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Abstract: Space heating and cooling of buildings is a major contributor to the ascending trend of
global energy consumption and greenhouse gas (GHG) emissions. A potential solution to reduce
the space heating and cooling is to use buildings’ mass for active thermal energy storage (TES).
Having air circulation between an active TES and its associated zones can significantly enhance their
thermal coupling; however, reported research studies have not focused on this kind of active TES. To
that end, this study aimed to evaluate the thermal performance of a ventilated block wall (VBW) in
reducing space heating and cooling loads in cold-climate buildings. In this 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 have a generalizable assessment of the system’s performance, typical-day
and annual energy analyses were conducted under various boundary conditions and air circulation
speeds. The study found that for a typical day with significant temperature fluctuation, a VBW with
a 2 m/s air circulation speed throughout the day can lead to 67% more net energy exchange (the
sum of thermal energy storage and release) when compared to having no air circulation. The annual
analysis compared the energy performance between a VBW and a traditional wood-frame wall in
three different cold climates. The results showed that substituting a wood-frame wall with a VBW
can reduce space heating and cooling loads by 35.1 kWh/m? (wall surface area) for a mixed dry—cold
climate throughout the year. Having cement plaster as interior finishing can lead to 9% more net
energy exchange than having drywall, on average, for all zone air temperature profiles.

Keywords: energy efficiency; cold-climate buildings; space heating and cooling; active thermal
energy storage; numerical simulation; ventilated block wall

1. Introduction

Buildings account for approximately 40% of global energy use and 30% of green-
house gas (GHG) emissions [1]. Unless strict policies 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 [2,3]. Using thermal energy storage (TES) is
a cost-effective approach to enhance the energy efficiency of buildings. TES in buildings
improves the thermal performance by balancing energy supply and demand, enhancing
the use of renewable energy sources (e.g., storing the generated thermal energy from PV
panels in the envelope during the day), smoothing zone temperature fluctuations, and
improving thermal comfort for occupants [4-7]. Particularly, using a building’s envelope
(i.e., walls, floor, ceiling) for TES is one of the promising methods. 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 then be used later to warm the zone when the indoor
temperature drops, such as at night and early in the morning. The process of storing and
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releasing heat can be passive, active, or a combination of both strategies. Passive strategies
rely on radiation and natural convection on the wall surfaces, while active strategies use
mechanical equipment such as fans to circulate heat transfer fluids such as water or air
through pipes or channels embedded in the envelope to facilitate the heat exchange. 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 energy, active systems enable better management of energy supply and demand,
while their ability to quickly respond to varying environmental conditions and occupants’
needs ensures optimal thermal comfort. This improved control and responsiveness leads to
higher energy efficiency in buildings, reducing energy consumption and associated costs.
Furthermore, enhanced thermal comfort is observed resulting from active TES systems
maintaining more consistent indoor temperatures.

The use of active TES as a means of reducing the thermal load of buildings has received
significant attention in recent years. In particular, researchers have been studying the use
of ventilated block walls (VBWs) as an active TES solution [8-12]. In these types of walls,
the hollow cores of the blocks are aligned to create air channels. Circulating air through
these channels can accelerate heat transfer as well as thermal energy storage and release.
By actively moving air through the channel, the heat transfer rate between the thermal
mass and air is increased, allowing for 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. The
stored thermal energy in the wall can be released to the zone through the wall surface, outlet
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 to the zone), or a combination of both. Sources
for air ventilation include ambient air, air going to or leaving an air conditioning system,
and zone air [8,11]. In the last case, zone air can be drawn into the air channel within
the wall, exchange heat with the mass, and then is returned to the zone. One example
system is shown in Figure 1. In this system, air circulation can significantly enhance the
heat exchange rate (i.e., thermal coupling) between the wall and its surrounding zone,
compared to walls without air circulation [8,10].
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Inlet air from zone

Figure 1. A schematic of the VBW.

The majority of research on using active TES in buildings” mass has focused on
ventilated concrete flooring and ceiling slabs [13-18]. A few studies were conducted to
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assess the thermal performance of VBWs without outlet air to their associated zones. This
type of VBW can be an exterior or interior wall. Huang et al. [10] examined the thermal
performance of such an exterior VBW in a hot region in China. The exhaust air from
the ventilation system passes through the air channels. 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 periods
and release it when the indoor temperature drops. Their findings showed that the impact
of channel air speed on the thermal storage performance was much higher than the impact
of airflow temperature for a given channel size. The thermal performance of an interior
VBW without outlet air to zone was examined in a few studies [11,12,19]. Yu et al. [12]
placed and stacked hollow concrete blocks creating a 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. A maximum total heat flux density
of 112.9 W/m? between the wall surface and zone was achieved when the air speed was
2.9 m/s, inlet air temperature was 40 °C, and zone air temperature was fixed at 17 °C.

The benefits of using VBWs that do not have direct outlet air to zone in reducing
thermal loads of buildings have been presented in the literature. However, a review of
extant literature has shown that there are no studies that have evaluated the performance
of VBWs with air circulating between the VBW and its associated zone (referred to as
VBW from now on for brevity). VBWs are able to provide dual functionalities, acting as
both structural support and thermal energy storage. 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. During the shoulder
seasons (spring and fall) in cold climates, buildings experience space heating and cooling
within 24-h due to significant fluctuations in weather conditions, resulting in substantial
fluctuations in zone temperature. This temperature fluctuation allows VBWs to demonstrate
their full potential in thermal energy storage and release.

This study aims to evaluate the typical-day and annual thermal performance of a
VBW in a cold region, as shown in Figure 1. The system depicted is designed to effectively
exchange heat with its associated zone to prevent space overheating and overcooling,
thereby reducing space heating and cooling loads. Throughout the day, as the indoor
temperature rises primarily due to solar heat gain and outdoor temperature changes, 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 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.

The VBW configuration studied in this research consists of one column of blocks, but
more columns can be connected in parallel or series. This study is focused on the thermal
performance of a one-column VBW, the height of which equals a typical floor-to-ceiling
height of approximately 2.5 m. The performance of multiple columns in parallel will be
approximately equal to the one-column performance multiplied by the number of columns.

The VBW illustrated in Figure 1 is constructed by stacking 13 hollow concrete blocks
on top of each other [20]. 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 1, the
modeled 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
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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, 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 [21]. The RSI value is a measure of a
material’s thermal resistance in metric units, with higher values indicating better insulation.
Table 1 presents the thermal properties of all layers of the VBW.

Table 1. Thermal properties of the materials used in a VBW.

Thermal Properties

Materials Thermal Conductivity =~ Density ~ Specific Heat Capacity Refs.
Coefficient (W/m.K) (kg/m3) (J/kg.K)

Cement plaster 0.72 1860 840 [22]
Concrete 1.5 2240 840 [22]
Thermal 0.038 25 1400 [23]
insulation

The rest of the paper starts with the Methodology (Section 2), consisting of an overview
of the performance evaluation in Section 2.1 and the mathematical model in Section 2.2.
Section 3 presents the Results and Discussion, which includes an analysis of the typical-day
performance in Section 3.1 and the annual energy analysis for both a VBW and wood-frame
wall in Section 3.2. The main body of the paper concludes with a summary of the findings
in the Conclusions section (Section 4).

2. Methodology

This section elaborates on the research methodology. The first part presents an
overview of the types of performance evaluations and explanations of the boundary condi-
tions used for evaluations. The second part of this section describes the mathematical model
of the VBW), the heat transfer equations used in the model, and model validation. This part
also uses the model to justify the air speed range chosen for performance evaluation.

2.1. Overview on Performance Evaluation

Two types of thermal performance are evaluated: (a) a typical-day performance,
which involves an interior and an exterior VBW with outlet air to the zone (referred to
as VBW from now on for brevity), and (b) the annual performance, which involves an
exterior VBW and an exterior wood-frame wall. The typical-day approach evaluates the
24-h performance across different parameters—zone temperature profiles, air speeds, and
interior wall finishes. The parametrized findings can be generalized and applied to a
broader range of boundary conditions, through interpolations and extrapolations. 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 realistic
zone temperatures and actual outdoor conditions in three Canadian cities of Edmonton,
Vancouver, and Toronto.

2.1.1. Typical-Day Performance

This approach examines the thermal performance of an interior and exterior VBW
over the course of a typical day, including the average wall surface temperature, heat flux
density, and energy exchange. The “total energy exchange” is represented by 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-h period. In this analysis, the zone temperature is assumed to
follow a steady-periodic profile. 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-h period are used for the typical-day performance. In typical-day analysis,
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interior and exterior VBWs are exposed to different boundary conditions. An interior VBW
exchanges heat with the zone on both sides. In contrast, an exterior VBW is exposed to
outdoor environmental conditions on the outside surface and to the zone on the inside
surface. Note that heat exchange only occurs for exterior VBWs on the side exposed to the
zone, which is further detailed in the section Heat Loss Percentage Factor.

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 [24-28]. A sensitivity analysis of VBW
performance was conducted to assess the impact of diverse zone temperature profiles,
utilizing 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 reveals how well VBWs perform in terms of reducing the space thermal
loads in different ranges of indoor temperatures and air speeds. Variations in outdoor
temperature are primarily responsible for indoor temperature swings. Figure 2 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 compared to 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 2. Zone temperature profiles for typical-day performance (a cyclic temperature profile with a
24-h cycle).

Heat Loss Percentage Factor

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.
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Due to the wide range of outdoor temperatures and varying overall thermal resistances, it
can be challenging to cover all possible boundary conditions and produce generalizable
findings when it comes to exterior walls.

To obtain generalizable findings, this study assumed an adiabatic boundary condition
on the exterior surface of the concrete blocks and used a conservative “heat loss percentage”
to account for the error due to this assumption. The assumption of an 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. The “heat loss per-
centage” accounts for heat loss through the exterior wall to the outdoors and applies to the
total energy exchange (explained previously) calculated based on the adiabatic boundary
assumption. 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.

The “heat loss percentage” was determined based on the coldest outdoor temperatures.
The heat loss densities from indoors to outdoors through two exterior VBWs, one with no
insulation and the other one with an RSI value of 3.5 (minimum overall thermal resistance
recommended by NECB [21]), under extremely low outdoor temperatures are shown in
Figure 3. The values are simulated with the transient thermal model developed in this study.
The model will be described in detail in the following “Mathematical Model” subsection.
As shown in Figure 3, at any given point during the day, the heat loss through an insulated
wall is approximately 10% of that through an uninsulated one. In other words, the insulated
wall keeps 90% of the heat. Since an adiabatic wall would keep 100% of the heat, this
means that the insulated VBW loses approximately 10% of the thermal energy that could
be stored by an adiabatic wall. The 10% value is the “heat loss percentage” in this study
and used to factor the total energy exchange results obtained based on an adiabatic exterior
surface. The calculated heat loss percentage of 10% in the typical-day performance analysis
is notably conservative, resulting in an underestimated performance throughout the day.
For annual energy analysis, the exterior wall is not assumed to be adiabatic, and its behavior
is influenced by outdoor temperature fluctuations.
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Figure 3. Heat loss values for VBW.

2.1.2. Annual Energy Analysis

The annual energy analysis aims to quantify and compare the yearly impacts of VBWs
and traditional wood-frame walls on space heating and cooling loads for three different
cold climates. Three Canadian cities—Edmonton, Vancouver, and Toronto—were selected
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to represent different cold climates. Edmonton has long, cold winters and short, warm
summers, while Toronto has mild temperatures with hot summers and cold, snowy winters.
Vancouver enjoys a temperate climate due to its proximity to the Pacific Ocean. The
yearly performance of the two wall systems is simulated under a zone temperature profile
estimated based on the data from a real house in a similar type of construction and under
the outdoor environmental conditions of the three cities (to be detailed in the following
paragraphs). 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. In order to evaluate the thermal performance of a
VBW versus a traditional wood-frame wall, two indicators of performance were introduced:
assisting heating energy and assisting cooling energy. These indicators refer to the amount
of thermal energy stored in a wall that contributes to reduced space heating and cooling
loads over the course of a year. Appendix A provides more details about the modeled
wood-frame wall.

Table 2 outlines the scenarios and their criteria use assisting heating and cooling energy
(kWh/m? of the wall surface) for both walls. Notably, one scenario was considered for
assisting heating energy, while two scenarios were used for assisting cooling energy. The
heating scenario is met when outdoor temperature is lower than the zone temperature
and the wall surface temperature is higher. Cooling scenario #1 happens when outdoor
temperature is higher than the zone temperature and the wall surface temperature is
lower, resulting in the wall cooling the zone. Cooling scenario #2 broadens scenario #1
by using an outdoor temperature greater than 20 °C. In both cooling scenarios, if the wall
surface temperature is lower than the zone temperature, assisting space cooling occurs.
Cooling scenario #2 involves a broader range of conditions for calculation, resulting in
larger values than scenario #1. 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. Otherwise, a 2 m/s air speed is maintained for ventilation.

Table 2. Criteria used for calculating the assisting heating and cooling energy.

Scenario Criteria
Heating (H) Toutdoor < Tuir < Twall
Cooling scenario #1 (C #1) Twatl < Tair < Toutdoor
. . 20°C < T,
Cooling scenario #2 (C #2 outdoor
& ( ) Twyll < Tuir

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 preceding zone temperatures, outdoor temperature and solar radiation also
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 VBWs 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 realistic zone temperature profile under varying
outdoor conditions, the measured outdoor temperature and GHI data for the EcoTerra
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house (located in Eastman, QC, Canada) [29] were used to develop prediction function
Equation (1) for zone temperature.

T! = (0.72 % TH) + (0.03 «TH] ) + (0.0005 * GHIH)

air air outside

+(0.01% T ,...) + (0.0004 x GHI') + 6.4; 20< T!, < 26

outside air

)

where T!. is the zone temperature in the current timestep (10 min in this study) in °C,
T;;l 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
T! .iq0 and Té;ti .70 are the outdoor temperatures in the current and past timesteps in °C,
respectively.

Based on Equation (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 indi-
cates how well independent variables explain variations in the dependent variable. An
R-square of 0.952 was obtained for the comparison between the measured (from EcoTerra
house) and predicted indoor temperature, implying 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 B.

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 house. 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 real data from the EcoTerra house improves the accuracy of predicting zone
temperatures, making the performance analysis more reliable. This also strengthens our
study’s usefulness in understanding how these wall systems work in real-life situations.

2.2. Mathematical Model

As shown in Figure 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.

2.2.1. Heat Transfer Equations

Figure 4 illustrates a schematic cross-section of the air channel, displaying all of the
involved heat transfer mechanisms. As depicted in Figure 4, heat is transferred between
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 convective 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 4. Heat transfer mechanisms in VBWs.

Heat Transfer Inside the Air Channel

The temperature of air inside the channel can be determined by solving Equation (2).

f
aTyc
dt

P ',‘,k . —
(PCP)air(AacAy) ==L (hairﬁl’]'kAY(T;;]alz - Tich)) - mCPair(Tﬁxc - Tzfaxcl)

f=123,..., 14

@

In Equation (2), p,;r and Cp;, represent the density and specific heat capacity of the air
inside the channel, respectively. A 4c and Ay are the cross-sectional area of the air channel
and the height 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 Equation (2), i,j,k are the node
coordinates of the wall that is in contact with node f of the air. Furthermore, the summation
index m refers to the number of wall nodes surrounding the air node. T, ;;, Tac, m, Ny,
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 Equation (3).

Nu x )\uir

huir = Dh

®)
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where Dy, Ay, and Nu are hydraulic diameter, air thermal conductivity, and Nusselt
number, respectively. The Nusselt number varies depending on the flow regime (i.e.,
laminar or turbulent). Equations (4) and (5) determine the Nusselt number [30].

Nu= 4.364 (Laminar flow; Rep < 2300) 4)
L (Re — 1000) Pr ]
Nu = 05 (Turbulent flow; 3000 < Rep < 5x 10°& 05 < Pr< 2000) (5)
1+ 127() (PP 1)
Re represents the Reynolds number, Pr denotes the Prandtl number, and Fy, is the
friction factor. Equations (6)-(8) can be used to calculate Re, Pr, and Fy, [30,31].
U X Dh
Rep = 6
ep 9 ( )
¢
Pr = . (7)
(0CP) iy
1 € 2.51
—— = —2log + (8)
Fy, 37Dy Rep /Ffr
where v is the air speed, ¢ is the kinematic viscosity, and € is the roughness which was set
at 0.3 mm [32].
Heat Transfer between Wall Nodes
Figure 5 illustrates a schematic of the block, showing its dimensions, discretization,
and nodes.
Control volume > - .d”
(CV) . .
Node { ’

Figure 5. A schematic of the block dimensions, discretization, and nodes.
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XY
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As shown in Figure 5, the block is discretized equally in three directions with nodes
spaced by 30 mm in the x direction and 38 mm for the y direction. In the z direction, the
block CVs in the face shells have a width of 30 mm, while the block CVs in contact with
air inside the channel have a width of 120 mm. The discretization of other continuous
layers such as the cement plaster and rigid thermal insulation mirrors that of the block.
Additionally, the dimensions of the block are selected based on those commonly used in
construction [20].

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 the section Heat Transfer
between the Wall and Zone Air. The overall impact of all input and output heat flux
densities continuously alters the temperature of the CVs. The wall temperature at any
given location (i.e., nodes) can be determined by using Equation (9) while considering all
heat flux densities entering and exiting the CVs.

k
L dT . ’
ik % 2 wall _ ~ljk ik ij.k ijk
(pcp)wallvwall dtr Qconduction + Qcom}ectzon + Qradiation + qurface ©)

where V, , represents the volume of each CV, Ax, Ay, Az are length, height, and width of
the CVs as shown in Figure 5, Q . ..ction 1S the exchanged heat flow rate between air inside
the channel and surrounding wall nodes, Q denotes the heat flow rate from the zone
towards the nodes on the wall surface, Q,,4i.+i,, 15 the radiation heat flow rate between two
facing wall nodes in contact with air, and Q_,,,1,,cti0, T€Presents the conduction heat flow
rate between the wall nodes, which can be calculated using Equation (10).

surface

AzAy i+1,j,k i—1,7k ijk
AX (Twall + Tyt = 2T

_ AzAx i,j+1k ij—1k ijk

= Awall X +7A Twull + Twall - 2Twull
AyAX ijk+1 i,jk—1 i,jk

+ Az Twall +T wall 2Twall

Qi,j,k
conduction

(10)

and Q can be calculated using Equations (11) and (12), respectively.

Qconvection radiation

Ljk s Thik f
Qconvection hﬂl?ﬁl] Ay( wall — Talr) (11)

" m

Q;L]zdiation = UAy‘Cl] FoFe (Twall T/zuull) (12)
where o is the Stefan—Boltzmann constant (i.e., 5.67 x 1078 W/m?2.K*) and F; is the emis-
sivity factor (i.e., Fe = 2 for ¢ = 0.85). At each height, the surfaces of the nodes on the

same interior surface of the air channel, consisting of three nodes in the Az direction and
five nodes in the Ax direction, are combined to form one surface for radiant heat transfer
calculation. (T, — T7,,,;;) is the difference between average temperature of every two
combined interior surfaces of the channel for every Ay (i.e., 38 mm). F, represents the view
factor between two combined surfaces at the same or different heights [30,33]. The view
factor between two facing surfaces (on the opposite side of the air channel) can be obtained
using Equation (13) [30].

2 ) 0.5
<1+X ><1+Y> _ _2\ 05 _ 2\ 05 _ _ o _
AN o w— X(l +Y ) tan' —X - + Y<1 +X ) tan'—Y = — Xtan 'X — Ytan~'Y
(H

<1+§2>°5 55) | (13)
X=%y="0

where d is the perpendicular distance between two facing surfaces of the air channel either
in the length (Ax) or width (Az) direction, and W, denotes the width of each surface. The
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view factor for the adjacent surfaces (perpendicular to each other) can be determined using
Equation (14).

1—Fo faci
-vaadjacent = % (14)

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 out-

let air. Equation (15) can be used to determine the heat transfer between the wall surface
and the zone air. N N

QU = Hypsar X Ay X Ax(:rl'{;f, T ir) (15)

sur face w a

T, is the zone temperature and h;,, is 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 Equation (16) or

Equation (17) depending on the Rayleigh number [22].

0.25
T.-T
Riotal = 1.33<|MHWH|> +55 10° < Ra < 10° (16)

iotar = 1.26| Ty — Toport| + 5.5 Ra > 10’ (17)

In both Equations (16) and (17), the first term represents the convective heat transfer
coefficient, while the constant term represents the radiative heat transfer coefficient [34-36].
H is the wall height and Ra is the Rayleigh number which can be calculated using
Equation (18).

Ra = GrPr (18)

Gr is the Grashof number. Equation (19) can be used to determine the Gr.

_ ng|Tuir — Twullu{3
(p9)?

where g and g are the gravitational acceleration and thermal expansion coefficients, respec-
tively. Along with convection and radiation, wall and zone also exchange heat through
advection. Equation (20) can be used to determine the heat transfer between outlet air and
Zone air.

Gr (19)

. f.end
Qadvection = mcpuir (TAC - Tair) (20)
where Tgecnd is the air temperature at the outlet of the air channel.

2.2.2. Model Validation

Yu et al. [12] investigated the thermal performance of a VBW. They constructed an
interior VBW as a common wall between two identical rooms. 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 mathematical model is
modified according to the parameters used in the experimental study. Main parameters
include the inlet air temperature, 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



Buildings 2023, 13, 1577

13 of 41

(CV-RMSE) statistical measure is selected. CV-RMSE can be calculated using Equation
(21) [37].

CV-RMSE=-4——" (1)

where 1 is the number of data points; y; is the measured value; Jj; is the simulated value;

and y is the average of all measured values.

Figure 6 illustrates the simulated and measured average wall surface temperature
profiles over the 24-h period. As shown in Figure 6, 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 inlet air temperatures, speed of air in the channel,
and the zone temperature. It is indicated by the CV-RMSE of 1.175% when comparing the
model’s simulated data (red line in Figure 6) to the actual measured data (blue dotted line
in Figure 6) from the experiment. The comparison indicates that the mathematical model
developed in this study has sufficient accuracy for simulating the thermal performance of
the VBW of interest.
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Figure 6. Measured and simulated average wall surface temperatures.

2.2.3. Air Speed in the Air Channel

A major factor influencing the thermal performance of VBWs is the air speed [10].
Reviewed studies reported air speed values ranging from 0.2 m/s to 3 m/s for investi-
gating the thermal performance of ventilated walls [10,12,38-40]. Nevertheless, each case
study requires an 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 “net energy exchange” was calculated as the difference between total energy
exchange from the wall (e.g., sum of the exchanged energy through the surface and the
outlet air as explained in the Typical-Day Analysis subsection) and fan energy consumption
in a typical-day zone temperature profile with the zone temperature of 26 °C. Net energy
exchange is obtained using the model developed in this study.
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Equation (22) can be used to obtain the fan energy consumption in a day.
Efan = AP x v X Ayc % (24/1000) (22)

where Ef, is the fan energy consumption in kWh, v denotes the air speed in the channel
in m/s, and AP is the total pressure loss (i.e., static pressure generated by the fan) in Pa.
The static pressure provided by the fan can be determined by balancing the channel’s static
pressure, which includes pressure added by the fan and pressure lost through major head
losses caused by friction (minor losses are discussed later). Through this balance, AP can
be obtained using Equation (23) (Darcy—Weisbach equation) [41].

fxL

AP =
2D,

pv? (23)

Different Ef,, and net energy exchange values are calculated for air speeds ranging
from 0.2 m/s to 5 m/s. Figure 7 shows the changes in Ef;, and net energy exchange based
on the different air speeds for a wall strip.
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Figure 7. Net energy exchange and fan energy consumption.

Figure 7 depicts that as air speed was 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
0m/s (i.e., passive performance), 1 m/s, and 2 m/s for the parametric analysis. A speed
of 2 m/s instead of 2.5 m/s was examined to account for additional minor head losses in
the system caused by the inlet and outlet covers of the channel, as well as by 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 [22], the study assumed that



Buildings 2023, 13, 1577

15 of 41

the volumetric flow rate within the channel remains constant and that the air speed is not
affected by such changes in air density from inlet to outlet.

3. Results and Discussion

The results of the two types of performance evaluation are presented in this section as
follows:

(a) Typical-day thermal performance of a VBW. This part presents the average wall
surface temperature, the heat flux density, the net energy exchange, and the influence
of interior finishing on the net energy exchange based on the following boundary
conditions and parameters:

i. Exterior and interior walls;
ii. Air speeds of 0m/s, 1 m/s, and 2 m/s;
iii. Different zone temperature profiles.

(b) In this part, 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.
Annual energy analysis of a VBW and a wood-frame wall for three Canadian cities is
presented.

In this part, the energy performances of both an exterior VBW and exterior wood-
frame wall were 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 C.

3.1. Typical-Day Performance of VBW

The typical-day performance evaluation of an exterior VBW with room air circulation
is presented first and followed by that of an interior VBW.

3.1.1. Exterior Wall
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 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 8 illustrates the changes in zone air temperature and average wall
surface temperature.

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 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, further space heating and cooling loads can
be reduced as well as establishment of a more stable zone temperature. Similarly, when a
wall is colder than the zone (from morning to evening in Figure 8), the process is reversed.
In contrast to significant swings in zone air temperature, a situation with insufficient 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 [8].
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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.

v=2 m/s

27

26 —Wall su.rface 1
— — —Zone air

Temperature (°C)

19 1 1 1 1 1 1
0 4 8 12 16 20 24

Time (hr)

Figure 8. Zone air and average wall surface temperatures for an exterior VBW.

Table 3 presents the minimum and maximum average wall interior surface tempera-
tures, as well as the difference between the maximum and minimum wall surface tempera-
ture (which is referred to as AT from this point onwards) for different zone temperatures
and air speeds.

Table 3. Maximum and minimum average wall interior surface temperatures for different zone
temperatures and air speeds.

Average Wall Surface Temperature (°C)

Zone
Temperature v =0m/s v=1m/s v =2m/s
Min/Max) CC)  ppi Max Max — Min (AT) Min Max Max—Min (AT) Min Max  Max—Min (AT)
20/26 21.21 24.21 3.0 20.44 25.50 5.06 20.10 25.90 5.80
20/24 21.0 23.0 2.0 20.33 23.72 3.39 20.20 24 3.80
20/22 20.40 21.60 1.20 20.31 22 1.69 20.22 22 1.78

According to Figure 8 and Table 3, a higher air speed leads to a stronger heat exchange
between the wall and the zone, which results in better moderation of zone air temperature.
This is due to the fact that a 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 weak heat
exchange between the wall and the zone. Additionally, Table 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 profile. Table 3 reveals that higher temperature fluctuation within the
zone has a greater impact on AT than increasing air speed.

Heat Flux Density

The heat flux density (g) 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 (m?). A
negative heat flux density indicates that the exterior surface or outlet air is cooling the
zone at that particular time. In other words, the exterior surface temperature or outlet air
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temperature is lower than the zone temperature. Figure 9 illustrates the heat flux density for
an air speed of 2 m/s. In Figure 9, “Convection+Radiation” represents the fluctuations in
heat flux density between the wall surface and the zone through convection and radiation
together. “Advection” solely shows the heat flux density between the outlet air to zone and
the zone air.
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Figure 9. Heat flux density for an exterior VBW over a 24-h period (positive values mean heat flows
from the wall to the room).

Figure 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 8 a.m. to 9 p.m. when the
zone temperature was on the rise. Equations (15) and (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 outlet air (i.e., advection), respectively. Table 4 presents the minimum
and maximum heat flux densities for different zone temperature profiles and air speeds.

Table 4. Heat flux density for exterior VBW with cement plaster.

Zone Temperature Heat Flux Density (Min/Max) (W/m?)

Heat Transfer Mechanism

(Min/Max) (°C) v=0m/s v=1m/s v=2m/s
Convection and radiation —14.6/16.3 -9.1/14.1 —6.9/11.1

20/26 Advection 0 —32.6/41.5 —48.6/67.8
Convection and radiation -9.6/11.7 —6.1/10.4 —4.3/8.2

20/24 Advection 0 —19.9/40.2 —21.5/52.5
Convection and radiation —4.6/71 -3.1/6.4 —-22/5.6
20/22 Advection 0 -10.7/16.7 —16/24.6

Referring to Figure 9 and Table 4, it can be observed that maximum combined convec-
tion and radiation heat flux densities decrease with increasing air speed. On the other hand,
at elevated air speeds, the maximum advection heat flux densities increase. Increasing the
air speed shortens the duration of heat exchange between the circulation air and the wall,
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resulting in minimal changes in circulation air temperature. However, higher air speeds sig-
nificantly enhance the convective heat transfer coefficient within the air channel, resulting
in higher rates of heat exchange. When analyzing the heat flux densities within the range
of 0 m/s to 2 m/s for air speed, it was discovered that at air speeds lower than 0.3 m/s,
convection and radiation are the dominant heat transfer mechanisms when compared to
advection.

Net Energy Exchange

The net energy exchange values presented below have been factored by the heat
loss percentage of 10%. This percentage (i.e., 10%) is considered conservative because,
during the summer months, the temperature difference between indoor and outdoor is
insignificant and the heat loss percentage factor would be small.

For walls with more than one column of blocks (same height of 2.47 m), net energy
exchange can be determined by multiplying the results for one wall strip by the desired
number of block columns. Table 5 presents the net energy exchange for different zone
temperature profiles and air speeds. The net energy exchange is calculated by deducting
the fan’s energy consumption from total energy exchange values.

Table 5. Net energy exchange of the exterior VBW with cement plaster.

Zone Temperature Net Energy Exchange (kWh/m?)

(Min/Max) (°C) v=0m/s v=1m/s v=2m/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 to2m/s
increased the 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 impacts of air speed and zone temperature
swings on the net energy exchange. The results reveal that significant thermal energy
storage can be attributed to the VBW, which in turn leads to efficient diurnal buffering and
balancing of a zone’s 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
seen that VBWSs can play a crucial role in maintaining comfortable indoor temperatures
and reducing overall thermal loads.

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 [11,18,42—44].
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 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 5 shows the simulation results of net energy exchange for the
VBW with cement plaster as the interior finishing layer. Appendix D presents the tabulated
simulation results for the exterior VBW when drywall is used as the interior finishing layer.
The detailed results for the thermal insulating materials are not tabulated, but the general
impact is presented below.

Under passive performance, replacing cement plaster with drywall reduced net energy
exchange (there is no fan in passive performance) between the wall and the zone air by an
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average of approximately 16% across all zone air temperature profiles. When the cement
plaster layer was replaced by a layer of thermal insulation, net energy exchange decreased
by 45%. This is rooted in the fact that cement plaster has a higher thermal conductivity than
the 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 net energy exchange by an average of 10% and 16%, respectively,
across all zone air temperature profiles. Therefore, the influence of the finishing layer on
energy exchange values decreases with increasing air speed.

3.1.2. Interior Wall
Average Wall Surface Temperature

As an interior wall, both sides of the VBW are exposed to the same zone temperature
profile. Figure 10 shows changes in average wall surface temperature for an air speed of
2m/s.
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Figure 10. Zone air and average wall surface temperatures for an interior VBW.

Table 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.

Table 6. Maximum and minimum average wall interior surface temperatures for different zone
temperatures and air speeds.

Average Wall Surface Temperature (°C)

Zone
Temperature v=0m/s v=1m/s v=2m/s
(Min/Max) (°C) Min Max Max—Min (AT) Min Max  Max—Min (AT) Min Max  Max—Min (AT)
20/26 20.93 24.83 3.90 20.26 25.63 5.37 20.05 25.95 5.90
20/24 20.67 23.19 2.52 20.18 23.75 3.57 20.07 23.87 3.80
20/22 20.41 21.6 1.19 20.12 21.88 1.76 20.05 21.94 1.89
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According to Figure 10 and Table 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 increase in exposed wall surface resulted in a stronger
heat exchange between the wall and the zone.

Heat Flux Density

Figure 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.

v=2 m/s
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Figure 11. Heat flux density changes for an interior VBW over a 24-h period (positive values mean
heat flows from the wall to the room).

Table 7 presents the minimum and maximum heat flux densities for different zone
temperature profiles and air speeds.

Table 7. Heat flux densities for interior VBW with cement plaster.

Zone Temperature
(Min/Max) (°C)

Heat Flux Density (Min/Max) (W/m?)
Heat Transfer Mechanism

v=0m/s v=1m/s v=2m/s
Convection and radiation —30.6/38.9 —-19/28.9 —14.4/23.9
20/26 Advection 0 —34/35.6 —39.5/60
Convection and radiation —20.3/27.3 —12.4/20.7 —-9/16.9
20/24 Advection 0 —20/25.6 —21.7/46.7
Convection and 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

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
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heat flux density, convection and radiation have a greater contribution to the overall heat
flux density 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 flux densities 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 density 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. In
addition, 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 density increases, while the convection
and radiation heat flux densities decrease.

Net Energy Exchange

Table 8 presents the changes in net energy exchange based on different zone tempera-
ture profiles and air speeds for an interior wall.

Table 8. Net energy exchange of interior VBW with cement plaster.

Zone Temperature Net Energy Exchange (kWh/m?)

(Min/Max) (°C) v=0m/s v=1m/s v=2m/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

The 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.

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 =0m/s)
and with an air speed of 2 m/s for all three typical-day zone air temperature profiles.
Table 8 presented the simulation results for energy exchange values of an interior VBW
with cement plaster as the interior finishing layer. Under passive performance, replacing
the cement plaster layer with drywall reduced 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 net energy exchange by an average
of approximately 9% for all zone air temperature profiles.

3.2. Annual Energy Analysis for VBW and Wood-Frame Wall

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

Using the outdoor temperature, the predicted indoor temperature (explained in the
Section 2), and the thermal model developed in this study, the annual thermal performance
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of the VBW was simulated and analyzed. Figure 12 depicts the outdoor temperature,
predicted indoor temperature, and the VBW interior surface temperature for three rep-
resentative days in winter. As illustrated in Figure 12, the outdoor temperature ranged
from —32 °C to nearly —13 °C during the selected three-day period in winter. Indoor
temperatures, however, were largely kept above 20 °C with mechanical space heating. The
interior wall surface stayed 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 of the zone, particularly when the outdoor temperature
is below freezing.
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Figure 12. Outdoor, predicted indoor, and VBW surface temperatures for Edmonton, January.

Figure 13 illustrates the heat flux density of the VBW and wood-frame wall for three
representative days in winter. As shown in Figure 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 13 (i.e., 11 a.m. to 3 p.m. on the
third day), the indoor temperature increased by approximately 0.7 °C due to a significant
increase in outdoor temperature and solar radiation. Consequently, the wood-frame wall
surface temperature increased rapidly due to changes in indoor and outdoor temperatures.
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 13)
due to the higher temperature difference between the surface and the zone air.
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Figure 13. Heat flux density of the VBW and wood-frame wall for Edmonton, January (positive
values mean heat flows from the wall to the room).

Figures 12 and 13 suggest that when the indoor temperature remains stable and
outdoor temperature drops significantly during winter, both walls will provide little or no
assisting heating energy.

During spring, summer, and fall, 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 14 shows the outdoor temperature, predicted
indoor temperature, and surface temperature of the VBW for three representative days in
summer. As depicted in Figure 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 reduce space cooling demand. 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 15 illustrates the heat flux density of the VBW and wood-frame wall for three
representative days in summer. Figure 15 shows that the VBW contributes to space heating
during the cool hours (i.e., early in the morning and late at night) and to space cooling
during the warm hours (i.e., during the day when the solar radiation intensity is high),
respectively. This implies that the space heating load can be reduced during the cooler
hours, while the space cooling load can be reduced during the warmer hours, primarily due
to the thermal storage capabilities of the VBW. Conversely, the exterior wood-frame wall
cannot contribute to the heating of the zone compared to VBWs, especially in the cooling
seasons. This is primarily due to the lack of ability to store thermal energy in wood-frame
walls and the absence of an advection heat transfer mechanism. Indeed, advection plays a
crucial role in the space heating and cooling at air speeds exceeding 0.3 m/s, as compared to
convection and radiation. Significant zone temperature fluctuation enables more effective
use of the thermal energy storage and release functions of the VBW.
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Figure 14. Outdoor, predicted indoor, and VBW surface temperatures for Edmonton, July.
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Figure 15. Heat flux density of the VBW and wood-frame wall for Edmonton, July (positive values
mean heat from the walls to the room).

Table 9 presents the monthly assisting heating and cooling energy achieved by both
walls for Edmonton (in a cold climate with large daily outdoor temperature fluctuation),
based on the criteria defined in Table 2. These numbers show the reduction in space heating
and cooling loads.
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Table 9. Monthly total assisting heating and cooling energy achieved by both walls for Edmonton.

Wood-Frame Wall VBW
Month - C a1 C tip w03 v=2m/s v=0m/s
(kWh/m2) (kWh/m2) (kWh/m?2) H C#1 C#2 H C#1 C#2
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
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 35 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
(leT?:fli/year) 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. *** Cooling scenario #2.

Zone temperature fluctuation occurs as the outdoor temperature experiences lows and
highs throughout the day, resulting in assisting heating energy from the walls when the
zone temperature decreases and assisting cooling energy when the zone temperature rises.
Across all months in a year, as shown in Table 9, July provides the most heating and cooling
energy to the zone, largely due to the large zone temperature fluctuations around neutral
temperature. Furthermore, cooling scenario #2 provides more cooling energy than scenario
#1, owing to the less strict criteria in the calculation. Additionally, for Edmonton, the total
assisting heating energy consistently exceeds the total assisting cooling energy, largely due
to the very cold climate conditions in Edmonton, where the outdoor temperature is lower
than 20 °C for most of the year.

The results in Table 9 demonstrate that a wood-frame wall has limited capacity to
provide assisting heating and cooling energy (i.e., reduction in space heating and cooling),
largely because its construction composition does not provide significant thermal mass
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 reduction in space heating
and cooling load by 35.1 kWh/m? (wall surface area) for Edmonton 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. Tables similar to Table 9 for Vancouver and Toronto can be
found in Appendix C.

According to the criteria outlined in Table 2, for assisting heating energy, the outdoor
temperature needs to be lower than that of the zone, and the wall temperature should
exceed the zone temperature. During the colder months (December to March) in Edmonton,
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the assisting heating energy by VBW is minimal. This is due to the severe cold temperature
outdoors, where it is rare for the wall temperature to surpass the zone temperature. In
contrast, Vancouver, with its milder winter climate, often sees higher outdoor temperatures,
causing the wall temperature to exceed the zone temperature more frequently than in
Edmonton. Consequently, the total heating assistance in Vancouver during the colder
months surpasses that of the two other cities. Toronto’s winter coldness falls somewhere
between that of Vancouver and Edmonton, with occasional extreme cold days and heavy
snowfall. In these winter months, Toronto’s heating energy assistance is more than Ed-
monton’s but less than Vancouver’s. However, during warm months, Edmonton’s VBW
contributes more heating energy to the zone due to larger daily temperature variations
compared to Vancouver and Toronto. Edmonton’s cool nights and hot days, sometimes
with a temperature fluctuation near 20 °C, allow the VBW to absorb excess thermal energy
during the day and release it at night and in the early morning when temperatures drop.

For cooling energy assistance scenarios, from October to April (the cold months),
all three cities receive nearly zero cooling energy assistance, as the outdoor temperature
remains below 20 °C most of the time. During the warm months (May to September),
Toronto, due to its hotter and lengthier summer, provides more cooling energy to the zone
compared to the other cities. This happens because there are more days when the outdoor
temperature surpasses the zone temperature.

VBWs in cities with cold, dry climates and short summers such as Edmonton, coupled
with high daily temperature fluctuations, result in a greater annual total of heating energy
assistance. Toronto, with a cold, humid climate, milder winters, and longer summers, has
slightly less heating assistance from the VBW compared to Edmonton. However, Toronto’s
total cooling energy assistance is 34% higher than Edmonton’s. In cities with a moderate
oceanic climate such as Vancouver, characterized by short summers and numerous over-
cast days, the VBW provides less total heating and cooling energy assistance throughout
the year.

4. Conclusions

This study aimed to evaluate the thermal performance of a VBW with room air
circulation by calculating the average wall temperature, the heat flux density from and to
the wall, and the amount of energy that could be saved by using VBWSs. 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 and comparison of an exterior VBW and a traditional wood-frame
wall over a one-year period with emphasis on a cold climate. 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. Typical-day
analysis revealed that, by increasing the air speed, the heat exchange between the VBWs
and the zone could be increased. 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 net 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 the annual energy analysis showed that substituting a traditional
wood-frame wall with a VBW can yield total assisting heating and cooling energy of
35.1 kWh/m? (wall area) for Edmonton, Canada throughout the year.

The current research is primarily based on simulations and the validation relies on
experimental data obtained from a similar system. While this approach provides valu-
able insights and accuracy, conducting an experimental study specifically tailored to the
proposed VBW system would offer more robust validation. In cases where conducting
an experimental study is not feasible, it would be beneficial to utilize other commercially
available simulation software to verify the results obtained from the 3D model. This would
provide an additional layer of confidence in the findings.
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Nomenclature

Abbreviations

cv Control volume

CV-RMSE Coefficient of variation of root-mean square error

FF Framing factor

GHG Greenhouse gas

GHI Global horizontal irradiance

HDD Heating degree day

NECB National Energy Code of Canada for Buildings

RH Relative humidity

TES Thermal energy storage

™Y Typical meteorological year

VBW Ventilated block wall

Symbols

Ax x direction length of each control volume [m]

Ay y direction length of each control volume [m]

Az z direction length of each control volume [m]

AT Difference between the maximum and minimum average wall
surface temperature [°C]

AP Static pressure generated by fan or loss [Pa]

Fy Friction factor

m Air mass flow rate [kg/s]

Awall Wall thermal conductivity [W/mK]

Agir Air thermal conductivity [W/mK]

Cair Air density [kg/m3]

F, View factor

L Length of each CV in contact with node f of the air
inside the channel [m]

v Air speed in the channel [m/s]

9 Air kinematic viscosity [m?/s]

o Stefan—-Boltzmann constant [W/m?2.K*]

€ Emissivity

Auc Cross-sectional area of the air channel [m?]

Cp,ir Air specific heat capacity [J/kg°C]

Dy, Hydraulic diameter [m]

Efan Fan energy consumption [kWh]

Gr Grashof number
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Rgir Air convective heat transfer coefficient inside the channel [W/m?K]
Riotal Combined heat transfer film coefficient between zone air and
wall surface [W/m?2K]
Nu Nusselt number
Pr Prandtl number
q Heat flux density [W/m?]
Qadvection Heat flow rate between returning air from the air channel and
the zone air [W]
Qconduction Heat flow rate between wall nodes [W]
Qconvection Heat flow rate between air inside the channel and
surrounding wall nodes [W]
Qradiation Heat flow rate between two facing wall nodes in contact with air [W]
Qsurface Heat flow rate between zone air and nodes on the wall surface [W]
Ra Rayleigh number
Re Reynolds number
S Wall thickness [m]
Tac Temperature of the air inside the air channel [°C]
Tyir Zone temperature [°C]
Tyutdoor Outdoor temperature [°C]
Tewall Average wall surface temperature [°C]
Viall The volume of one control volume [m?]

Appendix A. 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 [45]. The 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 wall’s framing area divided
by the total area of the walls. The average FF is recommended to be between 19% and
23% [45]. 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) [46]
suggest that, typically, about 15% of a wood-frame wall area should consist 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 [47]. In some cases, the wall comprises 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 2 X 6 studs or in some cases 2 x 8 studs, would improve the
thermal performance of these types of walls. According to the CMHC [46], 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 (2 X 6 nominal size, 1.5 x 5.5 actual size)
with double top plates, one bottom plate, and studs spaced at 16 inches on-center was
modeled. An FF of 13% was calculated for the modeled wall. Figure A1 shows the front
view of the wood-frame wall (i.e., wood frame and insulation) and its discretization in
three directions.
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38.1m

38.1 mm«J%L 38.1 mmu

Figure A1. Front view of the wood-frame wall and its discretization in three directions.

As shown in Figure A1, 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. Additionally, the heights of
all CVs in the top and bottom plates are equal, but different from the height of all other CVs.
The discretization of other continuous layers (i.e., drywall, plywood, and rigid insulation)
is identical to the discretization shown in Figure A1. A schematic of the wood-frame wall
is depicted in Figure A2.

17.8 mm Rigid mineral fibre insulation

12.7 mm Plywood

R16 BATT insulation

(2x6) wood studs

12.7 mm Dry wall

Figure A2. A schematic of the wood-frame wall.
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The isothermal plane and parallel methods were utilized to determine the effective RSI
value of the wood-frame wall [21]. 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 Equa-
tion (Al). .

RSTiood—insulation = jas T 1-FF (A1)
RSIwood RSIinsulatian

where FF is the framing factor (i.e., 0.13), RSI,y,4 is the thermal resistance of the wood
studs, and RS1;;s,14ti0n is the thermal resistance of the insulation placed in the cavity. The
effective RSI value of the entire wall can be determined using Equation (A2).

RSIeffective = RSIDrywull +RSI + RSIPlywood + RSIRigidinsulation (AZ)

wood—insulation
Appendix B. Predicted and Measured Indoor Temperatures in Annual Energy Analysis

Figures A3—-A5 compare the predicted indoor temperature with measured indoor
temperature of the EcoTerra house for some typical days.

Figures A3—-A5 demonstrate a strong correlation between the predicted indoor temper-
ature data and the recorded indoor temperature data from the EcoTerra house.
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Figure A3. Measured and predicted average indoor temperature for EcoTerra house—day 86.
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Figure A4. Measured and predicted average indoor temperature for EcoTerra house—day 93.
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Figure A5. Measured and predicted average indoor temperature for EcoTerra house—day 172.

Appendix C. 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 A6
depicts the outdoor temperature, predicted indoor temperature, and the VBW surface
temperature for three representative days in winter.
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Figure A6. Outdoor, predicted indoor, and VBW surface temperatures for Vancouver, January.

Winters in Vancouver are warmer than those in Edmonton. In Figure A6, the wall
surface temperature is 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 A7 shows the heat flux density of the VBW and wood-frame wall for three
representative days in winter.
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Figure A7. Heat flux density of the VBW and wood-frame wall for Vancouver, January.
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Figure A7 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 hours 9 to 17 and hours 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 A8 illustrates the outdoor temperature, predicted indoor temperature, and the
VBW surface temperature for three representative days in summer.

Vancouver (July)

2 5 T T T

Temperature (°C)
N
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15 I 1 I 1 1 1 1 LNy 1 1
0 6 12 18 24 30 36 42 48 54 60 66 72
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Figure A8. 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 A8 shows heating
contributions during cold hours and cooling contributions during sunny hours.

Figure A9 shows the changes in heat flux density for the VBW and wood-frame wall
in Vancouver, for three representative days in summer.

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 A9. The VBW, however, contributed a
significant amount of heating and cooling during the day, which assisted in better regulation
of the zone temperature during the day.



Buildings 2023, 13, 1577 34 of 41

q (W/m?)

VBW (Conv+Rad+Adv) b
— — —Wood-frame (Conv+Rad)

_12 1 L 1 1 L 1 L 1 1 L 1
0 6 12 18 24 30 36 42 48 54 60 66 72

Time (hr)

Figure A9. Heat flux density of VBW and wood-frame wall for Vancouver, July.

Table A1 presents the monthly total assisting heating and cooling energy achieved by
both walls for Vancouver. These numbers show the reduction in space heating and cooling
loads.

Table A1. Monthly total assisting heating and cooling energy achieved by both walls for Vancouver.

Wood-Frame Wall VBW
Month H* C #1 C #p #5% v=2m/s v=0m/s
(kWh/m?) (kWh/m?) (kWh/m?) H Cc#l c#2 H Cc#l c#2
(kWh/m?) (KkWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/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 14 0 0 0 0 0
April 0.005 0 0 1.8 0 0.03 0.004 0 0.01
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 0.4
July 0.2 0.04 0.09 29 0.7 2.8 1.1 0.6 1
August 0.2 0.03 0.07 2.7 0.7 2.6 1 0.4 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
(kWIT?:fli/year) 0.1 0.2 20.1 1.7 8.7 29 1.3 2.5
Fan energy
consumption - 0.77 -
(kWh/year)

* Heating. ** Cooling scenario #1. *** Cooling scenario #2.
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Across all months in a year, as shown in Table A1, 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 with a
VBW results in a decrease in space heating and cooling loads by 28.8 kWh/m? (wall surface
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 h of bright sunshine each year, making it one of the top ten
major cities in Canada in terms of sunny hours [48]. In contrast to Vancouver, Toronto has
colder and longer winters.

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

Figure A10 shows the outdoor temperature, predicted indoor temperature, and the
VBW surface temperature for three representative days in winter.
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Figure A10. Outdoor, predicted indoor, and VBW surface temperatures for Toronto, January.

Figure A11 shows the changes in heat flux density for the VBW and wood-frame wall
in Toronto, for three representative days in summer.
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Figure A11. Heat flux density of the VBW and wood-frame wall for Toronto, January.

Figure A12 shows the outdoor temperature, predicted indoor temperature, and the
VBW surface temperature for three representative days in summer.
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Figure A12. Outdoor, predicted indoor, and VBW surface temperatures for Toronto, July.

Figure A13 depicts the changes in heat flux density for the VBW and wood-frame wall
in Toronto, for three representative days in summer.
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Figure A13. Heat flux density of VBW and wood-frame wall for Toronto, July.

Table A2 presents the monthly total assisting heating and cooling energy achieved by
both walls for Toronto. These numbers show the reduction in space heating and cooling
loads.

Table A2. Monthly total assisting heating and cooling energy achieved by both walls for Toronto.

Wood-Frame Wall VBW
Month H* C #1 C #p 5% v=2m/s v=0m/s
(kWh/m?) (kWh/m?) (kWh/m?) H Cc#l c#2 H c#l Cc#2
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/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
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 29 0.8 32 0.3 0.2 0.4
July 0.2 0.09 0.15 29 2.8 4 1.3 1 1.3
August 0.2 0.05 0.1 29 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
(kWIT?:ii/year) 0.6 0.2 0.4 224 6.9 14.8 3.8 22 3.5
Fan energy
consumption - 0.72 -
(kWh/year)

* Heating. ** Cooling scenario #1. *** Cooling scenario #2.
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Across all months in a year, as shown in Table A2, 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 the 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 with a
VBW leads to a reduction in space heating and cooling load by 37.2 kWh/m? (wall surface
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.

Appendix D. 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 when considering an air speed of 2 m/s and peak zone air temperature of
26 °C.

Figure A14 shows the average wall surface temperature. Results for other scenarios
are tabulated in Table A3.

v=2 m/s
27 ‘

26 — Wall surface ]
— — —Zone air

N
(¢}

N
N

Temperature (°C)
N N
N w

N
—_

N
o

19 1 1 1 1 1 1
0 4 8 12 16 20 24

Time (hr)

Figure A14. Zone air and average wall surface temperatures for an exterior VBW with drywall
finishing.
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Table A3. Maximum and minimum average wall interior surface temperatures for different zone

temperatures and air speeds—drywall as the finishing layer.

Zone

Average Wall Surface Temperature (°C)

Temperature

v=0m/s

(Min/Max) (°C)

Max Max—Min (AT)

Max—Min (AT) Min

20/26

20/24

20/22

24.0 2.88
229 1.9
21.51 1.14

v=2m/s
Max  Max—Min (AT)
25.7 5.57
23.90 3.6
21.9 1.72

Figure A15 shows heat flux density changes for VBW with drywall as the interior

finishing. Table A4 shows the results for other scenarios.

60

—— Convection+Radiation
— — — Advection

Time (hr)

Figure A15. Heat flux density changes for an exterior VBW with drywall finishing over a 24-h period.

Table A4. Heat flux density for an exterior VBW—drywall as the finishing layer.

Zone Temperature
(Min/Max) (°C)

Heat Transfer Mechanism

Heat Flux Density (Min/Max) (W/m?)

v=2m/s

20/26

Convection and radiation

—5.4/9.1

Advection

—30.1/55.2

20/24

Convection and radiation

—3.6/6.7

Advection

—20/35.6

20/22

Convection and radiation

—2/4.7

Advection

—15.9/24.2
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Table A5 presents the net energy exchange between VBW and zone when drywall was
selected as the interior finishing layer.

Table A5. Net energy exchange of the exterior VBW—drywall as the finishing layer.

Zone Temperature Net Energy Exchange (kWh/mZ)
(Min/Max) (°C) v=0m/s v=1m/s v=2m/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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