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Received 5 October 2009; received in revised form 19 May 2010; accepted 21 June 2010
Available online 31 July 2010
Communicated by: Associated Editor Harvey Bryan
Abstract

This paper is the second of two papers that describe the modeling and design of a building-integrated photovoltaic–thermal (BIPV/T)
system thermally coupled with a ventilated concrete slab (VCS) adopted in a prefabricated, two-storey detached, low energy solar house
and their performance assessment based on monitored data. The VCS concept is based on an integrated thermal–structural design with
active storage of solar thermal energy while serving as a structural component – the basement floor slab (�33 m2). This paper describes
the numerical modeling, design, and thermal performance assessment of the VCS. The thermal performance of the VCS during the com-
missioning of the unoccupied house is presented. Analysis of the monitored data shows that the VCS can store 9–12 kWh of heat from
the total thermal energy collected by the BIPV/T system, on a typical clear sunny day with an outdoor temperature of about 0 �C. It can
also accumulate thermal energy during a series of clear sunny days without overheating the slab surface or the living space. This research
shows that coupling the VCS with the BIPV/T system is a viable method to enhance the utilization of collected solar thermal energy. A
method is presented for creating a simplified three-dimensional, control volume finite difference, explicit thermal model of the VCS. The
model is created and validated using monitored data. The modeling method is suitable for detailed parametric study of the thermal
behavior of the VCS without excessive computational effort.
� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Integrating distributed thermal mass in a building has
been shown to be efficient and effective in improving the ther-
mal performance of buildings (Anderson, 1990; Balcomb,
1992). It can reduce the room temperature fluctuation and
load, and also shift the peak load ( Braun, 2003; Henze
et al., 2005). Concrete is a common and effective building
material used as thermal mass (ACI Committee 122, 2002).
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Concrete slab, in a distributed form, has the potential advan-
tages of combining the functions of thermal energy storage
(TES) and structural element (Howard and Fraker, 1990)
without taking up living space. Bilgen and Richard (2002)
conducted experimental and theoretical studies on a passive
system consisting of a horizontal concrete slab and presented
its detailed thermal behavior. Athienitis et al. conducted
experiments and simulations to study the thermal behavior
of passively charged concrete slabs (1994) and concrete slabs
used in hydronic floor heating systems (1997, 2000) and they
reported that the control strategy for active thermal charg-
ing must be planned in conjunction with the anticipated pas-
sive solar gains.
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Nomenclature

cair specific heat capacity of air (J/kg/K)
Dh hydraulic diameter (m)
kair thermal conductivity of air (W/m/K)
hc convective heat transfer coefficient inside

air channel (W/m2/K)
hc.r combined convective and radiative heat

transfer coefficient (W/m2/K)
hc.vcs calculated convective heat transfer coeffi-

cient inside air channel (W/m2/K)
Hchn height of the air channel (m)
Re Reynolds number
Pr Prandtl number of air
usoil.in thermal conductance of insulation under

the concrete slab (W/m2/K)

Uc and Uc_required convective conductance inside air
channel per meter length of channel (W/K)

Wchn width of the air channel (m)
lair dynamic viscosity of air (kg/s/m)
mair air velocity inside the air channel (m/s)
qair density of air (kg/m3)

Acronyms

BIPV/T building-integrated photovoltaic/thermal
CHTC convective heat transfer coefficient
CV control volume
LMTD log mean temperature difference
TABS thermo-active building systems
TES thermal energy storage
VCS ventilated concrete slab
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A major shortcoming of passive storage and release of
thermal energy (i.e. thermally coupled with air through a
natural convection mechanism on the exposed surfaces
only) is that the effectiveness of heat exchange is relatively
low due to the fact that the surface area in direct contact
with the air is restricted by its exposed surface area and
the heat transfer coefficient by natural convection alone is
relatively low (Shaw et al., 1994). The concept of actively
charging building thermal storage by means of thermo-
active building systems (TABS) has been introduced in
the industry and applied. In the studies of hydronic TABS
(Henze et al., 2008; Lehmann et al., 2007; Olesen et al.,
2006), concrete slabs are actively pre-conditioned and con-
ditioned by hydronic piping embedded in the slab and the
cooling or heating rate can be controlled so as to achieve
the desired slab average temperature in an efficient manner.
Several studies have been conducted on using TABS to
assist space heating. In the simulation study conducted
by Henze et al. (2008), a hydronic TABS is adopted to
assist the conventional variable air volume system for space
heating and cooling in a low energy office building. Fraisse
et al. (2007) investigated the energy performance of photo-
voltaic/thermal (PV/T) collectors with a closed loop liquid
heat recovery thermally coupled with a hydronic TABS in a
space heating system with focus on the PV/T thermal
behavior. Zhai et al. (2009) investigated a hydronic TABS
powered by solar thermal collectors using experimental
data and simulations. Fraisse et al. (2006) studied, through
simulations of different configurations, the energy perfor-
mance of an interior ventilated wall thermally coupled with
solar air collectors in a timber frame house.

A ventilated concrete slab (VCS) is a type of forced-air
TABS in which the concrete slabs exchanges thermal
energy with the air passing through its internal hollow
voids (Winwood et al., 1997; Braham, 2000). The stored
thermal energy can be released to the living space passively
by natural convection and radiation through the slabs
exposed surfaces, or actively by mechanical ventilation
through its internal hollow voids to extract heat from the
slab (Fort, 2000). Forced airflow through the internal hol-
low voids of thermal mass enhances the convective heat
transfer coefficient (CHTC) (Ren and Wright, 1998) and
utilizes a larger heat transfer area compared to outer sur-
faces by natural convection alone. Consequently, the TES
effectiveness is considerably increased – the heat exchange
rate between the thermal mass and the heat source is signif-
icantly increased, more thermal mass can become active,
and more thermal energy can be stored or released.
Mechanically facilitated heat transfer within the thermal
mass also helps in improving the control of TES (e.g. tem-
perature and heat transfer rate) (Shaw et al., 1994).

On the utilization of VCS, the present survey of the
literature revealed that most studies focused mainly on
reducing and shifting the cooling load of buildings. Fur-
thermore, design methodology, parametric analysis of the
sizing of the slab, detailed thermal behavior (e.g. the tem-
perature distribution in the slab), and data from on-site
application are rare, especially in a combisystem with solar
thermal air collectors. There is a need to investigate VCS as
a means of supplementing passive storage in solar houses in
order to facilitate efforts aiming at design for net-zero
annual energy consumption in cold climate regions with
cold but sunny winters. A detailed study on the application
of a VCS thermally coupled with a building-integrated
photovoltaic/thermal (BIPV/T) system (BIPV/T–VCS) to
utilize solar thermal energy to reduce space heating energy
demand, is presented in this paper, including the method
for modeling, system design, and assessment of the on-site
thermal performance.

Implementing active solar heating with active thermal
storage is one of the techniques employed in ÉcoTerra
house to approach net-zero annual energy consumption.
The VCS was employed for the first time in direct connec-
tion with a BIPV/T system (Fig. 1) in a new demonstration
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solar house in Canada (see the companion paper part 1 for
detailed information of the BIPV/T system and the house).
The construction of the house was completed in November
2007 and was then tested and commissioned/monitored
over a period of about 18 months before being unoccupied.

The VCS is located in the basement. Besides its struc-
tural function as the basement slab, the VCS also serves
as actively charged thermal mass to store solar thermal
energy and then passively releases it to assist space heating.
The VCS is charged with solar-heated outdoor air in an
open loop configuration. Different configurations are possi-
ble, such as a closed loop system where the air is circulated
back to the roof, but in this particular case an open loop
system was selected for simplicity, to avoid the risk of air
quality and moisture problems, and also to provide a capa-
bility for use of the BIPV/T air for three other purposes –
clothes drying, domestic hot water heating through an air-
to-water heat exchanger and free night cooling during the
cooling season as discussed in the companion paper part
1. The VCS is based on commonly available construction
technologies and can thus be easily implemented in North
American homes as the common practice is to have a base-
ment slab.

2. Design of ventilated concrete slab

The main design requirements for the VCS adopted in
ÉcoTerra were the following:

I Efficient storage of thermal energy collected by the
BIPV/T system. The number of air channels and their
total cross sectional area need to suit the air flow rate
of the BIPV/T system in order to optimize the flow
rate in each air channel to have a desired CHTC
and reduce friction loss. The layout of the air chan-
nels needs to evenly distribute the air flow and the
thermal energy.

II Avoid overheating on the top surface. The comfort-
able temperature range for concrete slab surface (with
no cover) is between 26 and 28.5 �C for people with
bare feet (ASHRAE, 2005); and 19–29 �C for people
wearing lightweight indoor shoes in office environ-
ment (ASHRAE, 2004). The latter temperature range
is applied as a constraint in this research project.

III Optimal thickness of the thermal mass. Suitable
amount of concrete is needed to absorb maximum
heat without surface overheating or releasing heat
passively in an appropriate rate. Too much concrete
increases cost and structural load.

IV Serve as a structural component. The structural con-
siderations, such as cracks due to shear and flexural
forces, as well as differential settlement need to be
considered.

A new type of VCS design suitable for basements is cre-
ated to satisfy the above mentioned design requirements
(Fig. 2) – it is a ribbed concrete slab with voids that act
as air channels. The stored thermal energy is released to
the living space passively from the top surface of the slab.
The released heat from the VCS will slowly be distributed
through the forced-air HVAC system to the rest of the
house. The house has a forced air system, with the fan
recirculating air through the house at low flow rate
(200 L/s) when heating is not required, thus helping to
redistribute the solar gains. Bottom heat loss to soil under-
neath is minimized through use of adequate insulation.
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Placing the VCS on grade in the basement has two
advantages. First advantage is that the construction of
the air distribution system is simple: the manifolds and
the steel decks are placed directly on grade (with rigid insu-
lation underneath). No structural support is needed. This
implies easy construction and low cost. Another advantage
is that the VCS can store more thermal energy efficiently
as the basement slab temperature before charging is lower
than that of the other floors. This is because the basement
is colder than other living spaces due to temperature strati-
fication and the lower setpoint, as well as the lower temper-
ature of the soil under the slab (about 9 �C). Generally, with
a target temperature of 19 �C in the basement, the floor slab
will be approximately at 18 �C. BIPV/T air at 21 �C or
higher will be useful for heat storage, but as the temperature
of the slab rises, so is the required setpoint for the incoming
BIPV/T air. Because the air channels and the manifolds are
surrounded by the concrete poured on top and the water
barrier and soil underneath, the VCS is air tight.

Normal density concrete was poured on the corrugated
steel decks. The channels in the steel decks become the air
channels. In order to promote turbulence and thus a higher
CHTC inside the channels, a layer of metal mesh was
placed under the steel deck. The metal mesh also distributes
the structural load from the flutes of the steel deck to the
rigid insulation form – extruded polystyrene underneath.
The compressive strength of the insulation ranges from
25 to 140 psi (NRC-IRC, 2008) (from 170 to 960 kPa) at
5% deflection. The calculated compression due to the com-
bined load is about 20.5 kPa (assuming 125-mm thick con-
crete), which is much smaller than its compressive capacity.

The design of the VCS is interrelated with the design of
the house and the BIPV/T roof. The sizing of the steel deck
(e.g. length, cross section geometry, and number of air chan-
nels) and the concrete slab (e.g. the amount of concrete and
its thermophysical properties) are related to the thermal
capacitance and the heating load of the house, the thermal
energy output of the BIPT/T roof (e.g. air temperature
and flow rate), the geometry of the basement, the CHTC
inside the VCS channels, the prevention of top surface over-
heating of the VCS, and the structural design considerations.

2.1. Preliminary design

At the preliminary design stage, the geometry of the
cross section of the air channel and its length, and the
thickness of the slab (i.e. the amount of concrete) are the
three main parameters to be decided. The geometry of
the cross section significantly affects the heat transfer rate
between the steel deck and the air as follows:

� The total cross sectional area of all air channels deter-
mines the required air velocity mair.
� The cross section geometry (i.e. height and width) deter-

mines the hydraulic diameter Dh.
� The Reynolds number Re is based on the mair and Dh. It

determines the CHTC inside the channel hc.
� The cross section perimeter and the hc are the main
parameters that determine the conductance Uc (W/K)
between the flowing air and the concrete per unit meter
channel length.

If the slab is long enough, the slab can recover the maxi-
mum heat possible from the warm air, and the temperature
of the outlet air will be almost the same as the temperature
of the concrete near the outlet. However, longer air channel
will result in higher friction loss. The thickness of the slab
affects the amount of thermal energy that can be stored,
and the rate of storage/release, and also the temperature of
the slab top surface (which is limited due to comfort
constraints).

With the estimated inlet flow rate (i.e. the typical flow rate
of the BIPV/T system), the required CHTC for maximum
heat recovery, Uc_required, can be calculated from Eq. (1).
DTLMTD is the log mean temperature difference (LMTD)
between the slab and the warm air. If maximum heat from
the air is recovered by the slab, the outlet air temperature will
be very close to the slab temperature.

Uc required ¼
_mair � cp:air

Noch � Lch � DT LMTD
ð1Þ

where

DT LMTD ¼
DT out � DT in

lnðDT out=DT inÞ

At the preliminary stage, the hc and the Uc were esti-
mated for various cross sections of steel decks available
in the market, using the following equations. The optimal
combination of the Uc, the number of channels Noch, the
length Lch of the air channel, and the thickness of the slab
are selected based on the thermal performance obtained by
numerical simulations.

Re ¼ qair � vair � Dh

lair
ð2Þ

Based on Colburn’s Analogy (ASHRAE, 2005, 19) the heat
transfer coefficient can be estimated as follows:

Nu ¼ f
8
� Re � Pr

1
3
air ð3Þ

hc ¼ Nu � kair

Dh
ð4Þ

Uc ¼ ð2 � H chn þ W chnÞ � hc ð5Þ

The thermodynamic properties of air are taken at 20 �C.
The calculation of the Darcy friction factor (f) for
turbulent flows uses an interpolation formula Eq. (6) by
Colebrook (White, 2003) as follows, which represents the
data in the Moody chart:

1ffiffiffi
f
p ¼ �2 � log

e=Dh

3:7
þ 2:51

Re �
ffiffiffi
f
p

� �
ð6Þ
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The metal mesh is very rough, therefore 5 mm is used for
average roughness e. Calculations show that friction factor
is not very sensitive to cross section geometry. It ranges
from 0.087 to 0.073 for channel width of 100 mm (the com-
mon width of steel deck channels) and different heights. By
using 0.08 as the value of friction factor (i.e. Eq. (6) is not
used), and combining Eqs. (2)–(5), we obtain:

Uc ¼ C � FlowRatechn
2

W chn
þ 1

Hchn

� �
ð7Þ

where C ¼ qair �kair �Pr1=3

100�lair
and FlowRatechn is the flow rate per

channel.
Fig. 3 shows the estimated Uc at different channel flow

rates and channel heights when the channel width is set
as 100 mm. Smaller cross section area results in higher air
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Fig. 4. Plan and longitudinal cross section of VCS (tem
velocity, and consequently, higher Uc; however, it also
means higher pressure drop.

The center-to-center distance between channels in avail-
able steel sections is 152 mm (i.e. channel width Wchn of
100 mm). The floor plan of the basement (Fig. 4) allows
the channels to be orientated in east–west direction (20
channels 9 m long) or north–south direction (60 channels
3 m long). This means that the products of Noch and Lch

are the same for both orientations, as well as the total contact
area between the slab and the air. However, the air velocity
in 9 m long channels will be three times that of the 3 m long
channels and the Uc values will be quite different. The esti-
mated operating flow rate of the BIPV/T system ranges from
150 to 250 L/s. The Uc_required for 250 L/s flow rate is about
6.8 W/K for both orientations, assuming that the initial slab
temperature is at 18 �C and that the inlet air temperature (air
from BIPV/T system) is at 40 �C. After reviewing steel decks
available in the market, the cross section shown in Fig. 2 was
selected. From Fig. 3 it can be seen that for 76-mm high
channel, 15 L/s of air flow (velocity of about 1.8 m/s) in each
9-m long channel results in a Uc of about 7.5 W/K, and a 3-m
long channel results in a Uc of about 2.5 W/K with 5 L/s
(about 0.6 m/s) in each channel. Orienting the air channels
in north–south direction does not satisfy Uc_required. Never-
theless, further analysis is carried out to compare these two
orientations and to determine the slab thickness using a
numerical model.

A three-dimensional, control volume finite difference
numerical model was created for the selected cross section.
Benefiting from its symmetric shape, simulations were per-
formed for half channel cross section. The discretization of
the half channel is shown in Fig. 5. The slightly trapezoidal
cross section of the channel is approximated as rectangular.
The grid size is 15 mm in the X and Y directions, and 60 mm
in the Z direction. The inlet air was set at 40 �C for 4 h, the
initial temperature of the slab at 18 �C, the ground soil and
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the room temperatures were 12 and 19 �C, respectively. The
combined (radiative plus convective) heat transfer coeffi-
cient between slab surface and room air was set at 9 W/
m2/K (ASHRAE, 2005), constant. The insulation between
the soil and steel deck is RSI 2. The physical properties of
concrete were assumed to be as follows: specific heat is
920 J/kg/K, density is 2300 kg/m3, thermal conductivity is
1.9 W/m/K. Using Eq. (3) with Darcy friction factor of
0.08 and upwind scheme ( Patankar, 1980) for convective
heat transfer modeling within channel air flow, parametric
analysis was conducted and Table 1 summarizes major
results.

As can be seen from Table 1, for the 3-m long channel
with air at velocity of 0.5 m/s (i.e. about 4 L/s flow rate
in one channel), increasing the slab thickness from 6 cm
to 15 cm does not significantly increase the amount of ther-
mal energy stored. The outlet air temperature is more than
7 �C higher than the minimum slab temperature. When the
air channels are placed east–west, heat stored by one 9-m
long channel (0.866–0.885 kWh) is more than four times
that by one 3-m channel (0.212–0.218 kWh). This means
that east–west configuration recovers about 33% more heat
from the air – the number of 3-m long channels is three
times that of the 9-m long channel. This is mainly due to
the higher Uc of the 9-m channels. For the option of using
9-m channels, the 6-cm thick concrete slab seems sufficient
for optimal utilization of heat from hot air; however, the
Table 1
Thermal performance (simulated) of VCS for different configurations (at preli

Simulation settings Resu

Concrete
conductivity
(W/m/K)

Slab thickness
(m)

Slab length
(m)

Air velocity
(m/s)

CHTC
(W/m2/K)

Leav
temp

1.9 0.06 3 0.5 7.1 29.5
0.1 3 0.5 7.1 29.2
0.15 3 0.5 7.1 29
0.1 3 1 13 32
0.06 9 1.5 20 26.6
0.1 9 1.5 20 25.7

1.2 0.06 9 1.5 20 27.2
0.1 9 1.5 20 26.5
maximum surface temperature is 30.3 �C, which exceeds
the limit of 29 �C for thermal comfort purposes. For a
10-cm thick concrete slab, the maximum temperature drops
to 28.6 �C, and the heat stored is slightly more. When con-
crete has a lower conductivity, 1.2 W/m/K, the upper sur-
face temperature is lower. The amount of energy recovered
from hot air is slightly less than that of concrete with con-
ductivity of 1.9 W/m/K, but the slab thickness can be
reduced to 6 cm without top surface exceeding 29 �C. The
results of simulations also indicate that the pressure drop
increases rapidly when the air velocity in the channels is
raised from 0.5 to 1.5 m/s. For a given total flow rate, the
pressure drop of the 9-m channel is higher than that of the
3-m channel. However, the absoute magnitude is not high.
The pressure drop caused by the manifold will be more sig-
nificant as shown later by the measured data. Further, con-
sidering the cost of the manifolds installation at both ends of
the slab, east–west orientation is better than north–south
orientation since the two manifolds will be only one third
the size.

The final VCS configuration is shown in Fig. 4. There are
a total of 19 channels in the slab. The total area of the cross
section of the 19 air channels is 0.14 m2. The air flow rate for
each channel is about 8–13 L/s for the total flow rate ranging
from 150 to 250 L/s from the BIPV/T system, and the corre-
sponding air velocity ranges from 1 to 1.6 m/s. The design
slab thickness is 100 mm; however, after construction, the
measured actual thickness was about 125 mm. The volume
of the concrete of the VCS is about 5 m3. The slab can store
about 3 kWh of thermal energy for every degree Celsius
increase of its average temperature. The air inlet (northwest
corner) and outlet (southeast corner) (Fig. 4) of the VCS is
located at the two diagonally opposite corners. This
reverse-return layout ensures a balanced system with nearly
equal airflows in each channel.
3. Thermal performance of VCS

3.1. Monitoring setup

“T” type (copper–constantan) thermocouples with accu-
racy of ±0.3 �C were installed to measure temperatures at
minary design stage).

lts at the end of 4-h period (per channel)

ing air
erature (�C)

Stored energy
(kWh)

Slab surface temperature (�C) Pressure
drop (Pa)Max. Ave. Min.

0.212 25.5 23.8 22 0.4
0.217 23 21.8 20.5 0.4
0.218 21.2 20.3 19.5 0.4
0.35 25.3 23.8 22.2 1.5
0.866 30.3 25.2 21.9 10
0.885 27 23.6 20.2 10

0.839 28.8 24.5 21.7 10
0.855 24.9 21.8 20 10
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different locations. The total flow rates and corresponding
pressure drops were measured manually. In the nine loca-
tions shown in Fig. 4, the temperatures of the top layer,
the middle layer of the slab, the passing air, and the soil just
under the insulation are measured by thermocouples “TC-
1”, “TC-2”, “TC-3” and “TC-4” respectively, as indicated
in Fig. 2. At locations “A2”, “B2”, and “C2”, the temper-
atures of the bottom layer of the slab are also monitored by
“TC-5”. Inlet and outlet air temperatures are measured
right before and after the slab inlet and outlet, accordingly.
The temperatures are measured every 3 min.

The pressure drops were measured between the inlet and
outlet manifolds using a hand-held digital manometer. The
measured pressure drops were 0.01, 0.03, and 0.07 kPa at
100, 150 and 200 L/s total flow rates, respectively. These
measurements show that the pressure drops are relatively
low. For the 200 L/s flow rate, the fan power consumption
is about 400 W. The power is used to draw the air through
the BIPV/T roof, the duct connecting the BIPV/T roof and
the VCS, and then through the VCS. The channel air veloc-
Fig. 7. Measured and interpolated temperature distributions in VCS during he
of test. The orientation of the slab in the plots is rotated 90� counter-clockwi
ities measured at three locations (see Fig. 4) are very close to
each other. The maximum difference is less than 0.1 m/s at
200 L/s total flow rate. This indicates that the air flow from
the inlet is almost evenly distributed into the 19 channels.
The reverse-return layout strategy is applied successfully.
Based on this observation, in the upcoming thermal model-
ing, the air flow was assumed to be evenly distributed.
3.2. Slab heating

Transmitted solar radiation through south-facing base-
ment windows can reach the top surface of the VCS. In order
to assess the performance of the VCS for active thermal
energy storage excluding the influence of direct passive solar
gain, one test was conducted during an overcast day. During
the 5-h testing period, the transmitted solar radiation was
below 50 W/m2. The inlet air was heated artificially, and
the flow rate was maintained at about 150 L/s (1 m/s air
velocity in the air channel). Fig. 6 shows the temperature
profiles of the air at nine different locations (Fig. 4) as it
was passing through the VCS. This graph indicates that,
as expected, the heat transfer is high in the inlet manifold
due to the high turbulence. The further the air channel is
away from the inlet, the lower the temperature of the enter-
ing air. The large air temperature difference between the inlet
and the “A1” location indicates that significant heat transfer
happened near the inlet. It can be proved (Fig. 7) that this
large amount of heat is recovered by the slab.

Fig. 7 shows the temperature distributions at different
layers of the VCS during the site test. The plotted values
are interpolated and extrapolated based on the values of
the nine measurement points of each layer (see Figs. 2 and
4 for sensors’ locations). Even though the air flow is evenly
distributed in the air channels, the temperature distribution
across the slab is not. A considerable portion of heat is
stored near the inlet manifold. The soil temperature distribu-
tion indicates that there was little heat loss from the air to the
ating experiment (left block: beginning of test; right block: after 5 h, at end
se).
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thermostat setpoint is 18 �C at night).
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ground. As can be observed from Figs. 6 and 7, the temper-
ature difference between the outlet air and the center layer of
the slab near the outlet is less than 1 �C. This indicates that
most of the heat is stored in the slab. Heat exchange effec-
tiveness is high. The monitored data also shows that the lon-
gitudinal temperature gradient is about 4 �C for 10 m. The
temperature difference between the top surface and the cen-
ter layer of the slab is less than 0.5 �C. This is because the
inlet air temperature and flow rate were not high. Stored
thermal energy has enough time to be redistributed inside
the slab. This observation also reveals that dense grid is
not needed in a finite difference thermal model.

Fig. 8 shows the monitored thermal performance of the
VCS and the house on a sunny day with mild outdoor tem-
perature (April 15th, 2008). The solar thermal energy input
kept the temperature of the living space within a comfort-
able range. About 14 kWh thermal energy was stored in the
VCS after blowing warm BIPV/T air at 200 L/s for 6.5 h.
This excludes the heat released from the slab to the living
space during the storage process, which was about
2 kWh. The heating load of that day was about 30 kWh.
Fig. 9 shows the thermal response of the VCS over a 5-
day sunny period in March, 2009. It shows that from the
second day onwards, the house needed negligible auxiliary
heating. A 4–5 �C increase in the average slab temperature
during the charging period of each day represents about
12–15 kWh heat storage. This demonstrates that VCS can
store a significant amount of thermal energy from BIPV/
T system without overheating the living space. The VCS,
together with passive thermal mass may thus contribute
to significant reductions in energy consumption for
heating.

Figs. 8 and 9 reveal one important factor in solar house
design using active building-integrated thermal mass – the
need to maximize the utilization of solar thermal gains with-
out space overheating. During the daytime, when the house
is passive solar-heated, the living space (family room in this
case) is already warmed up. If the active thermal mass
releases heat too fast to the living space, the temperature
of the living space could exceed the thermal comfort upper
limit. This happens more likely in the shoulder seasons
(e.g. fall or spring) when little heating may be required and
only a portion of the solar gains are needed. Control of
the house and choice of appropriate setpoints may enhance
thermal storage; for example, lowering heating setpoint at
nighttime before a predicted sunny day allows thermal mass
to absorb more thermal energy and release heat at a lower
rate over a longer time. In the case considered here, the
nighttime heating setpoint is set back at18 �C (see Fig. 8).

The potential overheating problem becomes more criti-
cal over a period of consecutive sunny days (Fig. 9). The
daily heat storage in the slab is higher than the heat
released from the slab to the living space. The average tem-
perature of slab kept increasing over the 5 days indicating
accumulation of heat from day to day. Higher slab temper-
ature means higher heat injection rate from the slab to the
living space. How to effectively store more thermal energy
without overheating problems is an important performance
aspect to be considered in sizing the mass in conjunction
with the control strategy design.
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4. Interior CHTC calculation

The control volume method (Fig. 10) is used in the cal-
culation of the CHTC between the steel deck surface and
the air inside the air channels of the VCS, hc.vcs. Radiative
heat transfer between the surfaces of the channel is small
compared to convective heat transfer between the air and
the surfaces. The control volume (CV) energy balance
equation is as follows:

Dqslab ¼ Dqair � Dqsoil

where

Dqslab ¼ DT LMTD:slab � Areaslab � hc:vcs

So, we have:

hc:vcs ¼ ðDqair � DqsoilÞ=DT LMTD:slab � Areaslab ð8Þ

where

Dqair ¼ ðT air:out � T air:inÞ � ðqair � cair � QairÞ
Dqsoil ¼ DT LMTD:soil � Areasoil � usoil:in

There are a total of six CV’s. Each CV is defined by two
adjacent temperature-measuring points. For example, from
location “A1” to “A2” is CV “A1–2”. The measured temper-
atures of air, slab and soil at inlets and outlets, respectively,
were input into Eq. (7) to calculate the hc.vcs of each CV. The
CHTC between the air and the bottom surface (metal mesh)
was neglected because its thermal conductance value is rela-
tively small (about 10 W/m2/K) compared to that of the
rigid insulation usoil.in (about 0.5 W/m2/K) under the metal
mesh.

A site test was conducted to obtain the required data for
the calculation of hc.vcs. During the test, different air flow
rates were applied. Each flow rate was held constant for
45 min. The hc.vcs values in the 6 CV’s were calculated from
the measured data. Fig. 11 shows the calculation results.
Except for CV’s “A1–2” and “A2–3”, the calculated hc.vcs

for each of the CV’s is similar to each other. As the flow
rate decreased, the variations of hc.vcs between different
channels became larger. This is possibly due to the fact that
when there is smaller dynamic pressure in the air, less air is
distributed to the channel “C” than that to channel “B”.
T_air.in

T_slab.in

T_soil.in

T_air.out

T_slab.out

T_soil.out

Air Flow Direction

Fig. 10. Schematic of the control volume in VCS.
The main reason for the difference in values obtained in
CV’s “A1–2” and “A2–3” is that there are actually 20 air
channels in the VCS; however, the channel north of chan-
nel “A” shares the air flow with channel “A”. This means
that the air from one of the manifold outlets flows into
two channels. Inputting higher than actual air mass flow
rate in the calculation model caused the higher hc.vcs value
than the actual value (i.e. the hc.vcs of other CV’s). The
actual causes for these deviations mentioned above need
further investigation. Fig. 11 also shows that the calculated
hc.vcs for one CV at one flow rate (e.g. from hour 2 to hour
2.8) is increasing as time passes. The possible reason for
this increase is due to the change of the actual flow rate,
which is caused by the temperature-dependent change of
the buoyancy effect (ASHRAE, 2005) in the duct connect-
ing the BIPV/T roof and the VCS.

Fig. 12 shows the experimental average hc.vcs as a function
of air velocity in the channel. The hc.vcs value plotted is
the average of the hc.vcs values of the four CV’s “B1–2”,
“B2–3”, “C1–2”, and “C2–3”. In Fig. 12, Colburn’s analogy
and Dittus-Boelter equation (Rohsenow etal., 1998) are also
plotted for comparison. Note that Dittus-Boelter correla-
tion is for smooth ducts and not suited to the present config-
uration, so it is expected to be lower and is only utilized to
indicate a minimum expected bound on the heat transfer.
Surface roughness of 0.8 mm, instead of 5 mm in the preli-
minary design stage, was used to calculate the friction factor
f in Colburn’s analogy. Reasonable values for hc.vcs are
observed. The experimental hc.vcs is approximated by a linear
correlation (8), which is a function of the air velocity. The
corresponding Reynolds numbers for 0.7 and 1.5 m/s air
velocities inside the channel are about 3850 and 8250 respec-
tively. The following correlation is recommended for design
purposes as a fit to the curve in Fig. 12:

hc:vcs ¼ 3:94 � vair þ 5:45 ð9Þ
5. Modeling and simulation of the VCS

A simplified three-dimensional, explicit control volume
finite difference thermal model was developed for the
VCS. The physical properties of concrete are assumed as
follows: specific heat is 900 J/kg/K; density is 2300 kg/m3;
conductivity is 1.9 W/m/K. Small variations of the physical
properties do not affect the slab’s thermal behavior to a sig-
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nificant extent (Bilgen and Richard, 2002). This statement
is also validated by the preliminary design simulations
(Table 1). Eq. (10) is the explicit finite difference equation
for the concrete nodes. The last term of Eq. (10) is the com-
bined convective and radiative heat transfer for exterior
nodes of the VCS. For internal nodes, the last term equals
to zero. For the CV of the air inside the channel, upwind
scheme method (Patankar, 1980) is applied, as shown in
Eq. (11).

ðT tþDt
x;y;z � T t

x;y;zÞ � Cx;y;z

Dt
¼
X

i

ðDT i
x;y;z � U i

x;y;zÞ

þ ðT c:r
x;y;z � T t

x;y;zÞ � Ax;y;z � hc:r
x;y;z ð10Þ

where DT i
x;y;z is the temperature difference between current

node at x, y, z and the adjacent node in direction i, U i
x;y;z is

the conductance (W/K) between current node at x, y, z and
the adjacent node in direction i, T c:r

x;y;z is the effective temper-
ature for combined convective and radiative heat transfer
(e.g. solar-air temperature), hc:r

x;y;z is the combined convec-
tive and radiative heat transfer coefficient.

T p
air ¼

_mcp:air � T p�1
air þ

P
iðT i

surface � U i
cÞ

_mcp:air þ
P

iU
i
c

ð11Þ

where T p�1
air is the temperature of the air in the previous CV,

U i
c is the conductance (W/K) between current air node and

the surface in contact at location i.
At the preliminary design stage of the VCS, in order to

facilitate the modeling, the cross section of the slab channel
was transformed and a regular-grid discretization scheme
was employed (Fig. 5) in the modeling. The 3D modeling
using a regular-grid discretization scheme requires a large
computational effort. Performing transient simulations
for the entire slab over a long period (e.g. for several days)
is not practical.

Fig. 13 shows a contour plot of the typical pattern of
temperature distribution on the cross section of the simu-
lated half channel. Based on the pattern of the temperature
distribution on the cross section, the discretization was
modified (Fig. 14). The thickness of the CV is 2.4 mm for
the top node “Y-1”. The corresponding Biot (Kreith and
Bohn, 2001) number is 0.015, assuming the surface com-
bined convective and radiative heat transfer coefficient
hc.r is 10 W/m2/K and that there is no solar gain. If solar
gain is present, the Biot number will increase. For the bot-
tom node “Y-9’, the thickness is 2.7 mm. It is 1/16 of the
bottom width of the flute (the strut of the steel deck). By
using hc.r of 15 W/m2/K, the calculated Biot number is
about 0.02. Denser grids for the top layer and the bottom
layer enhance the accuracy of the simulation of the heat
transfer at the boundaries. From exterior layer to interior
layer, the thickness of the layer increases with a scale factor
of 2. The thickness of the top and bottom grids and the
scale factor result in the 9-layer discretization scheme.
The allowable maximum time step for explicit solving
method is about 12 s for satisfying Fo < 0.5 (Kreith and
Bohn, 2001). A 10-s time step was used in the simulation.
The calculation of effective conductance between nodes
with irregular shapes uses area-weighted distances. For
the radiative heat transfer inside the air channels, it is
assumed that the concrete nodes only exchange heat with
the insulation surrounding the same air CV. This assump-
tion is based on two factors: First, the length of the air CV
stream-wise is 150 mm in this discretization scheme. This is
two times the height of the air CV (i.e. the height of the air
channel). Second, the temperature difference between two
adjacent concrete nodes or two adjacent insulation nodes
is negligibly small.

Validation of the thermal model was performed by com-
paring the measured and interpolated temperature from
site tests with those from simulations using the measured
boundary conditions (i.e. the flow rate, the temperatures
of the room air, the ground soil, and the inlet air) as inputs.
Fig. 15 shows one of the comparisons between the mea-
sured and simulated temperature distributions of the
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VCS. The values shown are for the end of the site test. Dur-
ing the site test, warm air at temperatures ranging from 30
to 40 �C from the BIPV/T system was drawn through the
ventilated slab at 200 L/s (1.3 m/s in the air channels) for
about 4 h. The top end and the bottom end of the plots
of the simulated data show the effect of the manifold. It
can be seen that the simulation results match well with
the measured data, especially when considering the pattern
of the temperature distribution. The deviations are mainly
due to the following factors:

� The actual boundary conditions of the VCS are com-
plex. The soil temperatures were only measured at nine
locations. The soil temperature is lower near the edge of
the slab as shown in Fig. 7. The north side of the VCS is
directly in contact with the concrete footing and the con-
crete wall. There was also transmitted solar irradiance
absorbed by the room surface of the VCS. These factors
cannot be completely represented in the simulation.
� The exact amount of the concrete mass is unknown. The

slab was designed to be 10 cm thick; however, some
parts of the slab were about 12 cm thick.
Fig. 15. Measured (m) and simulated (s) temperature distributions of VCS (Th
unit of X or Y axis is the grid size (i.e. 150 mm)).
� The heat transfer in the inlet and outlet manifolds can-
not be simulated precisely.
� The errors induced by the temperature measurement.

The type of thermocouple used has an accuracy of
±0.3 �C.
6. Conclusion

This paper presents an in-depth study of a ventilated con-
crete slab (VCS) used in a near net-zero energy solar house
(described in the companion paper Part 1). The VCS serves
as active thermal mass to store heat collected by a roof
BIPV/T system in an open loop configuration with air as
the heat transfer fluid. The heat release from the VCS is pas-
sive. A method for numerical simulation, design, and assess-
ment of the thermal performance of the VCS is also
presented. The construction of the VCS is based on com-
monly available construction technologies. It can be readily
implemented in basements of new Canadian homes without
much additional cost as the current practice is to have a base-
ment foundation slab and a forced air system is often used.

The sizing of the VCS in this paper was based on the
thermal output of the BIPV/T system on a typical sunny
winter day – solar-heated air of about 250 L/s at 40 �C
for roughly 4 h. The living space temperature in the base-
ment where the VCS is located was set at 19 �C in the sim-
ulations. The sizing criteria are based on maximizing the
storage of thermal energy and no floor surface overheating
so as to meet comfort requirements. Analysis of the moni-
tored data obtained during the commissioning of the house
shows that the VCS can efficiently store much of the heat
collected by the BIPV/T system. The VCS can store 9–
12 kWh of thermal energy on a typical clear sunny day with
30–35 �C inlet air at 200 L/s flowing through the system for
roughly 6 h. Its thermal coupling with the BIPV/T system
significantly improves the overall efficiency of utilization
of collected solar energy. One important observation is that
e orientation of the slab in the plots is rotated 90� counterclockwise. Each
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active thermal mass should not only be designed for neither
1 day heat storage nor be isolated from the passive direct
gain design and the room temperature control strategy.
The design should also consider the accumulation effect
of heat injection from consecutive sunny days. The VCS
design presented in this paper can be used to facilitate stor-
age of thermal energy over a series of clear sunny days
without overheating the living space.

A simplified three-dimensional, control volume, explicit
finite difference thermal model was developed to simulate
the thermal performance of the constructed VCS. The mod-
eling approach can be applied to other types of VCS. The
numerical model of the VCS evolved from a standard regular
3D discretization having a large number of control volumes
to a simplified discretization – a 9-layer model. This simpli-
fication is based on the simulations and the monitored data.
Using the simplified model, the computational effort
required for simulation is greatly reduced while the accuracy
is still acceptable. The developed model is showed to be
appropriate for design purposes and for study of control
strategies.

The design of the VCS is strongly interrelated with the
thermal characteristic of the house (e.g. the passive solar
design, the thermal response), and the thermal input from
the solar air collectors (BIPV/T system in this case). Gen-
eral guidelines and methodologies for the integrated design
and control of active and passive solar thermal energy col-
lecting and storing systems, and the optimization of system
design for different weather patterns will be developed in
future study.
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