directions (corresponding to Ax, Ay, Az) and for
the air within the channel. In Eq. (3.2), i, ], k are the node coordinates of the wall that is in

contact with the node f of the air. Furthermore, the summation index m refers to the number
of wall nodes surrounding the air node. T,.y, Tac, M, hqir, and £ denote the wall temperature,

air temperature inside the channel, air mass flow rate, the convective heat transfer coefficient
of the air inside the channel, and the length of each CV (either in Ax direction or Az direction)
in contact with node f of air inside the channel, respectively. h,;;- can be determined using Eq.

(3.3).

_ NuXRair (3.3)

air — Dh
where Dy, A4; and Nu are hydraulic diameter, air thermal conductivity and Nusselt number,
respectively. The Nusselt number can vary depending on the flow regime (i.e., laminar, or

turbulent). Egs. (3.4) and (3.5) determine the Nusselt number [89].

Nu = 4.364 (Laminar flow; Rep <2300) (3.4)

h(Re—1000)Pr
Nu = 8 (Turbulent flow; 3000 < Re,, < 5x10°& 0.5 < Pr < 2000) (3.5)

705
1+12.7(£) (Pr2/3-1)

8
Re represents the Reynolds number, Pr denotes the Prandtl number, and Fy, is the friction

factor. Egs. (3.6) to (3.8) can be used to calculate Re, Pr, and Fy, [89, 90].

Re _ v X Dh (3 6)
p =
19 .
9
Pr=s——7F— (3.7
air
(pcp)air
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1 21 < € N 2.51 )
— (0]
/Ffr g 3.7Dy,  Rey /Ffr (3.8)

where v is the air speed, 9 is the kinematic viscosity, and € is the roughness which was set at
0.3 mm [91].

3.3.2.1.2. Heat transfer between wall nodes

Figure 3.5 illustrates a schematic of the block, showing its dimensions, discretization, and

nodes.

Control volume
(CV)

Node *

Figure 3.5 A schematic of the block dimensions, discretization, and nodes

As shown in Figure 3.5, the block is discretized equally in three directions with nodes
spaced by 30 mm in x-direction and 38 mm for y direction. In the z-direction, the block CV's

in the face shells have a width of 30 mm, while the block CVs in contact with air inside the
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. 130 . . .
channel have a width of —_ mm. The discretization of other continuous layers such as the

cement plaster and rigid thermal insulation, mirrors that of the block. Also, the dimensions of
the block are selected based on those commonly used in construction [81].

Heat transfer between the wall nodes takes place through conduction, convection with the
air inside the channel, radiation between wall nodes that are exposed to air and are facing each
other, and also the convection heat transfer between the wall surface nodes and the zone air.

The latter will be discussed further in subsection 3.3.2.2.3. The overall impact of all input and

output heat fluxes continuously alters the temperature of the CVs. The wall temperature at any
given location (i.e., nodes) can be determined by using Eq. (3.9) while considering all heat

fluxes entering and exiting the CVs.

(OCPIwanViyirs dT::a = = Qeanituction + Qesmvection + Qradiation + Qsi'z{}l;ace (3.9)
where V,,,;; represents the volume of each CV, Ax, Ay, Az are length, height, and width of the
CVs as shown in Figure 3.5, Q onpection 15 the exchanged heat flow rate between air inside the
channel and surrounding wall nodes, Qg r4ce denotes the heat flow rate from the zone towards
the nodes on the wall surface, Q,.44iqtion 1S the radiation heat flow rate between two facing wall
nodes in contact with air, and Q.. 4uction T€Presents the conduction heat flow rate between the

wall nodes, which can be calculated using Eq. (3.10).

fAZAy l+1]k lljk i,j,k )
(Twall wall 2Twall
P AzAX
iL,jk _ L,j+1,k Lj-1k _ i,jk 3.10
Qconduction = Awan X { + (Twall + Twall 2Twall > ( )

i,j, k+1 l] k-1 i,j,k
(Twall wall 2Twall

Qconvection ANd Qrqaiation can be calculated using Eq. (3.11) and Eq. (3.12), respectively.

Qi'j’k i = hairLi'j'kAy (TU " Téir) (3.1 1)

convection wall
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Qraiation = OBYLY*EFy (Tgan = T'art) 542

radiation

where o is the Stephan-Boltzmann constant (i.e., 5.67x107 W/m2 K*) and F, is the emissivity

factor (i.e., F; =i for € =0.85). (Tyau — T way) is the difference between average

€

temperature of every two facing and adjacent interior surfaces of the channel for every Ay (i.e.,
38 mm). In simpler terms, the nodes on each interior surface of the air channel, consisting of
three nodes in the Az direction and five nodes in the Ax direction, are combined with their
corresponding Ay values to form a single surface. The average temperature of this surface is
then calculated for further analysis of radiation heat transfer. F, represents the view factor
between each pair of channel interior surfaces (facing and adjacent) for every Ay [89, 92]. The

view factor between two facing surfaces in the channel can be obtained using Eq. (3.13) [89].

2 g [QHEETT g paasg £y
Fracing =7y U0 [Fgmr|  + XA+ P Stan™ s+ V(1L 4+
=240.5 _1 Y ¥ 17 _ v -1y (3.13)
X))’ tan RSO Xtan™'X —Ytan™'Y}
- Ay W
X=—,Y=—
d’ d

where d is the perpendicular distance between two facing surfaces of the air channel either in
length (Ax) or width (Az) direction, and W; denotes the width of each surface. The view factor
for the adjacent surfaces can be determined using Eq. (3.14).

F _ 1- Tv—facing (3.14)
v—adjacent — f

3.3.2.1.3. Heat transfer between the wall and zone air

Two mechanisms are involved for the heat transfer between wall and zone air: a)
convection and radiation through the wall surface, b) advection through the SAZ. Eq. (3.15)
can be used to determine the heat transfer between the wall surface and the zone air.
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Qi ace = heotar X Ay X Ax(Ti'j'k Toir) (3-15)

surface wall ~—
T, 1s the zone temperature and hq,¢q; 1s heat transfer film coefficient (combined convective
and radiant heat transfer) between the wall surface and the zone air and other interior zone
surfaces. The value for h;,¢,; can be obtained by solving Eq. (3.16) or Eq. (3.17) depending on

the Rayleigh number [83].

T, —T,
heotar = 1.33 (|aer—wall|)0_25 +5.5 10° < Ra < 10° (3.16)

htotal = 126 |Tair - Twalll + 55 Ra > 109 (317)
In both Eqgs. 3.13 and 3.14, the first term represents the convective heat transfer coefficient,
while the constant term represents the radiative heat transfer coefficient [17, 93, 94]. H is the

wall height and Ra is the Rayleigh number which can be calculated using Eq. (3.18).
Ra = GrPr (3.18)

G is the Grashof number. Eq. (3.19) can be used to determine the Gr.

_ gﬁlTair - Twall|H3
(p9)*

Gr (3.19)

where g and [ are the gravitational acceleration and thermal expansion coefficients,
respectively. Along with convection and radiation, wall and zone also exchange heat through
advection. Eq. (3.20) can be used to determine the heat transfer between SAZ and zone air.
Quavection = MCPair (Tag™* = Tair) (3.:20)
where 7;{5‘ " js the air temperature at the outlet of the air channel.
3.3.3. Air speed
A major factor influencing the thermal performance of VBW is the air speed [71]. The

literature reports air speed values ranging from 0.2 m/s to 3 m/s for investigating the thermal

performance of ventilated walls [71, 73, 95-97]. Nevertheless, each case study requires an
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optimum air speed in accordance with the design, the system's energy consumption (e.g., fan),
as well as its net energy exchange. To determine the optimal air speed, the "total net energy
exchange" was calculated as the difference between total energy exchange from the wall (e.g.,
sum of the exchanged energy through surface and SAZ) and fan energy consumption in typical-
day zone temperature profiles. Eq. (3.21) can be used to obtain the fan energy consumption in

a day.

Efan = AP X v X Age X (24/1000) (3.21)

where Efqy, is the fan energy consumption in kWh, v denotes the air speed in m/s and AP is the

total pressure loss caused by the fan in Pa. AP can be obtained using Eq. (3.22) (Darcy-

Weisbach equation) [98].

X L
AP=f

2
2D, F¥ (3.22)

Different AP and net energy exchange values are calculated for air speeds ranging from 0.2 m/s
to 5 m/s. Figure 3.6 shows the changes in 4P and net energy exchange based on the different

air speeds for a one wall strip.
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Figure 3.6 Net energy exchange and pressure changes

Figure 3.6 depicts that as air speed increased from 0.2 m/s to 2.5 m/s, the net energy
exchange values also increased. However, for speeds above 2.5 m/s, net energy exchange
decreased as the rate of fan energy consumption exceeded the rate of energy exchange.
Therefore, in order to obtain the maximum net energy exchange, the optimal air speed was
determined to be 2.5 m/s. Despite that, simulations were carried out using air speeds of 0 m/s
(i.e., passive performance), 1 m/s, and 2 m/s for the parametric analysis. 2 m/s instead of 2.5
m/s was examined because the actual pressure loss caused by the fan is usually higher than the
calculated amount, mostly as a result of the inlet and outlet covers of the channel, as well as
the manifold, valves, and elbows in the system.

The air speed in the channel may change depending on the temperature difference between
the air at the channel's inlet and outlet. Such variations are caused by changes in air density
resulting from alterations in air temperature. Based on the fact that the maximum temperature
difference between the inlet and outlet is only ~1.7°C, resulting in a less than 1% change in air

density from inlet to outlet [83], the study assumed that the volumetric flow rate within the
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channel remains constant and that the air speed is not affected by such changes in air density
from inlet to outlet.
3.3.4. Model validation

Yu et al. [73] investigated the thermal performance of a VBW. Heated by an external
source, warm air with a fixed inlet temperature and a fixed speed, was introduced into hollow-
core concrete blocks that were lined up to form serpentine air channels. The wall was ventilated
every day between 9 a.m. and 5 p.m. For the remainder of the day, the wall worked naturally.
An air conditioner maintained a constant temperature between 17°C and 18°C in the zone,
although outdoor temperature fluctuations caused variations in the zone temperature. For
validation purposes in this study, the developed numerical model is modified according to the
parameters used in the experimental study. Main parameters include the supply air temperature,
supply air speed, fixed zone temperature, ventilation period (i.e., when air circulation is active
and when it is turned off), concrete block dimensions, wall area, and thermal properties of the
wall. Furthermore, to represent the error between measured and simulated values, the
coefficient variation of the root-mean square error (CV-RMSE) statistical measure is selected.

CV-RMSE can be calculated using Eq. (3.23) [57].

o5

CV — RMSE = (3.23)

y

where n is the number of data points; yi is the measured value; ¥, is the simulated value; and
y is the average of all measured values.

Figure 3.7 illustrates the simulated and measured average wall surface temperature
profiles over the 24-hour period. As shown in Figure 3.7, the simulated wall temperature
closely followed the trend of measured wall surface temperature. However, some deviations of
up to 0.45°C were observed, particularly between 10 a.m. and 4 p.m. These deviations could

be caused by variations in the temperatures and speed of supply air and the zone temperature.
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It is indicated by the CV-RMSE of 1.175% when comparing the model's simulated data (red
line in Figure 3.7) to the actual measured data (blue dotted line in Figure 3.7) from the
experiment. The comparison indicates that the numerical model developed in this study has

sufficient accuracy for simulating the thermal performance of the VBW of interest.
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Figure 3.7 Measured and simulated average wall surface temperatures

3.4. Results and discussion
a) Typical-day thermal performance of a VBW; This part presents the average wall
surface temperature, the heat flux density, and the total net energy exchange based on
the following boundary conditions and parameters:
1. Exterior and interior walls
ii.  Air speeds of 0 m/s, 1 m/s and 2 m/s
iii.  Different zone temperature profiles
In this part, the figures and descriptions are presented for a single zone temperature profile
(minimum of 20°C and maximum of 26°C), an air speed of 2 m/s, and one wall strip. Results

for other scenarios are tabulated in their respective sections.
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b) Annual energy analysis of a VBW and a wood-frame wall for three Canadian cities
In this part, the energy performance of both exterior VBW and exterior wood-frame wall was
compared over the course of a year, with a focus on the cold climate of Canada. Specifically,
the results and descriptions in this annual energy analysis pertain to the city of Edmonton.
Results for other Canadian cities such as Vancouver and Toronto can be found in Appendix D.
3.4.1. Typical-day thermal performance of VBW

3.4.1.1. Exterior wall

3.4.1.1.1. Average wall surface temperature

Air speed and zone air temperature fluctuations have a significant impact on average wall
surface temperature. In this study, as well as throughout the paper, the term "zone air
temperature" is used based on the assumption that the room air temperature and the interior
surfaces are at the same temperature. This assumption allows for treating the entire zone as
having a single, consistent temperature, which is referred to as the zone air temperature. At an
air speed of 2 m/s, Figure 3.8 illustrates the changes in zone air temperature and average wall

surface temperature.
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Figure 3.8 Zone air and average wall surface temperatures for an exterior VBW

In situations of strong heat exchange between the mass and the zone, the wall surface
temperature closely follows the fluctuations in the zone air temperature. This is because the air
inside the channel constantly transfers heat between the inner mass of the VBW and the zone.
In the case of a wall that is warmer than the zone, as shown in Figure 3.8 (early in the morning
and late at night), the circulating air takes heat from the mass and releases it to the zone. Rapid
heat exchange occurs continuously between the wall and zone air, causing the wall temperature
to decrease during the following hours, following the zone temperature. The larger difference
between the minimum and maximum temperature of the wall indicates more thermal energy
storage in the wall and effective heat exchange between the wall and the zone. As a result, more
space heating and cooling load can be reduced and more stable zone temperature. Similarly,
when a wall is colder than a zone (from morning to evening in Figure 3.8), the process is

reversed. In contrast to significant swings in zone air temperature, a situation with insufficient
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heat exchange will result in a smaller difference between the maximum and minimum wall
temperatures. Therefore, the wall is unable to moderate the zone temperature effectively [16].
The zone temperature is predefined in this typical day analysis. However, the actual zone
temperature would be different from the predefined values and be affected by the VBW.
Table 3.3 presents the minimum and maximum average wall interior surface temperatures,
as well as the difference between the maximum and minimum wall surface temperature (which

refers to AT from this point onwards) for different zone temperatures and air speeds.

Table 3.3 Maximum and minimum average wall interior surface temperatures for different
zone temperatures and air speeds

Average wall surface temperature (°C)

Zone
temperature v=0 m/s v=1 m/s v=2 m/s
(min/max)
O . . .
) max-min ) max-min ) max-min
min max min max min max
AD AD AT
20/26 21.2 242 3 204 255 5.1 20.1 259 5.8
20/24 21 23 2 20.3 23.7 34 20.2 24 38
20/22 204  21.6 1.2 20.3 22 1.7 20.2 22 1.8

According to Figure 3.8 and Table 3.3, a higher air speed leads to a stronger heat exchange
between the wall and the zone, which results in a better moderation of zone air temperature.
This is due to the fact that lower air speed decreases the heat transfer coefficient in the air
channel. Thus, less heat is exchanged between the air and the wall, leading to a weak heat
exchange between the wall and the zone. Additionally, Table 3.3 shows that a rise in zone peak
temperature from 24°C to 26°C causes a 31% increase in AT for a fixed air speed. Increasing

the air speed from 1 m/s to 2 m/s results in a 11% increase in AT for a given zone temperature
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profile. Table 3.3 reveals that higher temperature fluctuation within the zone has a greater
impact on AT than increasing air speed.
3.4.1.1.2. Heat flux density

The heat flux density (q) is defined as the rate of thermal energy (W) exchanged between
the VBW and the zone per unit area of the VBW’s exposed surface (m2). A negative heat flux
density indicates that the exterior surface or SAZ is cooling the zone at that particular time. In
other words, the exterior surface temperature or SAZ temperature is lower than the zone
temperature. Figure 3.9 illustrates the heat flux density for an air speed of 2 m/s. In Figure 3.9,
“Convectiont+Radiation” represents the fluctuations in heat flux density between the wall
surface and the zone by combining both convection and radiation effects. “Advection” solely

shows the heat flux density between the supply air to zone and the zone air.
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Figure 3.9 Heat flux for an exterior VBW over a 24-hour period

Figure 3.9 indicates that the VBW provides heating to the zone from 12 a.m. to 8 a.m. and

also from 9 p.m. to 12 a.m. Cooling contributions were from § a.m. to 9 p.m. when the zone
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temperature was on the rise. Egs. (3.15) and (3.20) can be used to determine the heat flux density
through the wall surface (i.e., convection and radiation) and the heat flux density through the
SAZ (i.e., advection), respectively. Table 3.4 presents the minimum and maximum heat fluxes
for different zone temperature profiles and air speeds.

Table 3.4 Heat fluxes for exterior VBW with cement plaster

Heat flux density (min/max) (W/m?)

Zone temperature Heat transfer
(min/max) (°C) mechanism
v=0 m/s v=1 m/s v=2 m/s
Convection & -14.6/16.3 29.1/14.1 -6.9/11.1
radiation
20/26
Advection 0 -32.6/41.5 -48.6/67.8
Convection & 9.6/11.7 -6.1/10.4 43/8.2
radiation
20/24
Advection 0 -19.9/40.2 -21.5/52.5
Convection & 4.6/7.1 :3.1/6.4 2.2/5.6
radiation
20/22
Advection 0 -10.7/16.7 -16/24.6

Referring to Figure 3.9 and Table 3.4, it can be observed that maximum convection and
radiation heat fluxes decrease with increasing air speed. On the other hand, at elevated air
speeds, the maximum advection heat flux increases. Increasing the air speed shortens the time
duration of heat exchange between the circulation air and the wall, resulting in minimal changes
in air temperature. However, higher air speeds significantly enhance the convective heat

transfer coefficient within the air channel, resulting in a higher rates heat exchange. When
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analyzing the heat flux within the range of 0 m/s to 2 m/s for air speed, it was discovered that
at air speeds smaller than 0.3 m/s, convection and radiation are the dominant heat transfer

mechanisms when compared to advection.

3.4.1.1.3. Total energy exchange

Total energy exchange is measured as the accumulated heating and cooling energy (kWh)
provided to a zone through surface and SAZ per unit area of the VBW’s exposed surface (m?)
over the course of a 24-hour period. The total energy exchange will include a 10% reduction,
which is reflected in the values presented in Table 3.4. For walls with more than one column
of blocks (same height of 2.47 m), total energy exchange can be determined by multiplying the
results for one wall strip by the desired number of block columns.

Table 3.5 presents the total net energy exchange for different zone temperature profiles
and air speeds. The total net energy exchange is calculated by deducting the fan's energy
consumption from total energy exchange values.

Table 3.5 Total net energy exchange of the exterior VBW with cement plaster

2
Zone temperature Total net energy exchange (kWh/m?)

(min/max) (°C) v=0 m/s v=1 m/s v=2 m/s
20/26 0.2 0.49 0.57
20/24 0.13 0.33 0.39
20/22 0.06 0.17 0.21

For any given zone temperature profile, increasing the air speed from 0 m/s to 2 m/s, increased
the total net energy exchange by 65%. Furthermore, for any given air speed, increasing the
zone peak temperature from 22°C to 26°C, increased thermal energy storage by 67%. These
findings demonstrate the significant impact of air speed and zone temperature swings on the
total net energy exchange. The results reveal that significant thermal energy storage can be

attributed to VBW, which in turn leads to efficient diurnal buffering and balancing of a zone's
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heating and cooling loads. This effectiveness is particularly important during the shoulder
seasons (e.g., spring and fall) in cold climate regions, when zones are more likely to experience
substantial temperature fluctuations. Given these benefits, it is reasonable to infer that VBW
can play a crucial role in maintaining comfortable indoor temperatures and reducing the overall
thermal loads.

3.4.1.1.4. Impact of interior finishing layer on the thermal performance

Drywall, also known as gypsum board, and cement plaster have been extensively utilized as
interior finishes on wall surfaces and studied in the literature [72, 79, 99-101]. Adding a layer
on top of the interior surface of the wall has an effect on the rate of heat exchange between the
zone air and the wall surface. This section examines the impact of three finishing layers, namely
drywall, a thermal insulating material, and cement plaster, on the total net energy exchange
between the zone and the exterior VBW. To assess the impact of a finishing layer on the
performance of a VBW, simulations were conducted at both passive performance (i.e., v=0
m/s) and with an air speed of 2 m/s for all three typical-day zone air temperature profiles. Table
3.5 showed the simulation results of total net energy exchange for the VBW with cement plaster
as the interior finishing layer.

Under passive performance, replacing cement plaster with drywall reduced total net energy
exchange between the wall and the zone air by an average of approximately 16% across all
zone air temperature profiles. When cement plaster layer was replaced by a layer of thermal
insulation, total net energy exchange decreased by 45%. This roots in the fact that cement
plaster has a higher thermal conductivity than other two materials, allowing it to transfer heat
more efficiently through its surface, thereby facilitating better heat exchange between the wall
surface and zone air throughout the day. When ventilation is turned on, the contribution of the
exposed wall surface decreases. At an air speed of 2 m/s, replacing cement plaster with drywall

and thermal insulation decreased total net energy exchange by an average of 10% and 16%,
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respectively, across all zone air temperature profiles. Therefore, the influence of the finishing
layer on energy exchange values decreases with increasing air speed. Appendix E presents the
tabulated simulation results for the exterior VBW when drywall is used as the interior finishing
layer.

3.4.1.2. Interior wall

3.4.1.2.1. Average wall surface temperature
As an interior wall, both sides of the VBW are exposed to the same zone temperature
profile. Figure 3.10 shows changes in average wall surface temperature for an air speed of 2

m/s.
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Figure 3.10 Zone air and average wall surface temperatures for an interior VBW
Table 3.6 presents the minimum and maximum interior wall surface temperatures, as well as

the difference between the maximum and minimum (AT) for different zone temperatures and

air speeds.
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Table 3.6 Maximum and minimum average wall interior surface temperatures for different

zone temperatures and air speeds

Average wall surface temperature (°C)

Zone
temperature v=0 m/s v=1 m/s v=2 m/s
(min/max) max- max- max-
O min  max min min  max min min  max min
(AT) (AT) (AT)
20/26 20.93 24.83 3.7 20.26 25.63 5.2 20.05 25.95 5.9
20/24 20.67 23.19 2.4 20.18 23.75 3.5 20.07 23.87 3.9
20/22 2041 21.6 1.3 20.12 21.88 1.8 20.05 21.94 1.9

According to Figure 3.10 and Table 3.6, in an interior VBW, a greater AT was observed

compared to an exterior VBW. This can be explained by the higher rates of convection and

radiation through the surface. The increased exposed wall surface resulted in a stronger heat

exchange between the wall and the zone.

3.4.1.2.2. Heat flux density

Figure 3.11 illustrates the change in heat flux density for an air speed of 2 m/s. The exposed

surface area of an interior wall would be double that of an exterior wall, since the interior wall

is exposed to the surrounding zone from two sides.
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Figure 3.11 Heat flux changes for an interior VBW over a 24-hour period

Table 3.7 presents the minimum and maximum heat fluxes for different zone temperature

profiles and air speeds.

Table 3.7 Heat fluxes for interior VBW with cement plaster

Heat flux density (min/max) (W/m?)

Zone temperature Heat transfer
(min/max) (°C) mechanism
v=0 m/s v=1 m/s v=2 m/s
Convection & radiation -30.6/38.9 -19/28.9 -14.4/23.9
20/26
Advection 0 -34/35.6 -39.5/60
Convection & radiation -20.3/27.3 -12.4/20.7 -9/16.9
20/24
Advection 0 -20/25.6 -21.7/46.7
Convection & radiation -10.5/15.3 -5.9/13.1 -4.6/11.5
20/22
Advection 0 -8.5/16.7 -14.3/24.9
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Interior walls are more affected by convection and radiation when it comes to heating and
cooling, compared to exterior walls. Having analyzed the simulation results for heat flux
density, convection and radiation have a greater contribution to the overall heat flux to the zone
than advection, when air speed is less than 0.8 m/s. This is attributed to the fact that both
surfaces of the interior wall are exposed to the Zone air. This causes the convection and
radiation heat fluxes to increase significantly, making them the dominant heat transfer
mechanisms over advection. However, when air speed exceeds 0.8 m/s, advection's share of
the total heat flux becomes greater than that of convection and radiation. Additionally,
regardless of air speed, the wall continues to provide heat to the zone until 8 a.m. when the
zone temperature is kept at 20°C. Also, the wall continues to deliver cooling energy to the zone
until 8-9 p.m. as the temperature within the zone rises to 26°C. There is a small heating
contribution from the wall in the late night as the zone temperature decreases. For all zone
temperature profiles, as the air speed increases, the advection heat flux increases while the

convection and radiation heat fluxes decrease.

3.4.1.2.3. Total net energy exchange
Table 3.8 presents the changes in total net energy exchange based on different zone

temperature profiles and air speeds for an interior wall.

Table 3.8 Total net energy exchange of interior VBW with cement plaster

Total net energy exchange (KWh/m?)
Zone temperature

(min/max) (°C)

v=0 m/s v=1 m/s v=2 m/s
20/26 0.46 0.64 0.72
20/24 0.3 0.43 0.48
20/22 0.16 0.21 0.24
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The total net energy exchange for an interior VBW compared to an exterior VBW varies
depending on air speed, with the potential to exchange 8-33% more energy for all zone air
temperature profiles. However, as the peak temperatures within the zone decrease, the energy
exchange also decreases by an average of 66%. This is because higher temperature rises within
the zone allow for more efficient charging and discharging of thermal mass, which improves

space heating and cooling.

3.4.1.2.4. Impact of interior finishing layer on the thermal performance

To evaluate the influence of an interior surface finishing layer on the performance of an interior
VBW, simulations were conducted at both passive performance (i.e., v=0 m/s) and with an air
speed of 2 m/s for all three typical-day zone air temperature profiles. Table 3.8 presented the
simulation results for energy exchange values of interior VBW with cement plaster as the
interior finishing layer. Under passive performance, replacing the cement plaster layer with
drywall reduced total net energy exchange by an average of approximately 14% across all zone
air temperature profiles. Additionally, at an air speed of 2 m/s, replacing cement plaster with
drywall decreased total net energy exchange by an average of approximately 9% for all zone

air temperature profiles.

3.4.2. Annual energy analysis for VBW and wood-frame wall

The impacts of VBW and wood-frame walls on space heating and cooling loads are
compared over the course of a year. In order to evaluate the thermal performance of a VBW
versus a traditional wood-frame wall, two indicators of performance were introduced: assisting
heating and assisting cooling. These measures refer to the amount of thermal energy stored in
each wall that contributes to reduced space heating and cooling needed over the course of a

year.
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Furthermore, to prevent unwanted cooling in the zone during the winter, the air circulation
is turned off when the temperature of the walls falls below 20°C. Throughout the remainder of
the year, a 2 m/s air speed is maintained for ventilation. The following annual energy analysis
is conducted based on TMY data for three Canadian cities (i.e., Edmonton, Vancouver, and
Toronto) from 1996 to 2015. Data for solar radiation and meteorological elements is provided
as part of the TMY data for a given location for a period of one year. Annual performance of
the VBW for Edmonton is presented in the following paragraphs. The performance for the
cities of Vancouver and Toronto are in Appendix D.

Edmonton, located in western Canada, is the capital city of the province of Alberta. As one
of the northernmost large cities in North America, Edmonton experiences freezing winters and
sunny summers. With more than 2200 hours of sunshine per year, Edmonton ranks among the
sunniest cities in Canada [102].

Figure 3.12 depicts the outdoor temperature, predicted indoor temperature, and the VBW

surface temperature for three representative days in winter.
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Figure 3.12 Outdoor, predicted indoor, and VBW surface temperatures for Edmonton,

As illustrated in Figure 3.12, the outdoor temperature ranged from -32°C to nearly -13°C
during a selected three-day period in winter. Indoor temperatures, however, were largely kept
between 20°C and 20.5°C. The extremely cold outdoor temperature caused the wall surface to
experience temperatures between 17.8°C and 18.2°C due to significant heat loss through the
back of the wall. In the absence of temperature variations within the zone, the wall does not

contribute to heating or cooling the zone, particularly when the outdoor temperature is below

freezing.

Figure 3.13 illustrates the heat flux of the VBW and wood-frame wall for three representative

days in winter.
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Figure 3.13 Heat flux of the VBW and wood-frame wall for Edmonton, January

As shown in Figure 3.13, both walls contributed to the unwanted cooling of the zone since
their surface temperatures were lower than the zone temperature throughout the three-day
period. Furthermore, the ventilation system was turned off for the entire time as the temperature
of the VBW was below 20°C. Therefore, the only heat exchange between the VBW and the
zone occurred through the wall surface. The heat flux density for a wood-frame wall changed
rapidly in response to indoor temperature changes, with a short time lag. However, the VBW's
high thermal inertia meant that it took longer to observe temperature changes on the wall
surface. For most hours, both walls had nearly identical surface temperatures, with a maximum
temperature difference of 0.2°C, due to minimal indoor temperature changes resulting in
approximately the same heat flux density. However, between hours 59 and 63 in Figure 3.13
(i.e., 11 am. to 3 p.m. on the third day), the indoor temperature increased by approximately
0.7°C due to a significant outdoor temperature increase. Consequently, the wood-frame wall

surface temperature increased rapidly due to changes in indoor and outdoor temperatures.
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Although the VBW's surface temperature also increased during those hours, the indoor
temperature increased at a faster rate than the VBW temperature. Therefore, the VBW's heat
flux density reached its minimum at hour 63 (i.e., a dive in the blue line in Figure 3.13) due to
the higher temperature difference between the surface and the zone air.

Figure 3.12 and Figure 3.13 suggest that when the indoor temperature remains stable and
outdoor temperature drops significantly during winter, both walls will provide little or no
heating and cooling contributions. In these cases, the heating systems should work as normal
to maintain the desired temperature in the zone.

During summer, the walls show different behavior compared to winter due to greater
variations in indoor temperature, higher outdoor temperature, and increased levels of solar
radiation. Figure 3.14 shows the outdoor temperature, predicted indoor temperature, and

surface temperature of VBW for three representative days in summer.
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Figure 3.14 Outdoor, predicted indoor, and VBW surface temperatures for Edmonton, July
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As depicted in Figure 3.14, outdoor temperatures are subject to large fluctuations in warm
months. During the three-day period, the outdoor temperature varied between 7°C and 23°C.
In most hours, this fluctuation in outdoor temperature caused the indoor temperature to
fluctuate between 22.5°C and 25°C. The influence of variations in indoor temperature can be
observed in the heating and cooling contributions of the VBW during the day. Heat storage
within the VBW during hotter hours, when indoor temperature rises, can result in cooling
contributions. Subsequently, the VBW's high thermal inertia allows for the gradual release of
heat during the cooler periods of the night and early morning, when indoor temperature
decreases.

Figure 3.15 illustrates the heat flux of VBW and wood-frame wall for three representative days

in summer.
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Figure 3.15 Heat flux of the VBW and wood-frame wall for Edmonton, July

Figure 3.15 shows that VBW contributes to both heating and cooling during the cold and

hot hours, respectively. This can be attributed to the high thermal capacity and inertia of the
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wall, which are capable of compensating for supply and demand mismatches by storing excess
thermal energy and gradually releasing it to the zone. Conversely, an exterior wood-frame wall
cannot contribute to the heating and cooling of the zone compared to VBWs especially in the
cooling seasons. This is primarily due to the lack of ability to store heat in wood-frame walls
and the absence of an advection heat transfer mechanism. Indeed, advection plays a crucial role
in the heating and cooling of zones at air speeds exceeding 0.3 m/s, as compared to convection
and radiation. Furthermore, wall temperature is primarily affected by the indoor temperature.
Therefore, changes in indoor temperature that are dependent upon the indoor temperature,
outdoor temperature and the GHI in the past timestep, can also contribute significantly to the
amount of energy delivered to the zone and therefore reduction of space thermal loads.

Table 3.9 presents the monthly total assisting heating and cooling achieved by both walls for
Edmonton based on the criteria defined in Table 3.2.

Table 3.9 Monthly total assisting heating and cooling achieved by both walls for Edmonton

Wood-frame wall VBW
Month o CHI™ C#2™ V=2 m/s v=0 m/s
(kWh  (kWh/  (kWh/ H C#l C#2 H C#l C#2
/m?) m?) m?) (kWh/  (kWh/  (kWh/m?* (kWh/  (kWh/  (kWh/
m) m) ) ) omd)md)
January 0 0 0 0.4 0 0 0 0 0
February 0 0 0 0.6 0 0 0 0 0
March 0 0 0 1 0 0 0 0 0
April 0.01 0 0 2.3 0 0.05 0.02 0 0.01
May 0.07 0.005 0.03 3 0.2 1.1 0.4 0.1 0.3
June 0.14 0.012 0.05 3.1 0.4 22 0.9 0.2 0.7
July 0.22 0.04 0.15 3.6 1.3 3.5 1.6 0.7 1.4
August 0.19 0.01 0.07 3.3 0.6 3 0.9 0.4 0.8
September 0.04 0.003 0.03 2.7 0.3 1.5 0.6 0.2 0.5
October 0.02 0 0 2.1 0 0.13 0.03 0 0.03
November 0 0 0 1.2 0 0 0 0 0
December 0 0 0 0.3 0 0 0 0 0
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Total

(KWh/m%/year) 0.7 0.1 0.3 23.6 2.8 11.5 4.5 1.6 2.8
Fan energy
consumption - 0.56 )
(kWh/year)
*Heating

**Cooling — scenario 1
okok . .
Cooling — scenario 2

Zone temperature fluctuation occurs as the outdoor temperature experiences lows and
highs throughout the day, resulting in assisting heating when the zone temperature decreases
and assisting cooling when the zone temperature rises. Across all months in a year, as shown
in Table 3.9, July provides the most heating and cooling energy to the zone, largely due to the
heightened temperature fluctuations within the zone during this month. Furthermore, cooling
scenario #2 provides more cooling energy than scenario #1, owing to the inclusion of additional
criteria in the calculation. During the colder months of November through March, neither wall
provides assisting cooling as the outside temperature never exceeds 20°C. Additionally, For
Edmonton, the total heating energy consistently exceeds the total cooling energy, largely due
to the very cold climate conditions in Edmonton, where the outside temperature is lower than
20°C for most of the year.

Table 3.9 demonstrates that a wood-frame wall has limited capacity to provide heating and
cooling energy, largely because of its structural composition and its inability to store and
release heat during the day. Conversely, the VBW exhibits a notable capacity for assisting with
heating and cooling energy in the zone, owing to its significant heat storage ability, as
compared to a wood-frame wall. When using an air speed of 2 m/s for ventilation, replacing a
wood-frame wall with a VBW leads to a total assisting heating and cooling of 35 kWh/m? (wall
area) for Edmonton, Canada throughout the year. Passive performance (i.e., v=0 m/s) results
in a significant reduction in total heating and cooling energy when compared to an air speed of

2 m/s. Specifically, a reduction of 80%, 42%, and 74% was observed in total heating, total
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cooling in scenario 1, and total cooling in scenario 2, respectively. Results for other Canadian
cities such as Vancouver and Toronto can be found in Appendix D.

3.5. Conclusion

This Chapter aimed to evaluate the thermal performance of a VBW. In order to determine the
thermal performance, the average wall temperature, the heat flux from and to the wall, and the
amount of energy that could be saved by using VBW were calculated. The performance was
assessed using two main approaches: 1) the typical-day thermal performance of a VBW under
different boundary conditions, zone temperatures, and air speeds; and 2) the energy analysis of
an exterior VBW and a traditional wood-frame wall over a one-year period with emphasis on
the cold climate of Canada. Findings for the typical-day approach were investigated based on
a parametric analysis of the zone temperature profile and air speed to determine their effect on
the thermal performance of a VBW. A similar experimental study in the literature was used to
validate the proposed numerical model. Findings revealed that by increasing the peak zone
temperature as well as the air speed, the heat exchange between the wall and the zone could be
increased over the course of one day for both exterior and interior VBWs. In addition, when
the air speed was increased from 0 m/s to 2 m/s for an exterior VBW, thermal energy storage
rose by 67% for any given zone temperature. In a similar manner, the total energy exchange
for the interior VBW went up by 22% on average when the air speed rose from 0 m/s to 2 m/s.
For all temperature profiles, an interior VBW can save 8-33% more energy than an exterior
VBW. Moreover, the simulation results of annual energy analysis showed that substituting a
traditional wood-frame wall with a VBW can yield a total assisting heating and cooling of 35

kWh/m? (wall area) for Edmonton, Canada throughout the year.
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Chapter 4 Conclusion

The escalating energy use for heating and cooling in residential buildings has become a
worry among scholars, designers, and policy makers. Natural Resources Canada reveals that
space heating and cooling consume 66% of a building's total energy. Therefore, this thesis
aimed to reduce thermal loads by investigating the implementation of active TES in walls.

Chapter 2 evaluated the cooling potentials of a DCW-wall system composed of copper
pipes embedded in a thermally massive wall and to provide a general guideline for
condensation prevention. The DCW-wall performance was studied through a sensitivity
analysis of pipe configuration, pipe spacing, zone temperature, and water supply temperature.
The study showed that higher cooling capacity and delivered cooling energy could be achieved
with smaller pipe spacing, lower water inlet temperature, and thinner walls. The serpentine
configuration had the highest cooling potential among all configurations, while the spiral
counterflow configuration had the most uniform wall surface temperature, important for both
thermal comfort and condensation prevention. Subsequently, a conservative, yet simple
guideline was recommended to prevent condensation. Keeping the indoor RH level less than
53.8% would make condensation less likely regardless of operation scenario. The cooling
energy from the simulated DCW-wall system was compared with the actual cooling energy
demand for residential buildings in Toronto, Canada. It was found that the DCW-wall system
with spiral configuration was capable of supplying up to ~11 % of the annual energy demand
for space cooling.

In Chapter 3, the thermal performance of a VBW with airflow to a zone was investigated.
Two methods were used to evaluate the performance: a typical-day analysis based on different
boundary conditions (i.e., interior, and exterior walls), zone temperatures, and air speeds; and
an annual energy analysis, which compares the thermal performance of an exterior VBW with

an exterior wood-frame wall in three cities of Canada. Simulation results from the typical-day
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analysis showed that increasing the peak zone temperature and air speed improved the heat
exchange rate between the wall and the zone for both exterior and interior VBWs. Additionally,
increasing air speed in an exterior VBW resulted in significant reduction in space heating and
cooling loads, while an interior VBW showed a moderate improvement in thermal load
reduction with higher air speed compared to its passive performance. An annual energy
analysis showed that substituting a wood-frame wall with a VBW can yield a total assisting
heating and cooling of 35 kWh/m? (wall area) for Edmonton, Canada throughout the year.
4.1. Future work

The numerical models for DCW-wall system and VBW can be improved by conducting
experiments and analyzing the results. Real-time zone temperature data can be obtained
through experiments or real-time estimation methods. Moreover, once experiments have been
conducted and a large dataset has been collected, machine learning techniques can be utilized
to identify the most influential parameters and estimate the behavior of the system under more
operation and boundary scenarios. Furthermore, the performance of combined passive and
active TES systems can be assessed. Direct solar irradiance on a wall while the hydronic or
ventilated system is operating is an example of the combination of both passive and active TES.

Additionally, sensitivity analyses for the VBW and DCW-wall systems can consider more
parameters. There are various thermal conductivities and pipe types to be used in the analysis
of the DCW-wall system. Performance can be further evaluated by comparing results in cold,
temperate, and hot climate regions. In sensitivity analysis of a VBW system, multiple
parameters can be considered, such as core and face shell thickness variations and air path
configurations. In addition, to make an accurate comparison between VBW and wood-frame

walls, different wood-frame designs with varying framing factors should be examined.
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Appendix A — Calculation of thermal transmittances in DCW-wall system
Up4, Up,, and Up; can be calculated using Egs. (A.1) to (A.3).

Upy =mD; X Ly X hyyqter (A1)

ZTIXLfX)Lpipe

1n(22) (A2)

Dy

Up, =

_ 2mXLy XAwall

Upz = m (A3)

Do

D, and W; stand for the outside diameter of the pipe and the width of the wall node in the
direction transverse to the flow, respectively. hygter»> Atupes and A, gy represent the water
convective heat transfer coefficient; pipe and wall thermal conductivity. hyq¢er can be
obtained by using Eq. (A.4) [54].

Nu X A
hwater = D'water (A.4)
i

where Ay, q¢er and Nu are water thermal conductivity and Nusselt number. Depending on the

flow regime (i.e., laminar, or turbulent), Nusselt number can take different values. Egs. (A.5)
and (A.6) determine the Nusselt number [54].
Nu =4.364 (Laminar flow; Re <2300) (A.S)

g(Re—IOOO)Pr

1+12.7(§)0'5(Pr2/3—1)

Nu =

(Turbulent flow; 3000 < Re <5x10°& 0.5 < Pr <2000) (A.6)

Re is the Reynolds number, Pr is the Prandtl number, and f7 is the friction factor. Egs. (A.7)

to (A.9) can be used to calculate Re, Pr, and f [54].

v X D;

Re = —5 (A.7)
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9 (A.8)
}\water
/ (PCP)water

fr = (0.79 x Ln (Re) — 1.64)~2 (A.9)

Pr =

where v and 9 denote the fluid speed and fluid kinematic viscosity, respectively.
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Appendix B — Wood-frame wall

The overall thermal resistance of a wood-frame wall is primarily determined by the
framing factor (FF) and the applied insulations. The FF of a wood-frame wall corresponds to
the ratio of the wood's surface area (studs, top plates, bottom plates, etc.) to the total wall's
surface area. The FF can vary from 6.3% to more than 40% depending on the type of exterior
wall and its components [103]. Actual wall FF is usually higher due to junction between walls
or added pieces of wood with the purpose of increasing the safety margin. An average FF for
a house is defined as the total walls framing area divided by the total area of the walls. The
average FF is recommended to be between 19% and 23% [103]. Typically, a higher FF can be
achieved by increasing the openings in a wall. The Canadian Wood Council and Canadian
Mortgage and Housing Corporation (CMHC) [104] suggest that, typically, about 15% of a
wood-frame wall area consists of the framing material, depending on stud spacing and layout.
In this situation, the FF can be increased by reducing the space between studs and/or by using
double bottom plates when the concrete topping is applied to the floor [105]. In some cases,
wall is comprised of cripples, window headers, studs, a bottom plate, and two top plates,
whereas in other cases, king studs, door headers, T-walls, trimmers, and corners can be added
to the wall. As a result, these components can significantly increase the framing factor.

Moreover, rigid, or semi-rigid insulation (i.e., continuous insulation) at the back of the
wall, and the use of 2x6 studs or in some cases 2x8 studs, would improve the thermal
performance of these types of walls. According to the CMHC [104], rigid or semi-rigid
insulation has proven to be the most cost-effective method of enhancing thermal performance
and minimizing thermal bridges.

In this study, an exterior wood-frame wall (2x6 nominal size, 1.5x5.5 actual size) with

double top plates, one bottom plate, and studs spaced at 16 inches on-center was modelled. An
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FF of 13% was calculated for the modelled wall. Figure B.1 shows the front view of the wood-

frame wall (i.e., wood frame and insulation) and its discretization in three directions.

38.1 mmM

38.1 mmeL

Figure B.1 Front view of the wood-frame wall and its discretization in three directions

As shown in Figure B.1, the length of all the CVs in the studs is the same, however it
differs from the length of other CVs in the plates and insulation. Also, the height of all CVs in
the top and bottom plates is equal, but different from the height of all other CVs. The
discretization of other continuous layers (i.e., dry wall, plywood, and rigid insulation) is
identical to the discretization shown in Figure B.1. A schematic of the wood-frame wall is

depicted in Figure B.2.
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Vo 17.8 mm Rigid mineral fibre insulation

12.7 mm Plywood sheating

/ R16 BATT insulation

/— (2x6) wood studs

12.7 mm Dry wall

Figure B.2 A schematic of the Wood-frame wall

The isothermal plane and parallel method was utilized to determine the effective RSI value of
the wood-frame wall [82]. Initially, the RSI value of the wood studs and insulation in the cavity
was determined using the parallel method, and subsequently, the value was combined with RSI
values of the remaining layers (isothermal plane method) to obtain the effective RSI value of
the wood-frame wall.

The thermal resistance of the wood stud and insulation can be obtained using Eq. (B.1).

1
RSlyood-insutation = FF 1—FF (B.1)

RSIwood RSIinsulation

where FF is the framing factor (i.e., 0.13), RSI,,,.4 1s the thermal resistance of the wood-
studs, RSI;nsuiation 15 the thermal resistance of the insulation placed in the cavity. The

effective RSI value of the entire wall can be determined using Eq. (B.2).

RSIeffective = RSIDrywall + RSIwood—insulation + RSIPlywood + RSIRigid insulation (B2)
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Appendix C — Predicted and measured indoor temperatures in annual

energy analysis

Figure C.1 to Figure C.3 compare the predicted indoor temperature with measured indoor

temperature of EcoTerra house for some typical days.
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Figure C.1 Measured and predicted average indoor temperature for EcoTerra house-day 86
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Figure C.2 Measured and predicted average indoor temperature for EcoTerra house-day 93
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Figure C.3 Measured and predicted average indoor temperature for EcoTerra house-day 172

Figure C.1 to Figure C.3 demonstrate a strong correlation between the predicted indoor

temperature data and the recorded indoor temperature data from the EcoTerra house.
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Appendix D — Annual energy analysis for Vancouver and Toronto

a) Vancouver

Vancouver is located in the west of Canada and is known for its mild, oceanic climate. In the
following, the main findings from the plots and Tables are explained. Figure D.1 depicts the
outdoor temperature, predicted indoor temperature, and the VBW surface temperature for three

representative days in winter.
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Figure D.1 Outdoor, predicted indoor, and VBW surface temperatures for Vancouver,
January

Winters in Vancouver are warmer than those in Edmonton. In Figure D.1, the wall surface
temperature was lower than the indoor temperature during the sunny hours when the indoor
temperature began to rise resulting in cooling contributions. However, during the cold hours of
the day, neither cooling nor heating contributions were made.

Figure D.2 shows the heat flux of the VBW and wood-frame wall for three representative days

in winter.
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Figure D.2 Heat flux of the VBW and wood-frame wall for Vancouver, January

Figure D.2 shows that the VBW and wood-frame wall both contribute to cooling the zone
during the entire three-day period. Nevertheless, the VBW provided more cooling during the
sunny hours than the wood-frame wall due to its higher storage capacity and the significant
role played by advection. During cold hours, the VBW contributed a lower level of cooling
than a wood-frame wall. Given that the wall temperature remains consistently above 20°C over
the course of three days, the ventilation switches on and operates continuously. Consequently,
during periods of increased temperature difference between the indoor environment and the
wall, such as from hour 9 to 17 and hour 59 to 66, the heat flux density of the VBW falls to
more negative values in comparison to a wood-frame wall, owing to the predominant influence
of advection on total heat flux density compared to the convection and radiation.

Figure D.3 illustrates the outdoor temperature, predicted indoor temperature, and the VBW

surface temperature for three representative days in summer.
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Figure D.3 Outdoor, predicted indoor, and VBW surface temperatures for Vancouver, July

As a result of more significant fluctuations in the outdoor temperature, the indoor temperature
experiences pronounced swings throughout the day. Figure D.3 shows heating contributions
during cold hours and cooling contributions during sunny hours.

Figure D.4 shows the changes in heat flux for the VBW and wood-frame wall in Vancouver,

for three representative days in summer.
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Figure D.4 Heat flux of VBW and wood-frame wall for Vancouver, July

The wood-frame wall only provided a small amount of cooling energy to the zone for the entire

three-day period as shown in Figure D.4. The VBW, however, contributed a significant amount

of heating and cooling during the day, which assisted in better regulating the zone temperature

during the day.

Table D.1 presents the monthly total assisting heating and cooling achieved by both walls for

Vancouver.

Table D.1 Monthly total assisting heating and cooling achieved by both walls for Vancouver

Wood-frame wall VBW
Month H* C #1** C #2*** ‘U=2 m/S ‘U=0 m/s
(kWh/ (kWh/ (kWh/ H C#1 C#2 H C#l C#2
m?) m?) m?) (kWh/ (kWh/  (kWh/m>  (kWh/ (kWh/ (kWh/

m?) m?) ) m?) m?) m?)

January 0 0 0 0.8 0 0 0 0 0

February 0 0 0 1 0 0 0 0 0

March 0 0 0 1.4 0 0 0 0 0
April 0.005 0 0 1.8 0 0.03 0.004 0 0.01
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May 0.05 0 0 2.1 0 0.7 0.2 0 0.15

June 0.1 0.01 0.03 2.3 0.3 1.3 0.5 0.3 04
July 0.2 0.04 0.09 2.9 0.7 2.8 1.1 0.6 1
August 0.2 0.03 0.07 2.7 0.7 2.6 1 04 1
September 0.1 0.001 0.001 1.9 0.01 1.1 0.1 0.02 0.04
October 0.01 0 0 1.3 0 0.13 0 0 0
November 0 0 0 1 0 0 0 0 0
December 0 0 0 0.9 0 0 0 0 0
Total
(KWh/m?/year) 0.4 0.1 0.2 20.1 1.7 8.7 2.9 1.3 2.5
Fan energy
consumption - 0.77 -
(kWh/year)
*Heating

**Cooling — scenario 1
*okk . .
Cooling — scenario 2

Across all months in a year, as shown in Table D.1, July provides the most heating and
cooling energy to the zone, largely due to the heightened temperature fluctuations within the
zone during this month. Furthermore, similar to Edmonton, cooling scenario #2 provides more
cooling energy than scenario #1. Moreover, in Vancouver, fan energy consumption is greater
than in Edmonton, as the fan is operated for more hours throughout the year due to the wall
temperature experiencing more hours above 20°C compared to Edmonton.

When using an air speed of 2 m/s for ventilation, replacing a wood-frame wall witha VBW
results in a total assisting heating and cooling of ~31 kWh/m? (wall area) for Vancouver,
Canada throughout the year. Passive performance (i.e., v=0 m/s) results in a significant
reduction in total heating and cooling energy when compared to an air speed of 2 m/s.
Specifically, a reduction of 86%, 35%, and 70% was observed in total heating, total cooling in
scenario 1, and total cooling in scenario 2, respectively.

b) Toronto
Toronto is the capital city of Ontario, a province in eastern Canada. On average, Toronto enjoys

more than 2000 hours of bright sunshine each year, making it one of the top ten major cities in
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Canada in terms of sunny hours [102]. In contrast to Vancouver, Toronto has colder and longer
winters.

For Toronto, merely the plots and the monthly total energy exchange values are presented.
More discussion can be found in the related analyses for Edmonton and Vancouver.

Figure D.5 shows the outdoor temperature, predicted indoor temperature, and the VBW surface

temperature for three representative days in winter.
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Figure D.5 Outdoor, predicted indoor, and VBW surface temperatures for Toronto, January

Figure D.6 shows the changes in heat flux for the VBW and wood-frame wall in Toronto, for

three representative days in summer.
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Figure D.6 Heat flux of the VBW and wood-frame wall for Toronto, January

Figure D.7 shows the outdoor temperature, predicted indoor temperature, and the VBW surface

temperature for three representative days in summer.
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Figure D.7 Outdoor, predicted indoor, and VBW surface temperatures for Toronto, July
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Figure D.8 depicts the changes in heat flux for the VBW and wood-frame wall in Toronto, for

three representative days in summer.
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Figure D.8 Heat flux of VBW and wood-frame wall for Toronto, July

Table D.2 presents the monthly total assisting heating and cooling achieved by both walls for

Toronto.

Table D.2 Monthly total assisting heating and cooling achieved by both walls for Toronto

Wood-frame wall VBW
Month u CHI™ C#™ v=2 m/s v=0 m/s
(kWh/ (kWh/ (KWh/ H C#1 C#2 H C#l C#2
m?) m?) m?) (kWh/ (kWh/  (kWh/m>  (kWh/ (kWh/ (kWh/
m?) m?) ) m?) m?) m?)
January 0 0 0 0.8 0 0 0 0 0
February 0 0 0 0.9 0 0 0 0 0
March 0 0 0 1.6 0 0 0 0 0
April 0 0 0 1.8 0 0 0 0 0
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May 0.05 0.01 0.03 2.6 0.3 1.5 0.06 0.03 0.05

June 0.1 0.04 0.07 2.9 0.8 32 0.3 0.2 04
July 0.2 0.09 0.15 2.9 2.8 4 1.3 1 1.3
August 0.2 0.05 0.1 2.9 2.3 3.7 1.2 0.7 1.1
September 0.05 0.03 0.07 2.3 0.7 2.3 0.9 0.2 0.6
October 0.02 0 0 1.5 0 0.13 0 0 0.03
November 0 0 0 1.2 0 0 0 0 0
December 0 0 0 1 0 0 0 0 0
Total
(KWh/m?/year) 0.6 0.2 0.4 22.4 6.9 14.8 3.8 2.2 35
Fan energy
consumption - 0.72 -
(kWh/year)
*Heating

**Cooling — scenario 1
*okk . .
Cooling — scenario 2

Across all months in a year, as shown in Table D.2, July provides the most heating and
cooling energy to the zone. In line with other cities, assisted cooling energy-scenario 1 shows
that the total amount is consistently lower than total heating energy. However, unlike
Edmonton and Vancouver, Toronto's cooling energy-scenario 2 reveals that cooling energy
surpasses heating energy during the summer months of June, July, and August. This indicates
that Toronto experienced numerous hours when outdoor temperatures exceeded 20°C, and
VBW supplied cooling to the area during this period.

When using an air speed of 2 m/s for ventilation, replacing a wood-frame wall witha VBW
leads to a total assisting heating and cooling of 44 kWh/m? (wall area) for Toronto, Canada
throughout the year. Passive performance (i.e., v=0 m/s) results in a significant reduction in
total heating and cooling energy when compared to an air speed of 2 m/s. Specifically, a
reduction of 80%, 42%, and 74% was observed in total heating, total cooling in scenario 1, and

total cooling in scenario 2, respectively.
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Appendix E — A typical-day performance with drywall as the interior surface

finishing
In this appendix, the results for the typical-day performance of the VBW with drywall as the
interior surface finishing are presented. The following figures are associated with the exterior

VBW with considering an air speed of 2 m/s and peak zone air temperature of 26°C.

Figure E.1 shows the average wall surface temperature. Results for other scenarios are

tabulated in Table E.1.
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Figure E.1 Zone air and average wall surface temperatures for an exterior VBW with dry wall
finishing

Table E.1 Maximum and minimum average wall interior surface temperatures for different
zone temperatures and air speeds — Dry wall as the finishing layer

Zone Average wall surface temperature (°C)
temperature
(min/max)
(°C) v=0 m/s v=1 m/s v=2 m/s
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. max-min . max-min . max-min
min  max min  max min  max

(AT) (AT) (AT)
20/26 21.1 24 2.9 204 254 5 20.1 257 5.6
20/24 21 22.9 1.9 202 235 33 203 239 3.6
20/22 204 215 1.1 203 217 1.4 202 219 1.7

Figure E.2 shows heat flux density changes for VBW with dry wall as the interior finishing.

Table E.2 shows the results for other scenarios.
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Figure E.2 Heat flux changes for an exterior VBW with dry wall finishing over a 24-hour
period
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Table E.2 Heat fluxes for an exterior VBW — Dry wall as the finishing layer

Heat flux density (min/max) (W/m?)

Zone temperature Heat transfer
(min/max) (°C) mechanism
v=0 m/s v=1 m/s v=2 m/s
Convection & 13/13.7 8/11.7 -5.4/9.1
radiation
20/26
Advection 0 -26.5/39.1 -30.1/55.2
Convection & -8.3/10.1 52/85 3.6/6.7
radiation
20/24
Advection 0 -19.3/29.3 -20/35.6
Convection & 4.2/62 2.6/54 2/47
radiation
20/22
Advection 0 -10.1/16.5 -15.9/24.2

Table E.3 presents the total energy exchange between VBW and zone when dry wall was

selected as the interior finishing layer.

Table E.3 Total net energy exchange of the exterior VBW — Dry wall as the finishing layer

Zone temperature Total net energy exchange (kWh/m?)
(min/max) (°C) v=0 m/s v=1 m/s v=2 m/s
20/26 0.17 0.43 0.51
20/24 0.11 0.29 0.35
20/22 0.05 0.15 0.19
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