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a b s t r a c t
This paper investigates design features that can potentially reduce the energy consumed in attaining
appropriate thermal comfort levels in typical residential buildings. A numerical model coupled with a
PID controller is developed to predict the indoor air temperature that is adjusted via mechanical ventilation. The model is used to simulate and evaluate various scenarios of building wall layouts and materials.
From the various simulation runs, the wall conﬁgurations and materials were reﬁned to combinations
that rendered the mechanical ventilation a feasible option for attainment of comfort for the largest number of hours per year. The runs were conducted for a typical residential apartment located in the city
of Beirut, Lebanon, which is characterized by mild coastal climatic conditions. Different wall conﬁgurations were assumed for each of the living zone and the bedroom zone of the apartment. The simulation
results suggest an optimal wall conﬁguration comprised of a 5 cm layer of insulating strawboard sandwiched between a 2 cm × 10 cm wall made of masonry units consisting of Hempcrete (mixture of Portland
cement, aggregates, and industrial hemp ﬁbers) for the living zone, whereas the wall for the bedroom
zone consists of a 10 cm of Hempcrete.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Worldwide, the building sector accounts for 50% of total energy
consumption [1]. This percentage is expected to increase with population growth and climate change compounding the problem of
dwindling energy resources. In an effort to minimize this increase in
the building’s energy demand, there is a growing movement toward
the design, construction, and operation of energy efﬁcient buildings
[2–4].
The majority of the research effort in this ﬁeld [5–13] has
focused on methodologies, innovations, and initiatives aimed at
reducing the operational energy consumption. Examples include
development of energy efﬁcient electro-mechanical systems (e.g.
HVAC units, lighting), use of renewable energy, and adoption of
incentives for use of building envelopes that provide high insulation
and air tightness.
One means of mitigating the increase in energy consumption
is by relying on mechanical ventilation systems for cooling purposes and on the applications of natural (as compared to processed
and manufactured) and recycled materials in building construction.
Incorporation of natural ventilation systems and ceiling fans lead
to a decrease in the usage of mechanical air conditioning systems
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and help attain indoor air quality and thermal comfort at higher air
temperatures.
Several studies have shown that mechanical ventilation contributes to energy efﬁcient buildings especially for buildings with
appropriate thermal mass and sufﬁcient daily temperature swing
from day to night. On the other hand, the use of natural material such as industrial hemp ﬁbers mixed with concrete has been
reported to have low heat conductivity in comparison with other
building materials in construction; thus, it reduces the summer
heat gains and winter heat losses [5].
Several studies have investigated the impact of ventilation on
the internal indoor air temperature [6–9]. The key parameters
related to the efﬁciency of ventilation can be divided into three
categories: climatic factors, building material and control strategy parameters. An example of climatic factors is the outdoor air
temperature, which includes mean daily temperature and diurnal temperature range, i.e. the climatic potential index. Building
parameters include the building type, envelope openings such as
windows and doors, building material and building structure. The
ﬂow rate and time period are determined by the control strategy
when mechanical ventilation is applied (night ventilation, day time
ventilation, full-day ventilation and no ventilation).
Kolokotroni and Aronis [6], Blondeau et al. [7], Breesch [8], Carrilho da Graca et al. [9] and Eicker [10] concluded that the use of
night ventilation contributes to energy efﬁcient buildings especially for buildings with appropriate thermal mass and sufﬁcient
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Nomenclature
A
Cp
COP
G
h
I
K
Kc
ṁ
PID
T
TI
TD
T
qint
V
W
X

area of the wall (m2 )
speciﬁc heat (J/kg K)
coefﬁcient of performance
rate of moisture generation inside the space
heat convection coefﬁcient (W/m2 K)
total solar radiation
thermal conductivity (W/m K)
proportional gain parameters
mass ﬂow rate
proportional–integral–derivative controller
temperature in (K)
integrative gain parameter
derivative gain parameter
time (s)
internal heat load
volume of the space (m3 )
humidity ratio (kg H2 O/kg dry air)
axial direction

Greek letters

density
˛
wall surface absorptivity
Subscripts
a
air
W
wall
∞
ambient

daily temperature swing from day to night. Similarly, daytime ventilation (mechanical and natural) was determined to be applicable
and energy efﬁcient for all buildings. However, in regions that lack
wind speed such as high density cities where the building’s structure blocks the wind ﬁeld, replenishing indoor air for occupant
thermal comfort can be achieved only by mechanical ventilation
[11–13]. Zhou et al. [14] discussed the effect of coupling the thermal
mass and natural ventilation on the passive building design. They
tested different wall conﬁgurations and found that heavy walls
with external insulation provide the lowest amplitude of indoor
air temperature among different external low mass walls.
In terms of natural material, wood, sisal, jute, bamboo, coconut,
asbestos, rockwool and hemp are examples that can be used. Along
those lines, an innovative building material that has shown to yield
multiple socio-economic beneﬁts is Hempcrete. Hempcrete is a mix
of cement mortar with ﬁbers of industrial hemp, a sister plant of
cannabis. The beneﬁts of using hemp have been reported by a study
conducted by Awwad et al. [15]. The study shows that Hempcrete:
(i) improves physical characteristics and structural performance
of concrete; (ii) reduces raw materials and energy resources and
(iii) provides a material with better thermal property and therefore
increases energy efﬁciency. With such beneﬁts, and being a carbon
neutral material, the use of hemp in concrete reduces the embodied energy of concrete and other cementitous materials which are
widely used and in large quantities in building construction.
This paper further investigates options to lower operational
energy without negatively affecting embodied the energy of typical apartments in urban and rural settings by conducting research
that considers both the building materials and a mechanical ventilation system for comfort and air quality. The paper focuses,
through a case study in Lebanon on the use of local and regional
materials such as strawboard for insulation and hemp in concrete that contribute to the decrease in the building embodied
and operational energy. In addition, the paper proposes a space
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model for controlling the amount of ventilation air needed for conditioning the building’s indoor environment. The paper does not
consider natural ventilation as there are many uncontrollable variables (blockage of urban wind by high rise building, uncontrolled
outside air velocity, security issues) which could affect its reliability as an effective air conditioning option. Mechanical ventilation
and ceiling fans are used to adjust the indoor air temperature and
speed whenever needed to achieve thermal comfort. Any ﬂuctuations in outside temperature or solar load can cause the internal
air temperature to ﬂuctuate in a similar way, though delayed and
dampened depending on the thermo-physical properties (thermal
capacitance, resistance and density) of the building wall construction materials as well as its layering arrangement. The effectiveness
of mechanical ventilation in achieving thermal comfort for a given
building construction material is determined through the reliability of this system in offering thermal comfort without having the
need to resort to mechanical cooling during summer and winter
operations.
2. Mathematical formulation
To meet the objective of this paper, a mechanical ventilation
controller integrated with a numerical multi-zonal space and comfort model is developed (Fig. 1). For given building materials and
a set of indoor and outdoor conditions, the ventilation controller
modulates the amount of ventilation air needed to moderate the
indoor air temperature and minimize discomfort hours. Different building materials are assessed for both their effect on indoor
comfort and fan consumption. The numerical space model is validated against other commercial simulation software that simulates
indoor air temperature for Lebanon conditions.
2.1. Space model
The space analyzed in the case study is divided into two zones:
living and bedroom. The transient one-dimensional heat conduction equation for a multilayered wall consisting of N parallel layers
is given by the following equation:
i,j ci,j

∂Ti,j (t, x)
∂t

= ki,j

∂2 Ti,j (t, x)

(1)

∂x2

where i represents building element (wall, ceiling, or ﬂoor), j represents the jth layer within the element i, t and x are the time and
spatial coordinates respectively, Tij is the temperature, whereas k,
, and c are the thermal conductivity, density, and thermal capacity
respectively.
The boundary conditions for the outdoor and indoor surfaces of
the wall are
˛ · I(t)+hc∞ [T∞ (t)−Ti (0, t)] + hr∞ [Tsky (t) − Ti (0, t)] = −k

∂Ti,j (0, t)
∂x
(2)

hc a [Ti (L, t) − Ta (t)] +

6

j=1

hr i−j [Ti (L, t) − Tj (t)] = −k

∂Ti (L, t)
∂x

(3)

where the external radiative coefﬁcient, hr∞ , is equal to ε(Tsky +
2 + T 2 (0, t)) and the internal radiative coefﬁcient, h
Ti (0, t))(Tsky
r i−j ,
i

is equal to εFi−j (Ti (L, t) + Tj (t))(Ti2 (L, t) + Tj2 (t)). The coefﬁcients
hca and hr are the convective and radiative heat transfer coefﬁcients
for the outdoor and indoor wall surfaces respectively, ˛ is the wall
surface absorptivity, and I is the total solar radiation on the wall
side. The temperatures T∞ , T(0, t), Ta (t), T(L, t) and Tsky are the ambient air and outside wall surface temperature, room air, inner wall
surface temperature, and sky temperature.
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Fig. 1. Schematic of the ventilation system coupled with the PID controller.

Neglecting inﬁltration, the internal lumped air node energy balance is given by

2.3. Controller equation


∂Ta (t) 
a Va cp,a
hc,a · Ai (Ti − Ta ) + ṁcp,a (T∞ − Ta ) +
qint
=
∂t

A PID controller is used to modulate the ventilation air ﬂow rate
based on room temperature and indoor fresh air requirement [21].
Every 5 min, the controller updates the ventilation air ﬂow rate to
keep the indoor air temperature at its summer and winter set points
and to provide thermal comfort for longer periods, if possible, as
indoor air temperature deviates from its set point.
The indoor air temperature is controlled using the following
equation:

6

i=1

(4)

where a , Va , and ca are density, volume and speciﬁc heat capacity
of the room air respectively, Ai and Ti are the surface area and the
temperature of the room element i, ṁ and T∞ are the mass ﬂow rate
and the temperature of the air supplied by the ventilation system.
qint is the internal heat load.
Eq. (5) represents simpliﬁed dynamic moisture for the space, as
follows:
d wa
a Va
= G − ṁ(wa − w∞ )
∂t

(5)

where G is the rate of moisture generation inside the space due to
latent loads, wa and w∞ are the room air and supply air humidity
ratios.
2.2. Thermal comfort model
Different thermal comfort model are discussed in several studies [16–20]. The new adaptive comfort model for ASHRAE standard
55 address thermal comfort in naturally ventilated building. In this
standard the temperature range that satisﬁes thermal comfort of
people is higher than the other conservative approaches based
on the predicted mean vote (PMV) method [18,19]. However, this
standard is limited to building with reachable and operable windows that is controlled by human. For this reason, in this research
the predicted mean vote (PMV) model [18] is used to assess the
indoor thermal comfort. The PMV represents the thermal sensation of people on a scale from −3 (cold) to +3 (hot). The model is
simple, widely used by researchers and its input requirements are
direct and can be categorized as environmental (temperature, relative humidity, air velocity,) and personal (clothing insulation and
metabolic rate). Thermal comfort inside the space is calculated on
an hourly basis, based on the room hourly average temperature,
average relative humidity and air velocity for the precedent hour.
Comfort inside the space is assumed to occur when the PMV inside
the space is between −1 and +1.

ṁ(t) = ṁ(t−1) +



− 1+2

 
Kc


TD
t

1+

t
TD
+
TI
t



× (Troom − Tset point )

× (Troom − Tset point )(t−1) +

×(Troom − Tset point )(t−1)



TD
t
(6)

where t is the time step, Kc , TI and TD are the proportional, integrative and derivative gains parameters. These parameters are tuned
to track the setpoint temperatures by determining the amount of
air ﬂow rate needed to minimize the difference between the indoor
air temperature and the setpoint temperature.
3. Numerical simulation methodology
As mentioned earlier, the space and comfort models are integrated with the ventilation controller model into one transient
model. The model is capable of determining the amount of ventilation air that can possibly provide indoor thermal comfort for longer
periods and prevent large deviations of indoor air temperature from
its set point during summer and winter operations. The transient
model is simulated to obtain the indoor zone thermal comfort when
subjected to variable external and internal loads. This requires the
following information: the space dimensions, characteristics of the
construction materials, outdoor weather conditions, external and
internal loads and the ventilation controller operation conditions
(e.g. activation and deactivation modes). Eq. (1) is solved numerically using the ﬁnite difference method with a fully implicit scheme
where each wall layer is decomposed into a number of volumes,
each having one node. The program is developed using MATLAB©
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(2010). The total number of nodes used in each wall layer is 120
nodes.
Starting from arbitrary initial conditions, and using a time step
of 2.5 min, the inner surface temperatures of the space walls are
computed along with the inner air temperature. This time step
represents a compromise between accuracy and simulation runtime. Simulations are performed for typical weather conditions of
each month to obtain the effectiveness of the mechanical ventilation system in providing thermal comfort throughout the entire
day. At the end of the 24 h operational period of each month, the
initial conditions are recalculated and used as input in the cyclic
simulations until steady periodic convergence is achieved. The criterion for convergence is reached when the maximum percentage
error for air temperature between the simulation values at time t
and t + 24 h is less than 10−4 %.
3.1. Control strategy
The strategy that is used to condition the indoor environment
relies on controlling the amount of air brought to the space during summer and winter operation. The outdoor air is allowed to
vary between a minimum and an upper limit. The minimum limit
is determined by the fresh air requirement of 7.5 l/s/person (recommended by ASHRAE [16]), whereas the upper limit is set to 25 ACH
which is close to what has been reported by Geros et al. [11] and
Shaviv et al. [12] as the maximum effective rate of air change for an
hour. The controller varies the amount of fresh air between the two
limits to maintain an indoor temperature close to the winter and
summer set points whenever the outdoor conditions allow. Otherwise, the controller prevents large deviations between indoor and
outdoor temperatures. The control strategy depends on different
parameters such as: the type of zone (living or bedroom), the time
(day or night) and the season (winter or summer).
For the living zone, the control is active during the day (after
8 in the morning) and remains active till hour 23. During nonoccupancy period (23–8), in the summer season, night purging with
constant air ﬂow is applied into the space; the supplied outdoor air
ﬂow takes advantage of the low temperature proﬁle during night
time throughout the summer season and helps purging the internal
loads accumulated in the space during the day, while in winter the
minimal requirement are applied to the space. Different values for
night purging have been used in literatures [6,10,12]. During summer season, an air change per hour of 5 ACH, is close to what has
been used in the Middle East region [12] and close to what has been
reported by Kolokotroni and Aronis [6] and Blondeau et al. [7], and
is therefore used in this paper. As for the bedroom zone, the control
is active during the occupancy time (23 till 10).
The season is a main parameter in the controller strategy; thus,
the following strategy is used during the activation time period:
for the winter period (November through March), the controller
is set to activate whenever the indoor air temperature is lower
than the outdoor ambient temperature, provided that it is lower
than the winter set point temperature of 22 ◦ C, (Troom < Tamb and
Troom < Tset point ). On the other hand, during the summer period
(April through October), if the indoor air temperature is lower than
the outdoor ambient temperature (Troom < Tamb ), the amount of
ventilation air entering the space is set to the minimum amount
of fresh air requirement recommended by ASHRAE [16]. The controller is activated whenever the indoor air temperature is higher
than the outdoor ambient temperature (Troom > Tamb ) provided that
the indoor air temperature is higher than the set point temperature
of 26 ◦ C (Troom > Tset point ). If thermal comfort is not attained, a ceiling fan is turned on concurrently to increase the indoor air velocity
to 1.5 m/s.
In order to minimize the ﬂuctuation resulting from consecutive
activation and deactivation of the controller, the air temperature

Fig. 2. Numerical model ﬂow chart (urban setting).

and the mass ﬂow rate at time (t) are compared to those at time
(t − 1). If the difference is less than 5% for one of the two parameters,
then the same mass ﬂow rate at time (t − 1) is used at time (t) and
the indoor air temperature is simulated for this amount of air ﬂow.
Fig. 2 presents the ﬂow chart of the proposed numerical model.
4. Validation of the numerical model
To ensure that the results of the numerical model are realistic
and represent the real conditions of a typical residential apartment in Beirut, Lebanon, the numerical model should be validated
against calibrated software such as TRNSYS which is known for its
ﬂexibility in modeling mechanical ventilation [22]. This requires
making sure that the results of the numerical model are accurate
and also simulate the actual conditions of residential apartments
in Beirut. Therefore, TRNSYS was ﬁrst calibrated and then used to
validate the numerical space model [22]. To calibrate TRNSYS, a
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Fig. 3. Typical apartment plan in Beirut.

typical apartment in Beirut (base case) is simulated, and the results
are compared against published data on energy consumption for a
typical residential apartment in Lebanon city by Houri and Orfali
[23] and Karaki et al. [24]. This is done by entering the data of a typical residential house in Beirut, including building structural data,
operational and occupancy schedule, internal loads and outdoor
climatic conditions.
Once calibrated, results from TRNSYS can serve as a benchmark
to validate the results obtained from the numerical model, in a
two-step process. The ﬁrst step is to run the simulation software,
resulting in 181 values (180 values during occupancy period (15 h)
in addition to a constant ﬂow rate during non-occupancy (8 h)).
These values are then input from the numerical model into TRNSYS.
The second step is to compare the simulated indoor air temperature provided by the numerical model to that provided by TRNSYS.
The following sections elaborate on the validation effort.

4.1. Base case description
As mentioned earlier, a typical apartment in Beirut is considered as a base case in this paper. The apartment is assumed to have
a 16 m × 10 m square layout and a height of 3 m as shown in Fig. 3.
It is divided into two zones: living zone (dining and living rooms)
and bedroom zone (three bedrooms). The living zone has an area
of 100 m2 while the bedroom zone has an area of 60 m2 . The zones
have a common partition wall and 3 external walls each. The external walls are made of 15 cm concrete masonry blocks with 1.5 cm
lay mortar cement plaster on the internal and external sides of the
wall, while the internal partition wall is only 10 cm thick. The external walls have an overall heat transfer coefﬁcient of 2.36 W/m2 K
and a heat capacity of 1200 J/kg and the internal partitionhas an
overall heat transfer coefﬁcient of 3.63 W/m2 K, which is typical for
urban residential apartments in Lebanon [25,26]. The living zone

Fig. 4. Schedule of the people load inside the apartment.
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Fig. 5. Schedule of the electrical load inside the apartment.

has three external walls oriented to the North, South and West
direction with an area of 30 m2 , while the bedroom has two external walls of 18 m2 area oriented the North and South, and a 30 m2
wall oriented to the East.
The internal load component is based on the occupancy schedule of a typical Lebanese family consisting of 6 persons [25]. Fig. 4
shows the hourly variation in occupancy between the two zones.
The electrical loads are 10 W/m2 of sensible load for lighting ﬁxture
sand 800 W for appliances (refrigerator, TV and PC). Fig. 5 presents
the schedule of the electrical load in both the living and bedroom
zones. The schedule is assumed to apply for the whole year.
4.2. Base case calibration
A simulation of the base case using TRNSYS [22] showed a peak
cooling load of 14.05 kW occurring at hour 16 on July 28th, with an
annual cooling requirement of 132.8 kWh/m2 , and a heating peak
load of 5.49 kW occurring at hour 6 in the morning on February
12th with an annual heating requirement equal to 27.8 kWh/m2 .
The weather data (outdoor air temperature, solar radiation and the
relative humidity) is obtained from the records of the Mechanical
Engineering Department at the American university of Beirut.
The simulations are made on an intermittent basis. During summer season, the cooling mode is activated and the heating mode is
switched off; however, the system is scheduled to turn off when
the temperature inside the space is lower than the set point temperature (26 ◦ C). On the other hand, during the winter season, the

heating mode is activated and the cooling mode is switched off
when the temperature is higher than the set point temperature
(22 ◦ C). The total base case heating and cooling needs during the
whole year are equal to 160.60 kWh/m2 /year of thermal energy.
Using a typical energy performance of a split unit HVAC system at
an average COP of 3.0, the total annual electric energy consumption of the cooling and heating system in the base case is equal to
53.53 kWh/m2 .
The total electrical energy consumption of the base case is compared against published data on the electrical energy consumption
of a residential house with similar dimensions in Beirut. Karaki et al.
[24] reported that HVAC systems consume 50% of the total electrical energy consumption in residential houses in Lebanon at an
approximate consumption rate of 48 kWh/m2 [23], which is 10%
different than the yearly energy consumption calculated by TRNSYS [22]. Fig. 6 shows the monthly energy consumption calculated
by TRNSYS versus the results documented by Ghaddar and Bsat
[27]. A maximum deviation of 10% is found between the published
and the TRNSYS simulated monthly data.
4.3. Comparison against TRNSYS
In order to make sure that the proposed numerical model is
yielding accurate results for the zone conditions, the model is
run for the living zone on August 21st and November 21st. The
simulation results of the ventilation airﬂow rates of the numerical
model are used as input in the simulation of TRNSYS to compare the

Fig. 6. Reported and simulated monthly electrical consumption of HVAC system.
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conventional hollow concrete block, and a lower embodied energy
[15].
The investigated conﬁgurations focus on selecting building
materials that result in high insulation and capacitance in the
living room zone, and low insulation and capacitance in the bedroom zone. Two wall conﬁgurations were considered for the living
zone. Case 1 consists of 3 cm of straw (Cp = 2000 J/kg K) sandwiched between 2 cm × 6 cm of Hempcrete (Cp = 1430 J/kg K). Case
2 (massive case) consists of 5 cm of straw sandwiched between
2 cm × 10 cm of Hempcrete. Two additional conﬁgurations (Cases
3 and 4) were considered for the bedroom wall. Case 3 consists of
10 cm of Hempcrete, and Case 4 is made of 10 cm of Hempcrete and
5 cm of straw board placed on the internal side. The thermal properties of straw were obtained from “the green building bible” [28] and
the thermal properties of hemp were obtained from Elfordy et al.
[29]. Table 1 summarizes the various investigated conﬁgurations.

6. Results

Fig. 7. Comparison between the numerical model and TRNSYS [22] software of the
temperature and air mass ﬂow rate in the living zone for the months of (a) August,
and (b) February.

resulting indoor air temperature of the numerical model and TRNSYS. Fig. 7(a) and (b) shows that the space temperature, predicted
by the two models, is comparable with a difference of ±4%.
5. Simulation results and discussion
As mentioned earlier, the base case apartment shown in Fig. 3,
which is divided into two zones (living and bedroom zones), is considered as a test case for the proposed integrated space, thermal
comfort, and ventilation control model. Simulations are carried out
for a representative day, i.e. the 21st of each month of the year, for
the city of Beirut, Lebanon. In order to obtain accurate results independent of the initial conditions, simulations are performed for 3
consecutive days, and the data for the third day are adopted in the
analysis described in the following section.
5.1. Alternative cases
To attain the objective of identifying building materials and conﬁgurations which may optimize a building energy requirements,
two conﬁgurations, in addition to the base case, were examined
for each of the living and bedroom zones resulting in seventy-two
simulations (six simulations for each month). Several wall conﬁgurations of different building materials and wall thickness are
considered for the two zones, living and bedroom. In both zones,
Hempcrete is used as an alternative for the conventional concrete
mix used for the masonry blocks. Hempcrete has lower thermal
conductivity and higher thermal capacitance compared with the

Figs. 7–12 present the indoor air temperature for the different
wall conﬁgurations, for the months of (a) February, (b) April and
(c) August, representative months for the winter, spring and summer seasons. The fan power consumption is calculated based on the
afﬁnity law for prime movers. The fan power is proportional to the
cube of the ﬂow rate ratio taken with respect to a reference. During
the month of February, the mechanical ventilation controller is set
to the deactivation mode for both zones (living and bedroom) since
the indoor air temperature is lower than the set winter temperature
and higher than the outdoor air temperature throughout the whole
simulation day resulting in a fan consumption of 0.96 kWh for all
the cases. For the living zone indoor temperature shown in Fig. 8(a)
and (c), the base case wall conﬁguration (Fig. 8(a)) characterized
by lower thermal capacitance showed an indoor air temperature
proﬁle that respond to the outdoor temperature variations much
more than the wall conﬁgurations for Case 1 (Fig. 8(b)) and Case
2 (massive wall, Fig. 8(c)). The thermal characteristics of the wall
base case resulted in having a total of 7 discomfort hours as compared to 6 discomfort hours for Case 1 and 3 discomfort hours for
Case 2. The temperature inside the living zone of Case 2, shown
in Fig. 8(c), tends to be constant during the non-occupancy period,
and increases slightly during the occupied time. As for the bedroom
zone, simulations during the month of February indicate that the
wall with lowest insulation (Case 3) corresponds to the lowest air
temperature as shown in Fig. 9(b). This is due to a higher amount
of heat loss between the indoor and the outdoor spaces. The wall
with the highest insulation (U = 0.98 W/m2 K, Cp,straw = 2000 J/kg K,
Case 4) seems to have better conditions in the winter season since
it has a higher indoor air temperature as can be seen in Fig. 9(c)
and lower number of discomfort hours. Case 4 has ﬁve discomfort
hours occurring during the hour period 5 till 10 compared to six and
seven discomfort hours for the base case and Case 3 respectively.
In the month of April (Fig. 10), night purging is applied in the
living zone, and since the temperature inside the space during the
occupied period is less than the set temperature, the controller
is set to the deactivation mode resulting in a fan consumption of
3.32 kWh in the three cases. Both the base case and Case 1 showed
an indoor living zone temperature higher than the outdoor air temperature with a general lower indoor air temperature proﬁle for
the base case (Fig. 10(a) and (b)). As for the massive wall conﬁguration (Case 2), the high capacitance of the wall results in having
an indoor air temperature that is lower than the outdoor during
the hour period of 8–15 and higher than the outdoor for the rest of
the occupied period (see Fig. 10(c)). In the bedroom zone (Fig. 11),
the control was also set to the deactivation mode during the occupancy time, resulting in a fan consumption of 0.96 kWh. The wall
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Table 1
Different examined scenarios of wall conﬁguration of living and bedroom zones.
Zone

Scenario

Wall conﬁguration

U value (W/m2 K)

Both zone
Living zone

Base case
Case 1
Case 2 (massive case)
Case 3
Case 4

15 cm hollow concrete
3 cm of straw sandwiched between 2 cm × 6 cm of Hempcrete
5 cm of straw sandwiched between 2 cm × 10 cm of Hempcrete
10 cm of Hempcrete
10 cm of Hempcrete + 5 cm of straw

2.36
1.37
0.7
3.1
0.986

Bedroom zone

Fig. 8. Temperature and mass ﬂow rate in the living zone during February for (a)
base case, (b) Case 1, and (c) Case 2 (massive case).
Fig. 9. Temperature and mass ﬂow rate inside the bedroom zone during February
for (a) base case, (b) Case 3, and (c) Case 4.
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Fig. 10. Temperature and mass ﬂow rate in the living zone during April for (a) base
case, (b) Case 1, and (c) Case 2 (massive case).

case of the highest insulation (Case 4) has the highest air temperature proﬁle, and due to its highest thermal capacitance, the
temperature inside the space takes more time to increase during
the non-occupied period (see Fig. 11(c)). Case 3, which is characterized by the lowest insulation, had the lowest temperature proﬁle
(see Fig. 11(b)). No discomfort hours were recorded in the different
cases for both the living and bedroom zones.
In August, the controller modulated the outdoor ventilation air
ﬂow to prevent the indoor air temperature from increasing beyond

Fig. 11. Temperature and mass ﬂow rate inside the bedroom zone during April for
(a) base case, (b) Case 3, and (c) Case 4.

the outdoor air temperature for both wall conﬁguration, Cases 1
and 2. Fig. 12(b) and (c) shows a lower indoor air temperature than
in the base case shown in Fig. 12(a). However, since comfort cannot be achieved at the indoor air temperature, the ceiling fan was
turned on to improve comfort conditions inside the space for the
period hour extending from 12 to 20 and to limit the discomfort
hours to seven during the hour period of 13–20 in comparison to 12
and 11 discomfort hours for the base case and Case 1 respectively.
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Fig. 13. Temperature and mass ﬂow rate inside the bedroom zone during August
for (a) base case, (b) Case 3, and (c) Case 4.
Fig. 12. Temperature and mass ﬂow rate in the living zone during August for (a)
base case, (b) Case 1, and (c) Case 2 (massive case).

In the bedroom zone, Case 3 (Fig. 12(b)), which is characterized
by the highest heat transfer coefﬁcient, had the lowest indoor air
temperature at the early hours of the occupied period as compared
to the bedroom air temperature of the base case (Fig. 12(a)) and
Case 4 (Fig. 12(c)). Two hours of discomfort Thermal comfort was
attained inside the space during occupancy with zero discomfort
hours for Case 3 against 2 h of discomfort for the two other bedroom wall cases (base case and Case 4), moreover due to the lower
wall insulation of Case 3, less ventilation air is needed to moderate

the indoor zone temperature (5.70 kWh) as compared to the base
case (7.65 kWh) and (9.39 kWh) for wall Case 4 (Fig. 13).
The numerical model was run for the six simulations (three for
each of the living and bedroom zones) for the representative day of
each month of the year. The results were multiplied by the number of days in each month to determine the monthly number of
discomfort hours in each zone as shown in Fig. 14(a) and (b), and
the monthly fan consumption as shown in Fig. 15(a) and (b) for the
different scenarios.
As shown in Figs. 14 and 15, Case 2 (massive wall in the living zone) has the lowest operational energy and lowest number
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Fig. 14. Number of discomfort hours for the different cases for (a) living zone and (b) bedroom zone.

of discomfort hours during the whole year as compared to the
other living zone wall cases. As for the bedroom zone, the base
case and Case 3 have approximately equal number of yearly discomfort hours (842 discomfort hour in the base case, and 815 in
Case 3); however, even though the high thermal wall insulation,
Case 4, has the lowest number of discomfort hours (696 discomfort
hour) but it turns to be an in-effective solution for the bedroom
since it has a 25.9% increase in the fan energy consumption. On the
other hand, bedroom wall Case 3, compared to the base case, can
decrease the fan energy consumption by 18.6% and decrease the
discomfort hours by 3.2%. However, the discomfort hours mainly
occur in the winter during hours when occupants are expected to
be sleeping.
From Table 2, it is clear that the use of a mechanical ventilation
system for the base case can save around 40.5% of operational
energy consumption of the conventional air conditioning system
while having 2880 discomfort hours, 32.8% of discomfort hours
during the year. The energy consumption can be reduced by 26.9%
and the discomfort hours can be reduced by 37.8% when using wall

Table 2
Mechanical ventilation electrical consumption and number of yearly discomfort
hours for the different cases.
Conﬁguration wall case

Yearly electrical
consumption (kWh/m2 )

Number of yearly
discomfort hours

Base case (mechanical
heating and cooling)
Base case (mechanical
ventilation)
(living + bedroom)
Living zone base case
Living zone Case 1
Living zone Case 2
Bedroom zone base case
Bedroom zone Case 3
Bedroom zone Case 4

53.53

Not applicable

31.80

2880

14.32
15.57
9.02
17.48
14.22
22.01

2038
1794
975
842
815
696
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Fig. 15. Fan consumption for the different cases for (a) living zone and (b) bedroom zone.

conﬁguration of Case 2 in the living zone and wall conﬁguration of
Case 3 in the bedroom zone.

7. Conclusion
This paper integrates space and comfort and ventilation controller models into one model. Through simulation, the integrated
model determines the amount of ventilation air that can possibly provide indoor thermal comfort for longer periods. This allows
for accurately measuring the energy performance of buildings
and assessing the operational energy of various building envelop
designs.
In order to validate the simulation results, a typical house in
Beirut, Lebanon, is modeled in TRNSYS [22]. This required calibrating TRNSYS against published data, and then comparing the results
against the proposed numerical model. The analysis conﬁrmed
that the building design parameters affect the thermal comfort
inside the space and fan consumption of the mechanical ventilation system. The simulation results revealed that a combination of
a massive wall made of a 5 cm layer of straw sandwiched between
2 cm × 10 cm of Hempcretein the living zone, and in addition to
10 cm of Hempcrete in the bedroom zone, can reduce the operational cost of the house by 26.9% and the discomfort hours by 37.8%
compared to the base case.
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