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Hybrid mixed ventilation system aided with personalised
ventilation to attain comfort and save energy
Safaa Khalil, Kamel Ghali, Nesreen Ghaddar and Mariam Itani

Department of Mechanical Engineering, American University of Beirut, Beirut, Lebanon

ABSTRACT
This study examined the effect of using a new control strategy for a hybrid
mixed ventilation system aided with personalised ventilation (PV) units on
thermal comfort and energy consumption. The natural ventilation (NV)
was integrated with conventional vapor compression (VC). Meanwhile,
PV units were operated to maintain the occupants’ thermal comfort
when NV room temperature was lower than a threshold value.
Simulations were performed using Integrated Environmental Solutions-
Virtual Environment for an office floor in Beirut while adopting the
proposed control strategy. The case study was calibrated using
measured energy consumption. The new cooling strategy resulted in
operating the VC system for less hours and in 53% energy savings
compared to the base case when only VC system was used.
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Nomenclature

AC Air conditioning
EIA Energy Information Administration
HVAC Heating Ventilation and Air Conditioning
IES-VE Integrated Environmental Solutions-Virtual Environment
MV Mixed ventilation
NE North East
NW North West
nhours Total number of operation hours of the PV units per working day
nocc Total number of present occupants
PMV Predictive Mean Vote
PV Personalised ventilation
PVC Power of the conventional vapor compression system
Pcooling Power of cooling of the PV unit
Pfan Power of the fan of the PV unit
PPV Total power of the PV unit
SE South East
SW South West
TMY Typical Meteorological Year
Tmin Minimum acceptable temperature indoor
Tmax Maximum acceptable temperature indoors
Tout Outside ambient temperature
Tspace Indoor space temperature
TPV PV air supply temperature
VC Conventional vapor compression system
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1. Introduction

According to the Energy Information Administration (EIA), the energy consumption of buildings
has been growing over the past few decades including both residential and commercial buildings
(Perez-Lombard, Ortiz, and Pout 2008). A study done on 12 countries reported that people are
spending less time outdoors, compared to the long time spent indoors to attain better thermal com-
fort (Klepeis et al. 2001). This explains the increase in building’s energy consumption, especially that
of office buildings, which account for more than 50% of the total energy consumption within the
commercial sector worldwide (Perez-Lombard, Ortiz, and Pout 2008; Azhar and Brown 2009). Heat-
ing, ventilation and air conditioning (HVAC) sector constitutes 48% of the offices’ energy consump-
tion in USA, compared to 55% in UK and 52% in Spain (Perez-Lombard, Ortiz, and Pout 2008). This
means that designing a strategy to drop the HVAC energy consumption in office buildings is impor-
tant to save energy. As for Lebanon, which is considered a moderate climate area, HVAC energy
consumption comprises 40%–44% of the total buildings’ energy consumption, out of which office
buildings manifest excessive amount of energy consumption due to the use of HVAC (Annan,
Ghali, and Ghaddar 2016). This leads to the conclusion that targeting more efficient HVAC systems
in office buildings would result in significant impact on reducing overall energy consumption in
Lebanon.

Different kinds of HVAC systems are used for providing the needed thermal comfort level in
buildings. Among these systems is the mixed-mode air conditioning system, which combines natural
ventilation with an air conditioning system depending on the outdoor conditions (Wong, Tan, and
Adelia 2020; Neves, Melo, and Rodrigues 2019; Chen et al. 2019). The integration of natural venti-
lation has been shown to be an effective strategy for energy savings in buildings with typical appli-
cations in moderate climate regions (Raji et al. 2020; Daaboul, Ghali, and Ghaddar 2016). This
system can be manipulated to draw in fresh air into occupied spaces, however, it should be used
only when the outdoor conditions are favourable in order to provide thermal comfort (Ishino
et al. 2019; Daaboul, Ghali, and Ghaddar 2016; Schulze and Eicker 2013; Ji, Lomas, and Cook
2009). In the study of Daaboul, Ghali, and Ghaddar (2016), natural ventilation was used as the
default option as long as it was maintaining thermal comfort and proper air quality. Otherwise,
the mechanical cooling system became active to stabilise the internal macroclimate temperature
and re-attain thermal comfort and air quality when external loads (temperature, humidity, insola-
tion…) or internal loads (occupancy, equipment…) elevated. Mixed-mode ventilation may com-
prise window opening simultaneously with AC operation in some cases when poor air quality
was detected indoors. Similarly, Ezzeldin and Rees (2013) conducted a study on four different repre-
sentative regions of the arid climate, assessing the effect of applying mixed-mode ventilation and
other additional cooling strategies on energy saving. Their study was applied to a prototypical
office building as a thermal model simulated with four sets of climatic weather data. The perform-
ance in the mixed-mode system was evaluated by calculating the thermal comfort according to the
ASHRAE adaptive model and was found to save up to 50% of the energy that would be consumed
upon fully using the AC system (Ezzeldin and Rees 2013). Chen et al. (2019) assessed the perform-
ance of three control schemes (spontaneous occupant control driven by thermal comfort, informed
occupant manual control and fully automated control) for the mixed-mode system in five represen-
tative climates in China. It was reported that the fully automated natural ventilation control scheme
had the best energy-saving performance (ranging between 17% and 80%) and occupant satisfaction,
despite the additional initial cost.

Although it saved energy, mixed-mode ventilation posed a complexity regarding the adaptive
comfort model which comprised occupants trying to accommodate to their surrounding climate
by different means for the sake of improving customised thermal comfort (Rijal et al. 2007; Hensen
and Centnerova 2001), the fact which renders this model controversial. In some office buildings, the
adaptive comfort model is not applicable since the occupants may not have direct control over win-
dows’ openings or the possibility of changing their clothing type. This implies that using the mixed-
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mode ventilation with the adaptive model is debatable regarding its practicality and ability to attain
thermal comfort and may need to be replaced by a different method to assess comfort (Deuble and de
Dear 2012). Another drawback of mixed ventilation is that it regulates only the macroclimate temp-
erature of the occupied space and applies total volume ventilation, which reduces the energy-saving
potential. Melikov (2004) reported that the adaptive model of ASHRAE 55 is based on average values
of a large group of people. However, the personal comfort needs of each human candidate differ,
where occupants’ perception and body response to temperature changes and air flow vary as well
as their clothing, activities and preferences (Melikov 2004). This brings the need for a more custo-
mised and energy-efficient mode of ventilation and comfort evaluation (Veselý and Zeiler 2014;
Djongyang, Tchinda, and Njomo 2010).

An alternative solution that would provide additional energy savings is to apply a special mixed
ventilation system that maintains the macroclimate internal temperature at a stable higher level than
that adopted in conventional mixed ventilation systems. As for thermal comfort and air quality,
some alteration would then be needed to compensate for the deficiencies of the original mixed ven-
tilation system. Personalised ventilation (PV) can be employed for this purpose, in which a jet of air
with reduced cool temperature and comfortable air flow rate is directed to the occupant’ face to drop
the microclimate temperature in their vicinity and meet the customised comfort needs (Alsaad and
Voelker 2020; Rawal et al. 2020; Melikov 2004). Zhai and Metzger (2019) conducted a study that
summarised the critical parameters and conditions for PV, which highlighted the potential of PV
in significantly decreasing building energy usage and improving thermal comfort and indoor air
quality. Such PV system is typical for use in offices since the occupants are almost fixed in their
locations most of the time. In addition, PV draws in fresh air from the outside to ensure acceptable
air quality at the level of each occupant (Alsaad and Voelker 2020; Bolashikov et al. 2012). This
means that opening windows simultaneously while turning on the AC system would not be required
since the PV is already supplying the occupants with a fresh breeze of air, reflecting a more realistic
behaviour of occupants in offices (Zhou et al. 2018). However, limitations exist when adopting PV
systems regarding choosing the PV supply temperature to avoid causing thermal draft problems
which may arouse due to high differences between micro and macroclimate air temperatures (Meli-
kov et al. 2013; Makhoul, Ghali, and Ghaddar 2013a). This would limit the application of PV systems
to indoor temperatures below 29°C (Melikov et al. 2013). Previous studies mainly assessed the per-
formance of PV systems when integrated with conventional mixed ventilation systems and did not
investigate the energy-saving potential and thermal comfort levels in naturally ventilated spaces
(Katramiz et al. 2020; Rawal et al. 2020; Al-Assad, Ghali, and Ghaddar 2019). The mechanism of
fresh and cool air supply at the face and trunk of the occupants renders non-homogeneity of temp-
erature in the occupant’s microenvironment, which is the close vicinity of the different body parts.
This means that the conventional predictive mean vote (PMV) model for estimating thermal com-
fort is not applicable, which inflicts the need to use the bio-heat model that accounts for non-hom-
ogeneity in the surroundings (microenvironment) of the different human body segments (Itani et al.
2018; Karaki, Ghali, and Ghaddar 2013). Then, the thermal comfort is estimated according to the
model of Zhang et al. (2004) which takes into consideration local and non-uniform environments
using a scale of −4 (very uncomfortable) to +4 (very comfortable) (Zhang et al. 2004).

This work aims to extend the operation time of natural ventilation by the integration of a PV sys-
tem and the use of a special mixed-mode ventilation and air conditioning system. The effect of oper-
ating the suggested system on the occupants’ thermal comfort, breathable air quality and the
resultant savings in total energy consumption as a substitute for the original mixed-mode ventilation
accompanied with the controversial adaptive model is assessed. The control strategy of this proposed
mixed air conditioning system targets the stabilisation of the macroclimate space temperature at a
relatively higher value, while ensuring occupants’ thermal comfort and air quality through PV
usage. A comfort model is then employed to evaluate the resultant thermal comfort upon applying
this proposed special ventilation system. A simulation study is performed on a space of an office
building in the city of Beirut, which is a location exhibiting moderate weather conditions. This
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study targets the estimation of the energy-saving when using the suggested mixed ventilation system,
compared to the case where a conventional vapor compression system is employed to attain similar
level of thermal comfort.

2. System description

The proposed cooling system is comprised of two complementary subsystems: a special mixed venti-
lation system along with the personalised ventilation units as shown in Figure 1. The suggested special
mixed ventilation system is comprised of natural ventilation maintained through the controlled win-
dow opening and VC system (see Figure 1(a)). The latter operates when natural ventilation is not
sufficient to stabilise the indoor air temperature of the occupied office space (de Dear and Brager
2001). The PV units operate in order to draw in fresh air into the breathing zone of the occupant
and attain thermal comfort through improving the microclimate air temperature; the air temperature
in the close vicinity of the occupant’s body parts (Taheri et al. 2016) (see Figure 1(b)).

The operation of these systems is controlled by the macroclimate space temperature (Tspace),
which is the air temperature of the whole occupied space. This temperature has a lower limit Tmin

(minimum acceptable macroclimate temperature) and an upper limit Tmax (maximum acceptable
macroclimate temperature) that controls the window opening profile and the VC system operation.
Windows’ openings are controlled by the values of macroclimate indoor air temperature (Tspace) and
the outdoor air temperature (Tout), according to a control strategy detailed in the following section.
The VC system only operates when Tspace exceeds Tmax. The PV air temperature (TPV) is specified in

Figure 1. Schematic showing (a) the subsystems of the proposed cooling system and (b) a section view focusing on a single occu-
pant with a PV unit.
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a way to attain thermal comfort, without causing thermal draft or asymmetry in temperature distri-
bution over the different body parts of the occupant.

3. Cooling system control strategy (Special mixed ventilation with PV)

The proposed system operation is controlled by a strategy which manages how and when each sub-
system should operate. Sensors are used to measure the indoor and outdoor temperatures, while
actuators control the operation of the suggested mixed-mode system. Figure 2 summarises the con-
trol strategy of the proposed system.

The indoor air temperature is bounded by lower and upper limits, Tmin and Tmax, respectively.
The limiting temperature Tmin is defined by the minimum acceptable indoor air temperature at
which PMV thermal comfort index of Fanger (Fanger 1970) is within the acceptable range, without
the need of any means of macroclimate cooling. For typical office workers, an indoor air speed of 0.15
m/s, relative humidity of 55% and indoor air temperature of 23°C gives an estimated PMV value of
−0.53. This implies that Tmin of 23°C is considered acceptable to be adopted in this study. On the
other hand, the indoor air temperature above which thermal comfort is no more attained, while win-
dows are fully opened and PV units are operating is considered to be the maximum allowable indoor
air temperature (Tmax). Once the indoor air temperature exceeds Tmax, the VC system should be
employed to control the macroclimate air at a temperature around Tmax, and maintain the thermal
comfort of occupants. In studies where PV was used, the maximummacroclimate temperature above
which thermal comfort was hard to be attained ranged between 28°C and 30°C (Makhoul, Ghali, and
Ghaddar 2013a; Makhoul, Ghali, and Ghaddar 2013b; Veselý and Zeiler 2014; Lipczynska, Melikov,
and Kaczmarczyk 2015). A macroclimate air temperature of 29°C is considered acceptable for use in
this study.

The cooling mode operation targets PMV values ranging between −0.5 and +0.5, indicating ther-
mal comfort of the occupants when PV units are not operating. If PV units are turned on, the non-
homogeneous temperature distribution over the different body parts due to local cooling of the face
and trunk necessitates the use of a different comfort model that incorporates the effect of local cool-
ing for evaluation of comfort. In this case, the model of Zhang et al. (2004) is adopted which has a

Figure 2. Control strategy for the proposed special mixed air conditioning system.
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comfort scale which ranges between −4 (very uncomfortable) to +4 (very comfortable). Zhang et al.
(2004) model require the knowledge of core and segmental skin temperatures which can be found
using a bio-heat model that can predict human segmental thermal responses (Karaki, Ghali, and
Ghaddar 2013). In current proposed strategy, occupants are considered comfortable for when
Zhang et al. comfort scale is between 1 and 2.

During the working hours of the day and when the office is occupied, the cooling mode is specified
according to the values of Tspace and Tout as shown in Figure 2. The following strategy is applied:

. If Tspace is less than Tmin, then the window opening and PV operation are controlled as follows:
If Tspace < Tout, then windows are opened and PV units are turned off.
If Tspace >Tout, then windows are closed and PV units are turned on to supply fresh air.

. When Tspace exceeds Tmin but is still less than Tmax while occupants are uncomfortable, then:
If Tspace < Tout, then windows are closed and PV units are turned on.
If Tspace > Tout, then windows are opened gradually and PV units are turned off.

The above continues until windows are fully opened. At this point, if occupants are still uncom-
fortable, then PV units should be operated to re-attain thermal comfort.

. When Tspace exceeds Tmax, the VC system is operated to stabilise Tspace around Tmax, PV
units are turned on, while the windows are kept closed. If at any time Tout is detected to be
less than Tspace, then the VC is turned off and natural ventilation is employed. Comfort of occu-
pants is examined to check if PV units should be operated.

. After working hours and when the space is unoccupied, then thermal comfort and air quality are
no longer important and only night-time natural ventilation will be employed to avoid heat
buildup within the space.

Since relative humidity effect on thermal comfort is known to be small due to the fact that human
beings have a wider range of tolerance to humidity than to temperature and relative humidity may

Figure 3. Methodology flow chart.
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affect the thermal comfort of occupants if it exceeds 75% (Vellei et al. 2017). The effect of humidity is
indirectly taken into consideration in the calculation of thermal comfort indices.

4. Methodology

In order to test the effectiveness of the proposed system, a set of models are adopted that will help
in implementing the system and estimating the indoor temperature, thermal comfort, and energy
consumptions. Figure 3 shows the integration of the three mentioned systems along with their
inputs and outputs. A reference base case is analysed as well, where only the conventional VC
system is employed to attain similar levels of thermal comfort as that of the case study proposed
system; in which the common criterion is the acceptable thermal comfort level of occupants which
should be maintained at the same level for both cases (Makhoul, Ghali, and Ghaddar 2013a;
Veselý and Zeiler 2014; Lipczynska, Melikov, and Kaczmarczyk 2015). This base case is used
for comparison purposes, to estimate the resultant energy consumption saving upon applying
the suggested cooling system as shown in Figure 3. In addition, the predicted energy consump-
tions are compared with the collected actual data in order to calibrate the base case input data
related to the space construction layout and material, internal loads, and the windows’ distribution
and opening area; and to prove the reliability of the simulation case when VC system is operated.
These models are as follows:

1 The energy simulation software (IES-VE) used for predicting internal space temperature, electri-
cal energy consumption, and testing the suggested implementation of cooling control strategy.

2 PV model integrated with special mixed ventilation system, having a fixed air flow rate and temp-
erature, used for attaining acceptable thermal comfort and fresh air quality. The integrated PV
model performance is a validated well established in literature with ragards to its comfort attain-
ment when combined with elevated room temperatures (Melikov, Cermak, and Majer 2002).

3 The validated bio-heat model (Karaki, Ghali, and Ghaddar 2013) used to estimate the different
body-segments’ core and skin temperatures for the known surrounding and microclimate temp-
eratures. These temperatures are used as inputs for Zhang et al. (2004) thermal comfort model to
calculate the resultant thermal comfort index which has a range from −4 (very uncomfortable) to
+4 (very comfortable) (Zhang et al. 2004).

4.1. Simulation software model (IES-VE) and weather data

The simulation software used in this study is IES-VE (www.iesve.com), which refers to heat
equations and the outdoor surrounding conditions of the building under study to estimate the resul-
tant indoor conditions along with energy consumption of the HVAC system involved. It takes as an
input the layout of the space under study, along with the construction material, the internal loads in
the space with their operation schedule (equipment, lighting, occupancy…), and the weather data.
Then IES-VE integrates the natural ventilation process with the conventional VC system, to attain
acceptable and comfortable conditions in the occupied space. The airflow introduced into the space
by the effect of natural ventilation has flow characteristics which are pressure dependent and related
to the open area of the windows at each instant of the simulation. The schedule of operation of the
overall ventilation and conditioning system is defined by a control strategy utilised to regulate the
performance accordingly. The IES-VE software proved its reliability and was used by a number of
studies tackling energy consumption of buildings which involve natural ventilation (Annan,
Ghali, and Ghaddar 2016; Azhar and Brown 2009).

As for the weather data used, TMY (Typical Meteorological Year) weather data for the location of
interest is collected, using Meteonorm (V7.3) database (Meteotest 2019). The TMY data is con-
sidered well representative of the weather conditions, since it offers data of the highest occurrence
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for a given period of time according to statistics done for a certain number of years. For Meteonorm,
the TMY data is estimated based on a period of 10 years extending from 2000 till 2009 and is used for
the simulation case of the suggested cooling system.

4.2. PV system

The PV unit has two main functions: (1) to deliver fresh air and (2) to offset the discomfort that
results from allowing high macroclimate temperatures. Its operation is controlled by the supply
air flow rate and temperature (Taheri et al. 2016). In this study, the flow rate will be fixed at 10 l/
s, which was used in a number of previous studies (Makhoul, Ghali, and Ghaddar 2013; Veselý
and Zeiler 2014) and was found to reach the breathing zone and penetrate the occupant thermal
plume. As for the PV air temperature, it should be lower than the macroclimate one but with a differ-
ence that does not cause thermal draft (Ghali, Ghaddar, and Bizri 2011; Ghaddar, Ghali, and Che-
haitly 2011; Makhoul, Ghali, and Ghaddar 2013). Since the macroclimate temperature would range
between 23°C and 29°C, the PV will be operated at a fixed temperature of 22°C; achieving the desired
cooling effect while avoiding thermal draft.

4.3. Bio-heat and comfort models

When the PV unit is operated, the microclimate conditions in the vicinity of the human body
become non-homogenous and hence the PMV index is no longer applicable. The appropriate com-
fort model of Zhang et al. (Zhang et al. 2004), which accounts for the non-uniformity in environment
surrounding the occupant, can be used instead. The selected comfort model utilises the occupant
core and segmental skin temperatures as input to evaluate the state of overall comfort (Zhang
et al. 2004). These temperatures can be predicted using the bio-heat model of Karaki et al. (Karaki,
Ghali, and Ghaddar 2013), which divides the human body into 17 segments and takes as an input the
ambient temperature and the convective heat transfer coefficients in the vicinity of each segment.
This way, the bio-heat model accounts for the temperature non-homogeneity between the upper
(face and trunk) and other body parts and predicts segmental temperatures of face and trunk that
have a higher weight in comfort compared to the other parts of the body (Zhang et al. 2004). Occu-
pants are considered comfortable in this study with a target value ranging between 1 and 2 using
Zhang et al.’s comfort scale.

4.4. Energy consumption estimation

The energy saving achieved by the suggested system can be calculated by comparing the energy con-
sumption of the system with that of a base case, where the VC system is the only means of cooling.
The suggested system energy consumption for a given month of the cooling season is calculated as
follows:

Ptotal =
∑n

i=1

(PPV + PVC) (1)

where n is the total number of working days for a given month of the cooling season, and PVC and
PPV are the total power consumption of the VC system and PV units respectively, for a single work-
ing day. PVC is extracted from the simulation output data. PPV is estimated according to the following
formula:

PPV = nhour × nocc(P fan + Pcooling) (2)

where nhour is the total number of operation hours of the PV units per working day, nocc is the total
number of present occupants, Pfan denotes the power consumption of a single PV unit fan and

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 971



Pcooling denotes the cooling power of a single PV unit estimated as follows:

Pcooling =
ṁcpDT

COP
(3)

where cp is the specific heat capacity of PV supply air, m
†
is the mass flow rate of air delivered by the

PV unit, DTis the temperature difference between Tout and the set-point temperature of the air deliv-
ered by the PV (22°C), and COP is the coefficient of performance of the PV-chiller utilised to cool the
ambient fresh air to the PV supply conditions. Note that the PV cooling load is assumed to be only
sensible cooling since no dehumidification is involved given that the outdoor dew point temperature
is lower than the PV supply temperature of 22°C. Pfan is estimated to be 1.8 W per unit, for a steady
PV air supply with a flow of 10 l/sec (Al Assaad et al. 2017).

5. Case study description

The space considered in this study is a rectangular single-zone office of total area of 240 m2. It is
located at the ground floor level of a seven-story engineering office building in Beirut city with
south-east (SE) to north-west (NW) building axis. This building exhibits the typical building features
used in the country of Lebanon (Thermal Standards for Buildings in Lebanon, 2005). It is separated
from the neighboring buildings by a distance ranging between 10 to 20 m depending on the direction
considered. The specifications of the construction material of the building are listed in Table 1. The
glazing percentage is 12% in the SW and NE façades, and 20% in the SE and NW façades (Thermal
Standards for Buildings in Lebanon 2005; Daaboul, Ghali, and Ghaddar 2016). The window glazing
has an overall U-value of 5.53 W/m2·K, transmittance of 0.52, refractive index of 1.52, conductivity
of 1.02 W/m2·K, and solar heat gain coefficient (SHGC) of 0.58 (Thermal Standards for Buildings in
Lebanon, 2005). As for the external walls, Table 1 lists the corresponding construction material,
revealing an overall heat transfer coefficient of 1.4 W/m2·K. The U-values of both windows and
external walls, along with the ASF, define the solar heat gain accumulated within the studied
space. The existing windows are side-hung and can be opened to the outdoors at a maximum
angle of 70°.

The considered office has a maximum possible occupancy of 15 people who are present during the
working hours which range between 8:00 am and 6:00 pm for 5 days per week. The internal gain
within the space of study is due to lighting, operating computers, present occupants, and other mis-
cellaneous equipment. The fluorescent lighting power distributed all over the area is around 1250
W. In addition, there are fifteen computers in the space which might have different brands, thus,
an average of 75 W/computer will be considered. A printer and a fax machine are also present
and emit a summed total of 150W.

The proposed cooling system is composed of two subsystems. The first subsystem is the main
existing electric air-cooled chiller of a vapor compression cycle of rated cooling capacity of about
21.1 kW (Carrier, Gemini-model number: 38AQ007). It involves air intake and exhaust lines, supply

Table 1. Specifications of the construction material of the space under study.

Construction Element

Construction Material (Internal to External)

Material Thickness (mm) Overall U-value (W/m2·K)

Window Single layer glass 8 5.53
Door Polywood-30 mm 50 1.80
External Wall Plaster (Light Weight) 12 1.40

Concrete block (Medium Weight) 200
Plaster (Light Weight) 12

Internal Ceiling/ Floor Carpet 10 0.27
Reinforced Concrete 100
Insulation 100
Reinforced Concrete 100
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and return fans, and a vapor compression cycle which includes a compressor and a circulating
refrigerant, designed to efficiently ventilate and cool the single zone space under study. The second
subsystem is the PV that supplies cool conditioned air at 22°C by utilising a 2.7 kW low-capacity air-
cooled chiller. The performance of both chillers depend on the varying outdoor conditions and if
operating at part-load or at full-load. Thus, using the manufacturer data, the rated COP of the
main chiller under varying outdoor conditions at full-load were adopted as shown in Table 2.
The dependence of COP on part-load operation of the main chiller was found using the built-in cor-
relation in IES‒VE, which depends on the varying Tout, chilled water supply temperature, and part-
load fraction. Moreover, the PV-chiller has a rated capacity of 2.7 kW, rated input power of 1.42 kW
and thus a rated COP of 1.9 when operating at full-load and at Tout of about 40°C. The actual oper-
ating COP of the PV-chiller was calculated based on the performance curves that take into consider-
ation the effect of varying Tout, chilled water supply temperature, and part-load fraction as provided
by the IES‒VE software.

On the other hand, the base case cooling system is composed of only the main existing electric air-
cooled chiller (Carrier, Gemini-model number: 38AQ007) described previously. This VC system is
controlled to operate at 24°C set-point temperature during the working hours to cool the single-zone
office space, and is turned off during night-time. The total constant air flow rate supplied to the space
is equal to 2000 l/s, out of which 10 l/s·person are provided as fresh air (a total of 150 l/s for 15 occu-
pants). During the whole cooling months in the base case, the windows are always closed.

6. Case calibration

A calibration of the case study will be done to minimise the difference between the simulated and the
actual measured HVAC energy consumption (Reddy 2005). The latter consumption was retrieved
for the month of August, since during this month the VC system is the only means of cooling
used throughout the working hours. A sensitivity analysis should be done for the most uncertain
inputs to test the effectiveness of each in decreasing the error between the measured and simulated
energy consumption. After performing the simulation using the weather data for August, IES-VE
predicted a total HVAC energy consumption of 1.91 MWh, implying 6.7% increase compared to
that of the actual data which showed a value of 1.79 MWh. This difference between the simulated
and measured data indicated the necessity of tuning the internal loads to attain closer results, as
these were considered the inputs with the least certainty. As a first step, the occupancy schedule
was modified to account for possible absences of employees. Instead of full daily occupancy, a sche-
dule of 14 present occupants per day, and then 13 present occupants per day were considered, each in
a separate simulation. However, this did not reduce the error significantly, and still induced a rela-
tively high discrepancy error of 6.1% and 5.7% respectively. This was due to the small drop in total
heat gain into the surrounding resulting from 1 or 2 missing occupants per day. The other trial was to
modify another aspect of the internal load of the space. As mentioned before, the computers were
estimated to emit an average of 75 W/computer into the space. However, differences in the computer
brands along with possible occupants’ absences would eventually drop the heat emissions into the
space. Thus, a heat dissipation of 65 and 60 W/computer were considered, with a resultant average
heat dissipation of 4 and 3.75 W/m2, respectively. A simulation based on each dissipation was done,
to reveal a total consumption of 1.86 and 1.83 MWh respectively. Thus, the calibrated computer heat

Table 2. Rated COP of the main chiller at full-load and varying Tout.

Tout (°C) Rated COP

18.3 5.80
23.9 5.05
29.4 4.40
35.0 3.81
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loss to the surrounding was 60 W/computer, resulting in an acceptable discrepancy error of 2.2%.
Consequently, the simulated results matched the measured data more closely, reflecting the
reliability of IES-VE in presenting the energy consumption of the space under study. A similar
approach of tuning was followed by Daaboul, Ghali, and Ghaddar (2016) and Annan, Ghali, and
Ghaddar (2016) in their studies to obtain the calibrated input value and get their results closer to
the measured data.

7. Results and discussion

In the following section, the simulation results are presented, explaining the effect of applying the
suggested cooling control strategy on the internal space conditions. The total number of hours of
each cooling mode operation corresponding to each month are listed as well, which consequently
leads to the total energy consumption of the suggested system and the savings compared to a
base case utilising the conventional VC system.

Figures 4–8 show the hourly variations of the indoor air temperature (Tspace), the outdoor air
temperature (Tout), the thermal comfort of occupants, as well as the operation profiles of the different
cooling modes during the occupied hours (8:00 till 18:00) of representative days of each summer
months of May through September. The simulations refer to the case where the suggested cooling
system is applied and the representative days involved are the 15th of each month (Badawiyeh,
Ghali, and Ghaddar 2017). The indoor humidity is directly affected by the outdoor humidity
when natural ventilation mode is operated given that internal latent load is limited to people. The
outdoor relative humidity for the critical months of July and August ranged between 58% and
84%. It reached maximum values at midnight which is not coincident with occupied working
hours. The indoor humidity which is indirectly included in the calculations of comfort indices,
remained below 72% during operating hours in all the simulated months.

For the month of May, and as shown in Figure 4, the windows were closed and PV units delivered
moderated fresh air during the morning working hours (8:00–12:00). The windows were opened
when the outdoor air temperature (Tout) exceeded the indoor air temperature (Tspace), and PV
units were thus turned off since Tspace is less than Tmin of 23 °C. The occupants were comfortable
throughout all the working hours of the day, with a PMV scale ranging between −0.3 and 0.2. During
June, the average indoor air temperature increased compared to that of May. Figure 5 shows that

Figure 4. Tspace, Tout, the modes of cooling system operation, and thermal comfort hourly variations for the 15th of May.
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natural ventilation was sufficient only during the early working hours (8:00 till 11:00) since the out-
door air was cooler than the indoor air. PV units were operated when window opening was not
sufficient anymore for occupants’ thermal comfort. Windows were closed and PV units were turned
on when Tout exceeds Tspace during the afternoon. Thermal comfort of occupants was attained
throughout the whole day with a PMV scale of (0.2–0.5) when PV units are turned off and Zhang
et al. scale of (1.6–1.7) when PV units are operated.

As for the months of July, August and September (Figures 6–8), similar cooling mode operation
occurred as that of June, but with different time slots during the working day. However, July and
August, which represented the peak of the cooling season, involved VC system operation in addition
to PV operation when Tspace exceeds Tmax of 29°C, while windows were kept closed. Figure 7 shows

Figure 5. Tspace, Tout, the modes of cooling system operation, and thermal comfort hourly variations for the 15th of June.

Figure 6. Tspace, Tout, the modes of cooling system operation, and thermal comfort hourly variations for the 15th of July.
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that August involves the highest number of operating hours of the VC system among all the other
months of the cooling season. During these three months, the occupants were comfortable through-
out the whole day, with a thermal comfort scale of Zhang et al. ranging between 1.5 and 1.7.

Following the working hours, natural ventilation was employed to avoid heat build-up within the
space. It implies that the indoor and outdoor air temperatures during this period would have a simi-
lar behaviour (Yun and Steemers 2010). This explains the difference which may show up in Tspace
values for the beginning of two consecutive days, as shown in Figures 4–8.

Table 3 summarises the hours of operation of each cooling mode for each month of the cooling
season. For the months of the cooling season, starting from May till September, the dominant mode

Figure 7. Tspace, Tout, the modes of cooling system operation, and thermal comfort hourly variations for the 15th of August.

Figure 8. Tspace, Tout, the modes of cooling system operation, and thermal comfort hourly variations for the 15th of September.
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of cooling was for windows being closed while the PV units were operating to supply cool air. Since
the average outside air temperature for May was considered the lowest during the whole cooling sea-
son, natural ventilation corresponds to the highest number of hours of operation among all the other
months, attaining thermal comfort for a total of 56 hours. Windows were closed as well for a total of
35 hours, while PV units were operating to supply moderated fresh air for occupants. The rest of the
cooling modes were considered minor during this month. As for June, natural ventilation is sufficient
for a total of 20 hours, compared to 14 hours where windows were opened but still PV units were
needed to supply cool air to maintain local thermal comfort for occupants.

Since indoor air temperatures reached their peak during July, August, and September, the VC sys-
tem was operated for 53, 75, and 28 total hours respectively during these months, to moderate the
macroclimate temperature, aided with the operation of PV units. During this period windows were
rarely opened, since outdoor air temperature was less likely to be cooler than the indoor air. How-
ever, September exhibited the highest number of hours of window opening among the peak months
(41 hours), aided with the operation of PV units to supply cool air. Natural ventilation was almost
absent during these three months of the cooling season.

Following the schedule of operation of the different cooling modes, the suggested system energy
consumption were estimated for the whole cooling season and were compared to that of a base case
utilising the conventional VC system. The energy consumptions of the two cooling systems for the
five months of the cooling season are plotted in Figure 9. The base case energy consumption indi-
cated higher values than those of the study case, which utilised the suggested control strategy of the
hybrid cooling system of mixed ventilation with PV. The highest energy consumption for both cases
were associated with the months of July, August, and September at 0.67, 1.01, and 0.34 MWh
respectively, compared to 1.50, 1.73, and 0.95 MWh for the conventional VC system. Hence, the pro-
posed hybrid cooling system resulted in lower energy consumption than the base case with the con-
ventional VC system. The least energy saving was attained during the month of May, with 0.13
MWh, compared to maximum energy saving of 0.83 MWh attained during July. Clearly, the attained
energy saving by the suggested system were due to the following:

Table 3. Number of operation hours for each mode of the cooling system.

Number of operation hours per month for each mode of the cooling system

Month

Window closed / PV
supplying fresh air

(hrs)

Window Closed / PV
on (cooling mode)

(hrs)

Window Opened / PV
on (cooling mode)

(hrs)
Windows Opened
/ PV off (hrs)

VC on / PV on
(cooling mode)

(hrs)

May 35.0 118.0 1.0 56.0 0.0
June 0.0 176.0 14.0 20.0 0.0
July 0.0 144.0 23.0 0.0 53.0
August 0.0 118.0 27.0 0.0 75.0
September 0.0 149.0 41.0 2.0 28.0

Figure 9. Energy consumption of the proposed cooling system and that of a base case using the conventional VC system.
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. Raising the VC system set-point operation temperature from 24°C to 29°C: According to a study
done by Itani et al. (2011) about the low-cost building system energy conservation measures used
in an office building in Mediterranean climate, a 1°C increase in the set-point temperature cor-
responds to 7.3% drop in the VC system energy consumption. Hence an increase of set point
temperature by 5°C as in the current study would be expected to result in reducing energy con-
sumption of the system by about 35%.

. Limiting the hours of VC system operation substantially during occupied hours reduces propor-
tionally the energy consumption of the VC system. As presented in Table 3, the VC system oper-
ation in the cooling season is limited to 53 hours in July (24% of total operation hours), 75 hours in
August (34% of total operation hours), and 28 hours in September (13% of total operation hours).

Upon summing up the total energy consumption for each system over the whole cooling season,
the suggested cooling system case resulted in a total of 2.23 MWh consumption, which is signifi-
cantly lower than that of the conventional VC system with a value of 4.69 MWh. Consequently,
applying the suggested cooling system of special mixed ventilation with PV units resulted in 53%
reduction in energy consumption for cooling compared to using the conventional VC system.
The significant energy savings is due to the mentioned factors of increasing room set point tempera-
ture and reducing VC system operation. However, the following should be noted:

. Natural ventilation was not always sufficient to meet cooling needs. It is only used when outside
conditions can enhance the internal space conditions. The hours of operation of natural venti-
lation mode are not used during the months of July, August, and partly September (see Table 3).

. The fresh air demand during PV operation with windows closed is fulfilled since the PV extracts
conditioned fresh air from outside.

Moreover, Daaboul, Ghali, and Ghaddar (2016) reported in their study onmixed-mode ventilation
applied to an office in a building in Beirut that a 24.5% energy saving was achieved for the months of
July, August and September, which was less than the saving attained with the current control strategy
of this study (52% for the same months) (Daaboul, Ghali, and Ghaddar 2016). This was due to the
extended hours of VC system operation in the study of Daaboul, Ghali, and Ghaddar (2016), where
it operated during weekends and outside the working hours whenever the indoor air temperature
dropped below 26°C. Pesic, Calzada, andAlcojor (2018) performed a study about the potential of natu-
ral ventilation in attaining energy saving in an office located in the Mediterranean coast of Catalonia
(Pesic, Calzada, andAlcojor 2018). Themixed-mode ventilation systemwas comprised of natural ven-
tilation and VC system operating at different times depending on the indoor air temperature, while
night time natural ventilation is employed as well. This system achieved an energy-saving up to
32.9% for the whole cooling season, compared to the full time VC system operation case. The hybrid
system proposed in our study resulted inmore energy savings than the reportedmixed ventilation sys-
temof Pesic, Calzada, andAlcojor (2018). This is due to two reasons: (i) theirVC systemwas allowed to
operate for a longer span of the working day (6:00 till 18:00 hr) compared to our system (8:00 till 18:00
hr); and (ii) their VC systemwas turned on at lower set point indoor air temperature of 23°C compared
to our proposed mixed ventilation system with PV where the VC system is turned on at 29°C.

Ezzeldin and Rees (2013) performed a study about employing mixed-mode ventilation and other
low energy cooling systems on office buildings in arid climate regions (Ezzeldin and Rees 2013). The
mixed-mode system ensured thermal comfort of occupants, based on 80% acceptability of ASHRAE
55 adaptive comfort model, and maintaining PMV index between −0.85 and 0.85 upon activating
the VC system. The system saved up to 63% HVAC energy compared to the conventional active
cooling system application. This saving is close to the one attained with the current hybrid suggested
system in this study while 20% discomfort is accepted for Ezzeldine et al. work, compared to 100%
acceptable comfort levels for the current proposed hybrid system.
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8. Conclusion

This paper studies the effect of employing a hybrid mixed ventilation system aided with personalised
ventilation units on energy consumption saving while maintaining thermal comfort and good air
quality. The hybrid ventilation system utilises natural ventilation, when outdoor conditions are suit-
able, through window opening. Otherwise, and when natural ventilation is not sufficient, it stabilises
the indoor space temperature at a relatively high set-point using the conventional VC system. PV
units are operated, with fixed supply air temperature and flow, to restore thermal comfort for occu-
pants and supply them with fresh air.

The suggested cooling system was applied for an office space area, in a building in Beirut, which
exhibit the typical building features in Lebanon. The simulations were done based on TMY weather
data, to estimate the indoor air temperature variations for the whole cooling season. The latter was
compared to the outdoor air temperature, and the resultant cooling modes of operation for the whole
cooling period are defined, along with the corresponding thermal comfort status of occupants. The
use of PV units and natural ventilation significantly reduced the hours of operation of the VC system,
while achieving thermal comfort through all the time during the cooling season. The simulations, as
well, estimated the resultant energy consumption of the suggested cooling system, which reveals 53%
energy saving compared to that of a base case that utilised the VC system as the only means of
cooling.

In conclusion, the PV units should be properly considered in future office space design, along with
controlled window opening to drop the amount of the HVAC consumed energy. Further studies
about customising the PV air flow and temperature according to the needs of each occupant may
be beneficial to harness higher levels of energy saving.
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