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A B S T R A C T   

This study investigates the effects of using a hybrid natural ventilation (NV) and HVAC system in old residential 
buildings in the Mediterranean city of Beirut. The system operates with a control strategy that maximizes the 
reliance on NV and reduces the energy cost when the HVAC system is needed. To maximize the performance of 
the proposed system, this work proposes the addition of insulation panels and the modification of the windows 
glazing type according to the orientation of the exposed walls. An optimization procedure is carried out to 
optimize the performance of the insulation layers and the glazing material for each external wall orientation and 
for the current Mediterranean climate. To this aim, a model to predict the hours of NV, the corresponding 
penetrating outdoor airflow rate as well as the energy consumption and the average indoor temperature is 
developed and calibrated using the EnergyPlus software. A genetic algorithm is used to optimize the life cycle cost 
equation. It was found that depending on the wall orientation, the optimal thermal insulation thickness varied 
between 20 mm and 40 mm while the glazing U-value varied between 1.7 W/m2⋅K and 3.2 W/m2⋅K. These 
retrofitting strategies and methods resulted in 22% energy savings and 20% more hours of NV per year with 
respect to the reference case when no retrofit strategies were used.   

1. Introduction 

Global warming has caused substantial climate change in Mediter
ranean cities such as the coastal city of Beirut in Lebanon [1]. This has 
caused a significant increase on building energy demand. However, the 
impact of climate change on the energy consumption of the building 
sector in Beirut differs according to the construction methods of the 
building envelope. Similar to other cities on the Mediterranean, about 
75% of the buildings in Beirut were constructed before 1993 [2]. These 
buildings will be referred to as “old” because they are the result of old 
construction practices that were adapted to the urban environment and 
climate conditions of the time when they were built. Currently, with 
increased urbanization and climate change, these old buildings require 
high mechanical intervention to maintain a satisfactory indoor envi
ronment whereby new building standards have been established to deal 
with the warmer climate conditions of Beirut. Kaloustian et al. [3] 
conducted a statistical analysis of the building stock in Beirut. They 
showed that previously, wall constructions were characterized by a high 
thermal transmittance, and it was not until after the 1990 s when de
velopers and contractors started integrating thermal insulation to the 

walls thus decreasing the heat transmission. As for the fenestrations, 
buildings constructed between 1948 and 1970 used to adopt glazing 
materials with elevated heat transmission properties and high light 
transmittance which increases the percentage of heat transferred to the 
space through the windows. Nowadays, house-owners in Beirut are 
opting for glazing types with higher insulation and lower visual trans
mittance properties. This is also reported by Saleh et al. [4] who 
compared different thermal standards for buildings in Lebanon that 
were published at different years. Since about 75% structures in Beirut 
are old buildings constructed between before the early 1990’s, [3], there 
is a pressing need to improve their envelopes’ thermal performance by 
introducing retrofit methods to reduce their energy consumption under 
new climate conditions. 

The need to adapt to global climate change is not restricted to the city 
of Beirut, indeed this has become a priority in many countries world
wide. As a matter of fact, many countries have initiated retrofit measures 
to the building sector [5–7]. Bojice et al. [8] proposed adding uniform 
insulation to the external walls and ceiling of an old residential house in 
Belgrade Serbia and noticed a substantial 68.42 % decrease in the en
ergy consumption of the heating system. Similarly, Harkouss et al. [9] 
assessed residential buildings in different cities of Europe and suggested 
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insulating the ceiling and walls with the same insulation thickness and 
changing the glazing type of the windows. They observed that such 
retrofits were able to decrease the annual thermal loads of the apartment 
in a range from 6.7 % to 33.1 %. Other studies have proposed adding 
insulation and glazing materials that differ according to the external 
wall orientation. For example, Nematchoua et al. [10] were able to 
minimize the cooling and heating load of a residential building in 
Cameroon by 79.8 % when adding an insulation layer to the external 
walls and optimizing its thickness according to the wall orientation. In 
addition, Chua et al. [11] proposed changing the glazing type in line 
with the façade orientation of a residential building in Singapore and 
were able to achieve up to 30 % energy savings. 

On the coast of Lebanon, numerous design alternatives have been 
proposed to the outside envelope rendering the building sector more 
compliant to the recent climate change. For example, Harkouss et al. [9] 
tried to find the best combination of design strategies to decrease the 
energy consumption of a typical apartment in Beirut-Lebanon. They 
studied different wall insulation thicknesses and different glazing type 
without considering the façade orientation and concluded that to ach
ieve minimum energy consumption, it is profitable to add a 3 cm 
expanded polystyrene insulation to all the exterior walls and reduce the 
windows U-value to 1.4 W/m2⋅K. Such retrofit measures were able to 
achieve 6.7 % energy savings compared to the base case when no retrofit 
measures were applied. On the other hand, Ibrahim et al. [12] proposed 
insulating the exterior façade of a residential building in Beirut while 
accounting for the wall orientation of the building. They found that 
varying the insulation thickness between 3 cm and 5 cm according to the 
façade orientation resulted in 15 % energy savings. 

As mentioned above, many studies have addressed retrofitting stra
tegies of old residential buildings’ envelopes in an attempt to enhance 
their energy performance. The retrofits are considered while having a 
central heating ventilation and air conditioning (HVAC) system inside 
the residence or while relying only on natural ventilation (NV). A project 
conducted by Peter Op’t Veld [13] highlighted the importance of inte
grating hybrid ventilation systems in residential buildings to reduce the 
energy consumption while ensuring acceptable levels of air quality and 
thermal comfort. The study proposed the combination of natural and 
mechanical ventilation systems with additional considerations accord
ing to the weather conditions in which the residential building is 
located. For example, the outdoor air was preheated prior to entering 
the space in cold climate conditions. However, in moderate climates, 
controlled fans were introduced for a demand-controlled ventilation. 
This study proposes to evaluate the effectiveness of hybrid HVAC + NV 
system in Beirut, Lebanon and proposes retrofit strategies to enhance its 
performance. An additional challenge which was accounted for in this 
study is the interconnectivity between different zones of the building 
which creates cross-ventilation. 

Actually, at some hours, cross-ventilation may be feasible between 
the rooms of the apartment whereas at other hours, there are rooms that 
need NV while others rely on the HVAC system. This alters the interzonal 
airflow stream inside the apartment affecting thus the feasibility of 
natural ventilation in some spaces of the apartment. In addition, the idea 
of a central HVAC system has become difficult to rely on in Beirut 

especially because of the current power crisis which further supports the 
need for implementing a hybrid HVAC + NV system. Therefore, this 
work proposes a method for a a hybrid HVAC and NV system operating 
according to a pre-defined controlled strategy that maximizes the reli
ance on NV. In addition, non-uniform retrofit designs are suggested to 
decrease the energy consumption of the HVAC system when its inter
vention is needed and increase the effectiveness of NV in each room. 
This methodology is applied to a typical old residential apartment 
building in Beirut with the model developed and validated using the 
EnergyPlus software. Moreover, the natural interzonal airflow created by 
windows and interior doors is simulated using the Airflow Network 
model. 

2. Reference case model development 

This study proposes a methodology that can be applied to old 
apartment buildings that have different design configurations and rooms 
arrangement. To illustrate the method in this study, an apartment that is 
representative of many others found in common old residential build
ings in Beirut, is chosen. This is based on a study published by the Order 
of Engineers and Architects in Beirut that has identified the common 
residential building typologies in the city [2], as shown in Fig. 1. The 
apartment is located at the fourth floor of a building constructed in the 
1950 s and is representative of (1948–1970) buildings in Beirut in terms 
of dimensions, walls and flooring construction materials, as well as 
glazing type [14]. This building is considered as the reference without 
having any retrofit [2]. The apartment has a total floor area of 120 m2, a 
floor to ceiling clear height of 2.9 m and oriented as shown in Fig. 1. The 
apartment is divided into two zones as presented. according to the local 
inhabitants’ lifestyle (daytime, nighttime occupation) also shown in 
Fig. 1. The Bedroom zone is occupied during nighttime and situated at 
the windward side having South and East exposures whereas, the Living 
room zone in which most human activities occurs during daytime is 

Nomenclature 

GA Genetic algorithm 
HVAC Heating, ventilation and air conditioning 
IC Initial cost (USD) 
LCC Life cycle cost 
NV Natural ventilation 
OC Operating cost (USD) 
PMV Predicted mean vote  

Fig. 1. Floor plan of the studied apartment in Beirut.  
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located at the leeward side and has North and East exposures. The 
external walls of the considered apartment are directed toward the 
North, South and East whereas the West oriented façade is considered an 
internal partition facing a similar apartment. The external façade 
(constructed in the 1950 s) includes the most common materials that are 
used in the Mediterranean region [3] and consists of a hollow concrete 
masonry unit having a thickness of 20 cm, a thermal conductivity of 
1.15 W/m.K and a specific heat of 846 J/Kg.K. The internal and external 
faces of the wall consist of 2 cm thick plaster layers having a thermal 
conductivity of 0.9 W/m.K and a specific heat of 600 J/Kg.K. The in
ternal walls are made of 10 cm hollow concrete masonry units with 1 cm 
of plaster on each side. In addition, for the buildings constructed in that 
era, the composition of the internal flooring is as follows: concrete 25 cm 
slab, 10 cm sand bed, 4 cm mortar, and 2.5 cm thick terrazzo tiles. The 
concrete slab has a thermal capacity of 0.28 J/K and a thermal con
ductivity of 0.08 W/m.K whereas, the remaining materials have a 
thermal capacity of 1.4 J/k and a thermal conductivity of 0.46 W/m.K. 
The windows have a wooden frame [15] with single-glazing having a U- 
value of 6 W/m2⋅K [3], a solar heat gain coefficient of 0.87 and a visible 
transmittance coefficient of 0.90 [16]. They are located on the external 
elevations having different orientations and constitute a window to wall 
ratio of 40% allowing the outside fresh air to enter the apartment and 
circulate between the zones. 

Hourly schedule of occupancy, activity (metabolic rate), lighting and 
electric equipment schedules for each zone are taken from [17] and 
shown in Table 1. It is noticed that during daytime hours and some 
nighttime hours (07:00 – 24:00), the occupants’ activities are focused in 
the Living room zone. Whereas the activities in the Bedroom zone are 
mainly during late nighttime hours and early mornings (20:00 – 07:00) 
when the habitants are resting. 

3. Methodology 

The previously described plan layout is used as the reference case 
(initial construction condition with no retrofit) to compare its perfor
mance to that of the apartment that has integrated retrofits. The floor 
plan under consideration is incorporated into the building energy 
simulation software, EnergyPlus. This software has been calibrated using 
published data to enhance its accuracy and reliability. Furthermore, the 

Airflow Network model is utilized to effectively model and simulate the 
airflow through the building openings. Then, based on a control strategy 
that allows for the simultaneous operation of the NV and HVAC system, 
non-uniform retrofit designs are optimized, and a set of recommenda
tions is outlined in order to enhance the reliance on NV and decrease the 
energy consumption and cost of the HVAC system in old residential 
buildings. 

3.1. Simulation software 

EnergyPlus version 22.2.0 is used as the simulation tool for studying 
the energy performance of the representative apartment and assessing 
the effectiveness of NV [18]. This software adopts heat equations and 
takes different inputs such as the outdoor climate conditions, the 
building material properties, and the indoor heat sources to estimate the 
resultant indoor conditions. As for the weather data used, Typical 
Meteorological Year (TMY) weather data for Beirut is collected using the 
EnergyPlus weather files (EPW) [19]. The TMY offers data of the highest 
occurrence for a given period of time according to statistics which 
renders its use well representative of the weather conditions. The Airflow 
Network Model is used to simulate the wind-driven airflows through the 
windows and the interzonal airflows and their impact on the apart
ment’s energy use. This modeling approach comprises a series of inter
connected nodes, which are linked together using airflow components 
such as windows and doors. This model has undergone validation [20] 
and has been extensively employed in various studies within the existing 
literature [21,22]. Combining the Airflow Network Model with EnergyPlus 
has proved its reliability in predicting the energy consumption of resi
dential buildings involving natural and cross-mixing ventilation 
[20,23]. 

The building geometry is first modeled using OpenStudio which is an 
interface to the EnergyPlus software by accurately positioning the fen
estrations at the corresponding orientation and assigning the building 
envelope materials to replicate old practices in Beirut city. In addition, 
the corresponding climate data occupancy patterns, metabolic rate, 
equipment schedules and lighting (presented in Table 1) are included. It 
is important to note that to determine the local wind speed, EnergyPlus 
incorporates a wind speed calculation method that relies on the wind 
speed measurements obtained from nearby weather stations [24]. 
Additionally, wind pressure coefficients are assessed for different wind 
directions using the average surface calculation approach. In the simu
lation of NV and cross-ventilation within the residence, a discharge 
coefficient of 0.65 is assigned to the windows [25]. On the other hand, 
the internal doors are assumed to have a discharge coefficient close to 
unity, as internal openings typically have larger dimensions compared to 
external ones [26]. To ensure accurate calculations of flow within the 
Airflow Network model, an absolute convergence tolerance of 10− 6kg/s 
is set as the criterion for convergence. 

3.2. Control strategy of NV and mechanical cooling system 

This study introduces a hybrid ventilation system that combines two 
distinct subsystems: a natural ventilation (NV) system and a HVAC 
system. The NV system allows the outdoor air to enter the indoor space 
through the windows, while inter-zone airflow is facilitated through 
interior doors openings. The efficacy of the NV system relies on two 
crucial factors: the difference between the indoor and outdoor temper
atures and the flowrate of outdoor air penetrating the indoor space 
through the various openings. As a result, cross-ventilation between the 
Bedroom and Living room zones may occur at specific times, while at 
other times, NV might be effective in one zone only, requiring the 
intervention of the HVAC system in the other zone. The activation of the 
HVAC system takes place when the NV system fails to provide thermally 
comfortable indoor conditions. In such case, the interior door is closed to 
prevent the passage of air from the adjacent zone. 

The control of the NV and HVAC systems in each room is determined 

Table 1 
Number of occupants and activity schedules for each studied zone.   

Time Number 
of 
occupants 

Activity 
(W/ 
person) 

Time Equipment 
(W) 

Lighting 
(W/m2) 

Living 
room 
zone 

07 h 
– 08 
h 

4 100 12 h 
– 13 
h 

120 0 

08 h 
– 13 
h 

1 100 18 h 
– 24 
h 

120 5 

13 h 
– 14 
h 

4 100    

14 h 
– 19 
h 

2 100    

19 h 
– 20 
h 

4 100    

20 h 
– 24 
h 

2 100    

Bedroom 
zone 

24 h 
– 07 
h 

4 83 20 h 
– 22 
h 

200 5 

20 h 
– 24 
h 

2 100     
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by two factors: (i) the occupancy schedule specific to each zone, which is 
indicated in Table 1, and (ii) the average indoor temperature (Tindoor) as 
illustrated in Fig. 2. During occupied hours in a given zone, it is essential 
to maintain Tindoor within a predefined range to ensure a comfortable 
thermal environment for the occupants. The lower limit of the indoor 
temperature is determined by the minimum threshold at which the 
predicted mean vote (PMV) thermal comfort index, developed by Fanger 
[27] indicates acceptable thermal comfort conditions without the 
requirement of the HVAC system. Similarly, the upper limit of the indoor 
temperature is determined by the maximum threshold at which the PMV 
predicts good levels of thermal comfort without the need for mechanical 
cooling. It is important to note that for a moderately comfortable indoor 
thermal sensation, the PMV index should ideally fall within the range of 
− 0.5 to + 0.5. [28]. For a typical residential space in Beirut, an indoor 
air speed of 0.15 m/s [29], a relative humidity of 50%, and an indoor 
temperature of 22◦C [30] correspond to an estimated PMV value of 
− 0.5. Likewise, under the same airspeed and humidity conditions, an 
average indoor temperature of 26◦C corresponds to a PMV value of +
0.5. As a result, to ensure the comfort of the occupants, it is crucial to 
maintain the temperature within the range of 22◦C to 26◦C in the 
respective zones. The NV and HVAC systems are regulated based on the 
occupancy schedule outlined in Table 1 and the values of Tindoor for each 
occupied zone, following the control strategy depicted in Fig. 2. 

Initially, the control strategy assumes that the occupied zones within 
the apartment are ventilated naturally using outdoor air by opening all 
the interior doors and windows, enabling the airflow to flow freely be
tween the different zones. Then, the indoor temperature (Tindoor) for each 
occupied zone is obtained and compared to the desired comfortable 
range of indoor temperatures, which falls between 22◦C and 26◦C as 
explained earlier. This comparison allows for assessing whether the 

natural ventilation alone is sufficient to maintain a thermally comfort
able environment within each zone. 

If the obtained Tindoor for a particular occupied zone is in the comfort 
scale of 22◦C to 26◦C (equivalent to a PMV between − 0.5 and + 0.5), the 
NV is capable of providing acceptable levels of thermal comfort and no 
further action is required. 

However, if Tindoor for an occupied zone falls outside the comfort 
scale, either below 22◦C or above 26◦C, it indicates that the NV system 
alone cannot safeguard a satisfactory thermal comfort in that zone. In 
such cases, the zone is isolated by shutting all its interior doors and 
windows and the HVAC system is operated accordingly. If Tindoor is 
below 22◦C, the HVAC system is operated in heating mode. The HVAC 
system is switched to cooling mode when the Tindoor exceeds 26◦C. 

It is important to note that isolating the zone may impact the airflow 
entering the other occupied zone, potentially limiting the feasibility of 
NV in that area as well. Therefore, the feasibility of NV in the other 
occupied zone is reassessed by recalculating Tindoor in that zone. If the 
recalculated Tindoor remains within the comfortable range (between 22◦C 
to 26◦C), NV is considered feasible, and no further HVAC intervention is 
required. However, if Tindoor in the other occupied zone is also outside 
the comfort range, the HVAC system is activated in that zone as well to 
ensure thermal comfort. 

During the unoccupied hours, when no occupants are present in a 
certain zone, the zone is ventilated naturally using outdoor air to pre
vent the buildup of heat in that space. The above-described strategy is 
applied on an hourly basis to evaluate the best ventilation strategy that 
should be applied in each zone, at each hour, to maintain acceptable 
levels of thermal comfort in the occupied zones. Furthermore, this 
methodology is expanded throughout the whole year to account for the 
current hot, cold and moderate climate conditions of Beirut. 

Fig. 2. Control strategy for the operation of the hybrid NV and HVAC system.  
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It is important to highlight that the proposed control strategy aims to 
maximize the utilization of NV in each zone of the apartment by 
benefiting from the outdoor air whenever possible. By doing that the 
dependence on mechanical HVAC systems, and the corresponding cost, 
is reduced. 

3.3. System optimizer 

To increase the hours of NV and reduce the energy consumed due to 
the use of the HVAC system, this work proposes the integration and 
optimization of envelope modifications that are cost efficient and 
available in the market [31]. In this context, the most practical modi
fications that are implemented and that necessitate no substantial 
modifications within residential buildings in Beirut include adding wall 
thermal insulation and changing the glazing type [12,16,32,33]. 
Expanded polystyrene material is selected for the insulation panels as it 
is typically used in residential building applications [34] and provides 
the highest reduction of heat load transmitted across the envelope of a 
residential building when compared to the performance of other insu
lating materials [35]. It has a heat capacity of 830 J/Kg.K and a con
ductivity of 0.04 W/m.K [12]. The insulating panels are installed on the 
inner side of the walls as they guarantee minimum energy load to the 
space when considering an intermittent HVAC operation as per Ibrahim 
et al. [12]. The different glazing types considered in the optimization are 
selected as per the availability in local market and vary according to the 
number of panes and the coating type applied to the glazing surfaces: 
single clear glass (U = 6.2 W/m2⋅K), single clear glass with low- 
emissivity coating (U = 4.3 W/m2⋅K), double clear glass (U = 3.2 W/ 
m2⋅K) and double clear glass with low-emissivity coating (U = 1.7 W/ 
m2⋅K) [36]. Note that all the reported U-values of glazing include the 
conventional aluminum frame of the windows. The design variables are 
the insulating panel thickness and the windows’ glazing type for 
different exposed wall orientations which will lead to a total of 6 design 
variables with discrete values. Table 2 provides the list of design vari
ables along with their possible values considered in the optimization. 

The life cycle cost (LCC) is the objective function of the optimization 
problem and is defined by Equation (1). In many existing studies within 
the literature, the Life Cycle Cost (LCC) has been commonly chosen as 
the optimization cost function, particularly when assessing the cost- 
effectiveness of residential buildings with low energy expenditure. 
[36–38]. 

LCC = IC +OC = IC +
∑N

j=1

OCj

(1 + α)j (1) 

The detail of each component is given as follows: 

- The initial cost (IC) involves the capital costs of the building insu
lation panels and new windows glazing type as listed in Table 3 and 
obtained from [12,36].  

- The operating cost (OC) is obtained from running the HVAC system 
when needed (when the NV system is not capable of maintaining 
acceptable thermal comfort levels in the occupied zones), over a 
defined life span. Studies recommend considering a life span be
tween 25 and 30 years when evaluating the LCC for residential 
buildings [39,40]. Hence, this study considers a life span N of 25 
years with a discount rate α of 8 % [41] that reflects the change in the 

local currency value over the studied period of time according to the 
economic parameters in Lebanon [42]. The cost value is obtained by 
multiplying the annual HVAC energy consumption by the average 
electricity price for residential buildings in Lebanon (0.30 USD per 
kWh) [43]. 

Due to the non-linearity of the problem, a genetic algorithm (GA) is 
used to determine the optimal retrofit strategy. This optimization 
approach is coded in MATLAB to automatically interrogate EnergyPlus 
that evaluates the energy consumption corresponding to each retrofit 
method. Tuhus and Krarti [44] compared the performance of different 
optimization methods in minimizing the total energy cost of a residential 
building. The results revealed that GA-based optimization has the best 
performance in terms of accuracy and efficiency. Recently, GA-based 
optimization has been widely used in literature to address energy ap
plications in selecting building shape [45,46], building envelope designs 
[47–50] and to control the HVAC operation [51–53]. The parameters 
used for the implementation of the GA are as follows: the population size 
is set to 120, the maximum generation number is 100, the crossover rate 
and the mutation rate are fixed to 0.8 and 0.1, respectively [54,55]. 

3.4. Model validation 

It is important to ensure that the input information concerning the 
envelope construction materials, heat sources, climate data and HVAC 
design conditions provided to EnergyPlus give accurate values of energy 
consumed by a typical old residential apartment in Beirut. This valida
tion approach is used by Yassine et al. [32] and ensures a correct pre
diction of the energy demand of a typical apartment in Beirut once the 
proposed envelope retrofit measures are added. In their study, Yassine 
et al. [32] evaluated the energy consumption of a typical apartment in 
Beirut by developing a model in a building energy simulation software 
and calibrating their model by comparing the obtained energy con
sumption against published data from literature. 

In this study, the monthly HVAC energy consumption predicted by 
EnergyPlus software is compared with published data by Ghaddar and 
Bsat [56]. The latter studied a typical residential apartment in Beirut 
having the same walls (interior and exterior), floor and single pane 
glazing window materials which are the same as the non-retrofitted 
apartment considered in this work. As for the climate data, they uti
lized climate conditions of Beirut-Lebanon dating back to the 1990 s 
which is adopted in this section to validate the developed model. 

For validation purposes, the apartment considered in this study is 
simulated without retrofits using a 1995 climate data file provided by 
Beirut Rafic El Hariri International Airport Weather Station [57] and 
without considering NV whereby the total heating and cooling needs 
during the whole year were provided by a split unit HVAC system. The 
cooling and heating set point temperatures of the HVAC system are 26◦C 
and 22◦C, respectively. After performing the simulations on the non- 
retrofit apartment for the above-mentioned conditions, the obtained 
monthly electrical energy consumption calculated by EnergyPlus is 
plotted against the values found by Ghaddar and Bsat [56]. The period of 
highest energy consumption occurs during the cooling months, spanning 
from June to October (from month 6 to month 10), as illustrated in 
Fig. 3. Conversely, energy consumption is comparatively lower during 
the moderate spring and fall months, while the lowest energy demands 

Table 2 
Range of variations of the design parameters.  

Design variables Discrete Values Reference 

Insulation thickness (mm) 10, 20, 30, 40, 50 [34] 
Window type (W/m2⋅K) 1.7 [36] 

3.2 
4.3 
6.2  

Table 3 
Implementation costs for retrofit options used for the optimization analysis.  

Design variables Options Cost 

Wall Insulation Thickness expanded polystyrene 130 $/m3 

Window type Double low-e 102.05 $/m2 

Double clear 65.88 $/m2 

Single low-e 72.34 $/m2 

Single clear 29.97 $/m2  
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Fig. 3. Published and simulated monthly electrical consumption of HVAC system.  

Fig. 4. Hourly variation of Tindoor , Toutdoor and the proposed system operation for the reference case with HVAC energy consumption and the airflow rate of 
penetrating outdoor air for a representative day of the months of A) August, B) April, C) November and D) February. 
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are observed during the winter months, as expected in a coastal city such 
as Beirut. Comparing the published data with the EnergyPlus simulated 
monthly data reveals a very low margin of error. The maximum devia
tion of 10% is observed during the summer months, while the maximum 
error of 7.8% occurs during the winter months. This indicates that the 
EnergyPlus model is highly accurate in simulating and predicting energy 
consumption for old residential buildings in Beirut. 

Furthermore, based on the simulations, the total annual heating and 
cooling requirements are estimated to be 180.08 kWh/m2, while the 
annual electric energy consumption is calculated to be 60.03 kWh/m2. 
These values are obtained assuming a typical coefficient of performance 
of 3, which indicates the efficiency of the HVAC system in converting 
energy input to heating or cooling output. 

4. Results and discussions 

In this section the typical apartment in Beirut was simulated with 
and without the retrofit strategies. For each case, the developed control 
strategy was employed, and the resulting hours of NV and HVAC energy 
consumption were calculated. The target was to evaluate the benefits of 
implementing envelope modifications on improving the energy- 
performance of the apartment, namely by enhancing NV and reducing 
the energy demand when the HVAC system is needed. 

4.1. Study of the apartment without retrofits 

The results of applying the developed control strategy on a non- 
retrofit typical apartment in Beirut constructed according to old 
methods and within the current climate conditions for four months 
(representing the four different seasons) were represented in Fig. 4. For 
each of the two zones (the Bedroom zone and the Living room zone 
shown in Fig. 1), the average indoor temperature was shown along with 
the hours of NV and the corresponding induced fresh air flowrate for a 
representative day of a representative month of each season. In addition, 
when the intervention of HVAC system was needed, the corresponding 
energy consumption (for heating or cooling) was reported. 

For the peak summer month of August (Fig. 4A), the highest outdoor 
temperatures were recorded between 12:00 and 16:00 and a slight 
decrease was noticed during the late hours of the night and the early 
morning hours. For the Bedroom zone, during the occupied hours (20:00 
– 07:00), NV was impractical as the combination of both outdoor 
temperature and the penetrating outdoor airflow rate was not able to 
provide thermal comfort conditions relying only on NV. Hence, the 
intervention of the HVAC system was needed, and its energy con
sumption decreased from 550 Wh at 20:00 to 150 Wh at 07:00 and its 
variation trend followed the load profile of the zone. In fact, during the 
night (from 20:00 to 24:00), the load was the highest as it was mainly 
due to the heat released from the external walls. During the un-occupied 
hours (08:00 – 19:00), there is no need to provide thermal comfort 
conditions and the bedroom zone witnessed natural ventilation. During 
these hours, the outdoor airflow rate introduced into the Bedroom zone 
varied between 0.40 kg/s and 0.77 kg/s depending on the prevailing 
outdoor wind speed which peaked during afternoon hours (from 13:00 
to 15:00) due to the warming of the air [58]. In addition, it was observed 
that the indoor temperature followed the same trend as that of the 
outdoor temperature however, with higher values. Similarly, for the 
Living room zone, during the occupied period (08:00 – 24:00), no NV 
was possible and mechanical cooling was required since the outdoor 
temperature was high (between 26◦C and 30◦C) thus, unable to maintain 
indoor temperature within comfortable levels. In this zone, the highest 
loads were observed during the night (from 19:00 to 24:00), when the 
heat was released simultaneously from the external walls as well as from 
the equipment: the lighting and the occupants as per Table 1. During the 
un-occupied period (01:00 – 07:00), there was NV in this zone and the 
induced outdoor air increased from 0.24 kg/s at 01:00 to 0.4 kg/s at 
07:00 as the air gets warmer resulting in increased movement. This wind 

speed was lower than that at the bedroom zone located at the windward 
side. 

As for the cooler spring seasons, Fig. 4B presents the average outdoor 
temperature that was lower than that of the summer season and higher 
wind velocities were observed. During this season, the airflow rates 
increased from morning till afternoon where peak values of around 0.83 
kg/s were noticed at 13:00 resulting from the increase in the outdoor air 
temperature which, consequently, increased the air movement. At the 
Bedroom zone, during the nighttime occupied hours extending from 
20:00 till 24:00 no comfortable hours of NV were achieved due to the 
high load released from the walls therefore, the support of the HVAC 
system was needed with a total energy consumption of 900 Wh. How
ever, for the early morning occupied hours extending from 01:00 to 
07:00, NV can be beneficial because the combination of the outdoor 
temperature (around 20◦C) and the entering airflow rate (between 0.5 
kg/s and 0.70 kg/s) was able to meet thermal comfort conditions. 
During the unoccupied period (from 08:00 to 19:00), NV was taking 
place and the indoor temperature varied between 22◦C and 30◦C. 
Similarly, for the Living room zone, located at the leeward side, NV was 
possible only during the first hour of the occupied period (at 08:00) 
during which the temperature of the air coming from the Bedroom zone 
was 22◦C. The remaining occupied hours, from 09:00 till 19:00, cross 
ventilation between the Bedroom and the Living room zones was 
impractical due to the high indoor temperatures recorded in the 
Bedroom zone during this period (between 26◦C and 29◦C). For the night 
occupied hours (from 19:00 till 24:00), NV was not feasible as the 
penetrating airflow rates from the leeward side (between 0.10 kg/s and 
0.15 kg/s) were not suitable to remove the load and create comfortable 
indoor temperatures in the Living room zone especially because of the 
high internal loads generated in this zone during those hours (refer to 
Table 1). Consequently, from the period between 09:00 and 24:00, the 
intervention of HVAC was needed with a daily total energy demand of 
1900 Wh. 

During the month of November representing the fall season (Fig. 4C), 
similar system operation was noticed compared to the spring season due 
to the similarity in the outdoor climate conditions (average outdoor 
temperature and solar radiation), however with lower wind speeds. In 
fact, penetrating airflow rates between 0.45 kg/s and 0.80 kg/s were 
noticed throughout the representative fall day. At the Bedroom zone, NV 
was not feasible during the night occupied hours (from 20:00 to 24:00), 
due to the insufficient penetrating airflow rates (between 0.25 kg/s and 
0.40 kg/s) and the operation of the HVAC system was required with a 
total energy consumption of 730 Wh. For the early morning occupied 
hours (01:00 till 07:00), NV was observed with an airflow rate varying 
between 0.45 kg/s and 0.70 kg/s. In the Living room zone, NV was 
feasible from 08:00 to 09:00 from the occupied period since this period 
corresponded to the lowest temperatures of air received from the 
Bedroom zone. For the remaining occupied hours of the Living room 
zone (from 10:00 till 19:00) NV was not possible due to the inadequate 
temperature of the airstream coming from the Bedroom zone. In fact, 
during those hours, NV was taking place at the Bedroom zone (the 
windows and interior doors were open) and the outdoor air entering that 
zone was heated up to temperatures between 25◦C and 26◦C (from 10:00 
to 19:00) rendering its use inadequate to remove the internal loads from 
the Living room zone and unable to create thermally comfortable con
ditions. For the night occupied hours (from 20:00 till 24:00), NV was not 
feasible in the Living room zone due to the low values of penetrating 
airflow rate from the leeward side (between 0.10 kg/s and 0.12 kg/s), 
inadequate to remove the thermal load. Hence, the HVAC system was 
operated during these hours with a total energy consumption of 1800 
Wh. As for the unoccupied hours, NV was taking place between 20:00 
and 7:00 in the Bedroom zone and between 8:00 and 24:00 in the Living 
room zone. 

To assess the applicability of the proposed control strategy during the 
winter season, the month of February was represented in Fig. 4D since it 
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displays the lowest values of outdoor temperature ranging between 24◦C 
and 15◦C. For the occupied period of the Bedroom zone (from 20:00 till 
07:00) and Living room zones (from 08:00 till 24:00), the outdoor 
temperature combined with the penetrating outdoor airflow rate were 
not able to achieve thermal comfort conditions and mechanical heating 
was needed with a total energy consumption of 1700 Wh at the Bedroom 
zone and 6000 Wh for the Living room zone. Although during this season 
the highest wind speeds were noticed (varying between 0.60 kg/s and 
0.87 kg/s) the low outdoor temperatures inhibited its effectiveness in 
providing acceptable thermal comfort levels in the occupied zones. As 
for the un-occupied hours, NV was employed and the outdoor airflow 
rate entering the space varied between 0.60 kg/s and 0.87 kg/s at the 
windward zone (Bedroom) while lower values between 0.45 kg/s and 
0.60 kg/s were observed at the leeward zone (Living room). The ob
tained results were in accordance with the conclusion made by Anaan 
et al. [16] that performed NV throughout the year in a typical apartment 
in Beirut and found that during the month of February, NV was not able 
to bring the indoor temperature to comfortable levels. 

It is noticed that under the current climate in Beirut, the overall 
energy consumption (cooling + heating) of the old apartment without 
any retrofitting was 92 kWh/m2 per year, which does not abide by the 
yearly energy values recommended by the Thermal Standards for 
Buildings in Lebanon [59]. The latter proposed an overall cooling and 
heating energy demand of 80 kWh/m2 per year for a residential building 
so that it is considered as energy efficient. This highlights the need for 
implementing retrofit strategies to old residential buildings in Beirut 
especially under the current climate conditions. 

4.2. Optimization results evaluation 

The optimization explained in section 3.2 was performed using the 
GA and the resulting optimized retrofit methods for each exterior wall 
orientation were summarized in Table 4. The implementation of such 
modifications on an old apartment in Beirut was studied and its impli
cation on the hours of NV and HVAC energy consumption was evaluated 
for a representative day of a representative month of each season in 
Fig. 5. 

For the summer season represented by the peak month of August 
(Fig. 5A), the application of retrofit measures decreased the heat 
transmitted through the envelope thus, decreasing the load that needs to 
be removed from each zone. This prevents the increase of air tempera
ture leading to more comfortable hours NV and reduced the energy 
consumption of the HVAC system compared to the non-retrofitted case. 
In the Bedroom zone, during the nighttime occupied hours (from 20:00 
to 24:00), NV was not feasible since the outdoor temperature recorded 
high values around 26◦C which did not allow for comfortable indoor 
conditions. However, when compared to the reference case (when no 
retrofits were implemented), the energy consumption decreased by 41 
%. As for the morning occupied hours (from 01:00 till 07:00), additional 
5 h of NV were feasible compared to the reference case due to the 
decrease in the thermal load entering the zone, the adequate outdoor 
temperatures (between 24◦C and 25◦C) and penetrating airflow rates 
(between 0.35 kg/s and 0.4 kg/s). Similarly, for the Living room zone, 
NV was beneficial for the first hour of the occupied period (at 08:00) 
since the air temperature coming from the Bedroom zone was lower than 

that of the reference case (24◦C) (refer to Fig. 4 and Fig. 5). As for the 
remaining occupied hours (from 09:00 till 24:00) NV was not feasible 
since the temperature of the air stream coming from the Bedroom zone 
was high (between 25◦C and 30◦C) and not capable of maintaining 
thermally comfortable indoor conditions. The total energy consumption 
of the HVAC system was reduced by 20 % with respect to the reference 
case with no retrofitting. In total, the addition of such retrofit strategies 
increased the hours during which the apartment can be naturally 
ventilated by 32 % with respect to the reference case. 

During the month of April (Fig. 5B), the addition of retrofit strategies 
reduced the thermal load entering the apartment through its envelope 
and decreased the load that needs to be removed from each zone with 
respect to the reference case. This limited the temperature increase of 
the air entering due to NV, thus increasing the hours during which NV 
was beneficial. Actually, in the Bedroom zone, the hours during which 
NV was beneficial for the occupants’ thermal comfort were extended to 
cover the entire day with no need for the HVAC system. During those 
hours, the fresh outdoor entering airflow rate increased from 0.50 kg/s 
at early morning hours to a peak value of 0.83 kg/s at 13:00 then 
decreased during nighttime. As for the Living room zone, the outdoor 
temperature combined with the penetrating airflow rate were able to 
increase the hours of NV by 6 h with respect to the reference case 
occurring from 09:00 to 10:00 and from 20:00 to 24:00 of the occupied 
period. This was justified by the interconnection taking place between 
the two zones from 20:00 to 10:00 which increased the airflow rate 
entering the Living room zone (it varied between a maximum of 0.60 kg/ 
s and a minimum of 0.50 kg/s). In addition, during these hours, lower 
temperatures (between 22◦C and 25◦C)were noticed in the Bedroom 
zone. The remaining occupied hours required the HVAC system with a 
52% reduction in its energy consumption with respect to the reference 
case. Similarly, for the fall season represented by the month of 
November (Fig. 5C), the addition of retrofit measures decreased the 
thermal load through the envelope and made it possible to ventilate the 
apartment relying only on NV during the entire day hence, incurring no 
additional energy cost. The windows and interior doors were opened, 
and the outdoor penetrating airstream was circulated throughout the 
apartment from the windward side (Bedroom zone) to the leeward side 
(Living room zone) with an airflow rate ranging between 0.40 kg/s 
during late night and early morning hours to 0.80 kg/s at afternoon 
hours (13:00). It is noteworthy to mention that although the fall month 
recorded airflow rates lower than those recorded during the spring 
month, its lower outdoor temperatures allowed for more comfortable 
hours of NV compared to the spring month represented by the month of 
April. 

For the winter season (Fig. 5D), in the South oriented Bedroom zone, 
the implementation of retrofit measures did not allow for comfortable 
hours of NV during the occupied hours (from 20:00 to 07:00). In fact, the 
addition of retrofits increased the energy consumed in the space heating 
by 18 % with respect to the reference case. This can be explained by 
considering the thermal barrier effect created by the insulation and the 
reduced U-value of the glazing material which reduced the flow of solar 
heat across the envelope (especially from 20:00 to 24:00), thus lowering 
the passive heating effect of the solar radiation. Whereas, in the Living 
room zone, where the walls and windows were not exposed to solar 
radiation, the retrofitting strategies decreased the heat lost from the 
inside to the outside, and hence, the energy consumed by the HVAC 
system decreased by 33% with respect to the reference case. In addition, 
the temperature of the air coming from the Bedroom zone (between 
24 ◦C and 25 ◦C) and its airflow rate (between 0.65 kg/s and 0.87 kg/s) 
allowed for 5 comfortable hours of NV extending from 13:00 to 17:00 
which was due to the decrease in the amount of heat lost from the inside 
to the outside. Note that the month of winter witnessed the highest wind 
speed hence, the highest airflow rate entering from the outdoors, how
ever, its low temperature does not allow for comfortable indoor 
temperatures. 

Table 4 
Summary of the optimal building design option at each wall orientation.  

Wall direction North South East 

Insulation 
thickness 
(mm) 

20 40 40 

window type (U- 
value W/m2⋅K) 

Double clear 
glass U = 3.2 
W/m2⋅K 

Double low 
emissivity U = 1.7 
W/m2⋅K 

Double low 
emissivity U = 1.7 
W/m2⋅K  
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In conclusion, the addition of optimized retrofit strategies to the old 
Beirut–apartment in Beirut resulted in a yearly total cooling and heating 
energy consumption of 71 kWh/m2 which complies with the recom
mended less than 80 kWh/m2 standards for energy efficiency residential 
buildings.[59]. 

It is noteworthy to mention that, to maximize the hours of NV in a 
residential building, in addition to selecting the proper envelope mate
rials, the orientation of the external walls, the location of the zones with 
respect to the prevailing wind direction as well as the outdoor air tem
perature and flowrate should be accounted for. In this study in Beirut, 

after looking at the prevailing wind direction and the outdoor climatic 
conditions, it was found that the wind predominantly blows from the 
South-West direction [60] and the lowest temperatures were obtained 
during early mornings and late night hours: mainly from 01:00 till 07:00 
and from 20:00 till 24:00 over the entire year (see Fig. 4 and Fig. 5). 
Hence, the zone witnessing occupants’ activities during these hours 
(Bedroom zone) located at the windward direction benefited from NV. In 
fact, it was found that with no retrofits, 30% of the occupied time of the 
Bedroom zone benefited from comfortable hours of NV (Fig. 4). As for 
the zone witnessing activities during noon hours (Living room zone) 

Fig. 5. Hourly variation of Tindoor , Toutdoor and the proposed system operation with HVAC energy consumption and the airflow rate of penetrating fresh air for the 
optimized retrofit modifications for a representative day of the months of: A) August, B) April, C) November and D) February. 
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corresponding to peak outdoor temperatures, its orientation towards the 
leeward side did not allow benefitting from NV (comfortable NV hours 
were taking place 5% of the occupied time when no retrofits were added 
(Fig. 4)). When adding the appropriate retrofit measures to the building 
envelope, the hours of comfortable NV during the occupied hours 
increased to 60% for the Bedroom zone and 43% for the Living room 
zone which highlights the importance of the appropriate zoning 
arrangement to maximize the benefit of NV. As mentioned previously, 
the adopted methodology can be applied to any case study with ex
pected increased NV and minimal energy cost benefits, when the 
arrangement of the zones aligns with the prevailing wind direction as 
described above. 

4.3. Benchmarking of the optimized values 

In this section, the obtained optimized values of insulation thickness 
and glazing type at each external wall orientation were justified. First, 
the integration of high thickness of insulating material (40 mm) on the 
South and East walls and low thickness of insulating material (20 mm) 
on the North wall was clarified. Second, the resulting U-values of each 
wall orientation were compared to recommended values from new 
construction standards in Lebanon. Finally, the performance of the 
residence when optimized retrofit measures were integrated was 
compared to that when (i) no retrofit was used (base case), (ii) uniform 
retrofits corresponding to the highest insulating properties was applied 
and (iii) the North wall was left with no added retrofit measures. 

After performing the optimization, it was noticed that the North wall 
required the lowest insulation thickness (20 mm) and the highest glazing 
U-value (3.2 W/m2⋅K). In fact, this wall received the least amount of 
solar radiation thus, the heat transferred through the North exposed 
walls and windows constituted a negligeable portion of the total cooling 
load of the Living room zone. As for the East and South walls, they had 
the same insulation thicknesses (40 mm) and glazing U-values (1.7 W/ 
m2⋅K) because the solar loads on these orientations were the same and 
recorded the largest values. Therefore, the load in the zones having walls 
and windows exposed to the South and East orientations constituted a 
high portion of the overall cooling load. Consequently, the selection of 
the insulation thickness and window glazing type was strongly depen
dent on the outdoor climatic conditions, the exterior wall orientation 
and if heating or cooling is the prevailing mode of air-conditioning over 
the year. 

In addition, after performing the optimization, the walls’ and win
dows’ properties were benchmarked with those recommended by new 
construction performance standards in Lebanon [4,14,43]. The recent 
recommendations published in the Thermal Standard for Buildings in 
Lebanon [14] prescribed, for the coastal climate zone of Lebanon, a 
maximum U-value for walls of 1.6 W/m2⋅K and a U-value for glazing of 
less than 3.3 W/m2⋅K. These recommendations were set to ensure an 
energy efficient HVAC operation. It was found that, before applying the 
retrofit measures, the overall U-value of the walls and glazing recorded a 
value of 4.5 W/m2⋅K and 6.00 W/m2⋅K, respectively (outside the rec
ommended range). However, after the integration of the optimized 
retrofit measures, the U-value of the walls dropped to 1.49 W/m2⋅K for 
the Northern wall and 0.86 W/m2⋅K for the Southern and Eastern walls. 
For more reliance on NV, lower than the recommended U-values were 
needed. As for the windows’ glazing type, the optimization proposed a 
double clear glazing type having a U-value of 3.2 W/m2⋅K for the win
dows oriented toward the North and a double low emissivity glazing 
with a U-value of 1.7 W/m2⋅K for the windows on the South and East 
walls. As both U-values were lower than the maximum recommended 
value of 3.3 W/m2⋅K [4] hence, the windows also conformed with the 
most recent construction guidelines. 

When optimized retrofit measures were implemented, the perfor
mance of the apartment was compared to that when keeping the 
building envelope as is, without retrofits. It was found that the opti
mized version led to an annual energy saving of 22% and a 20% increase 

in the annual hours of NV over the year (Table 5). During summer 
months, the comfortable hours of NV happened when the outdoor 
temperatures were low in the early morning from 03:00 to 07:00. During 
the moderate months, the comfortable hours of NV happened from 
01:00 to 07:00 in the early morning and from 20:00 to 24:00 during late 
nighttime. However, during winter season, the comfortable hours of NV 
took place when the outdoor temperatures were high (from 13:00 till 
17:00). 

To study the effectiveness of adopting different insulation thick
nesses and windows glazing types at different wall exposures, it is 
important to evaluate the change in the model outputs (annual oper
ating cost and hours of NV) when the North wall had the same retrofit 
measures as the remaining South and East walls and when it was left 
without retrofitting (similar to the reference case). For this reason, the 
insulation at all the exposed wall orientations were assigned the same 
thickness of 40 mm and the windows were allocated the same U-values 
of 1.7 W/m2⋅K corresponding to the values obtained at the Southern and 
Eastern walls after optimization (see Table 4). The initial cost of the 
retrofit measures, the annual operating cost of the HVAC system, the 
hours of NV and the LCC over 25 years were calculated and compared 
with those obtained when applying the optimized retrofit measures as 
presented in Table 5. The initial cost of the insulation panels and the 
glazing for the maximum insulation scenario was 15% higher than that 
of the optimized design. The proposed control strategy was applied to 
this scenario (maximum insulation thickness and lowest U-value of 
windows), and the obtained hours of NV were found to be lower than 
those obtained in the optimized design by 260 h per year. Actually, the 
high insulating aspect of the retrofitting created a high difference be
tween the indoor and the outdoor temperatures reducing then, the hours 
of comfortable NV. The HVAC system was required to operate for more 
hours but at lower energy consumption (due to the high insulating 
characteristic of the retrofits used in this scenario). This did not produce 
considerable difference in the annual HVAC operation cost when 
compared to the optimized design. The increase in the initial cost 
combined with the negligeable change in the operating cost induced a 
LCC higher than that obtained for the optimized design (see Table 5). 
After that, the North walls were considered having the same charac
teristics as those of the reference non-retrofitted case. In this case, the 
initial cost of retrofitting was 19% lower than that of the optimized case. 
Furthermore, the absence of retrofitting at the North wall increased the 
operating cost of the HVAC system by 9% and decreased the hours of NV 
by 110 h per year with respect to the optimized case. The decrease in 
initial cost combined with the increase in the annual HVAC operating 
cost gave a LCC higher than that obtained for the optimized design (as 
shown in Table 5). 

Table 5 
Annual energy consumption and natural ventilation hours for the reference case, 
the optimized design, when uniform retrofit methods were applied and when no 
retrofits were applied at the North wall.   

Reference 
case with no 
retrofits 

Optimized 
design 

Maximum 
insulation 
thickness and 
lowest U-value 
of windows 

No retrofits 
at the wall 
oriented to 
the North 

Initial cost ($) 0 2,800 3,230 2,280 
Annual HVAC 

operating 
cost ($) 

3,300 2,571 2,630 2,800 

Hours of 
natural 
ventilation 
per year 
(hours) 

2,512 3,010 2,750 2,900 

LCC after 25 
years ($) 

35,200 30,100 31,300 32,100  
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5. Limitations and recommendations for future studies 

The method in this work is applied to a case study, a typical old 
residential apartment located in the city of Beirut, Lebanon. The appli
cability of the hybrid NV + HVAC system can be extended to other cli
matic conditions by accounting for non-coastal regions in Lebanon. In 
addition, the case study in this work is a residential apartment with 
typical old construction practices. The applicability of the NV + HVAC 
system can be expanded to other architectural design and room distri
bution of the apartment which may highly alter the airflow path inside 
the building and impact the effectiveness of the cross-ventilation. 
However, for any climatic conditions and any apartment design, the 
methodology proposed in this study can be applied to find the optimal 
retrofit strategies that should be applied to the residential apartment to 
maximize the effectiveness of the proposed NV + HVAC ventilation 
system. First, the proposed control strategy should be applied to the 
residential apartment to benefit from NV whenever possible and reduce 
the reliance on the HVAC system. Then, an optimization algorithm is 
applied to select the optimal retrofit strategies that should be applied to 
reduce the energy consumption of the HVAC system whenever its 
intervention is needed. As a recommendation for future studies, it would 
be interesting to assess the performance and resilience of the residential 
building to potential heat waves and future climatic changes. This would 
enable suggesting adaptation measures after identifying the potential 
vulnerabilities that may emerge when heat waves and climate changes 
occur. 

6. Conclusion 

In this work a general methodology was developed and applied to a 
typical old residential apartment in Beirut, Lebanon to study the effec
tiveness of integrating a hybrid NV and HVAC system to maximize the 
hours of NV and minimize the energy consumption of the HVAC system, 
whenever its intervention was needed. The hybrid ventilation system 
was operated according to a novel control strategy whereby the different 
zones of the apartment were no longer treated as independent entities. 
Actually, at some hours, cross-ventilation may be feasible between the 
rooms of the house whereas at other hours, there are rooms that need NV 
while others rely on the HVAC system. This was dependent on the oc
cupancy schedule, the average indoor temperature, and the outdoor 
climate conditions. To enhance the performance of the proposed system, 
the optimal insulation thicknesses and window glazing types were 
evaluated for each exposed wall orientation using GA algorithm. This 
methodology was applied to a typical old apartment in Beirut which was 
developed in EnergyPlus and the Airflow Network model and was cali
brated by comparing it with data published in the literature. 

The following conclusions can be drawn from this study:  

- To minimize energy consumption and maximize reliance on NV, 40 
mm thick expanded polystyrene insulating panels should be added 
on the South and East oriented walls and 20 mm thick panels should 
be added on the wall oriented to the North. Furthermore, double 
glazing with low emissivity coating should be installed in the South 
and East facing windows walls while clear double glazing can be 
used at the North wall.  

- The addition of optimal retrofit measures resulted in a 22% reduction 
in the annual energy consumption with respect to the reference case 
when no retrofit strategies were used and an increase of about 20% in 
the annual hours during which inhabitants can benefit from 
comfortable NV. 
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